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ABSTRACT: The development of nonphospholipid nanovesicles
has garnered tremendous attention as a viable alternative to
traditional liposomal nanovesicles. Protein/peptide-based nano-
vesicles have demonstrated their potential to reduce immunoge-
nicity while enhancing bioactivity. However, a fundamental
understanding of how proteinaceous vesicles interact with lipids
and cell membranes remains elusive. In this study, we engineered a
series of protamine-based nonphospholipid nanovesicles by
modulating intramolecular catechol−amine interactions. By
grafting trihydroxybenzene (GA) and catechol (CA) groups onto
the protamine (Prot), a salt-triggered coacervation was observed in
an alkaline environment with the size of as-prepared vesicles
ranging from 200 to 1200 nm. The bonding affinity to lipid
interfaces followed the order of Prot-CA-Fe3+(25 μM) > Prot-CA-Fe3+(10 μM) > Prot-CA > original Prot with the underlying
nanomechanics investigated by the lipid bubble force measurement. Direct quantification of interactions between the nanovesicles
and living human gingival fibroblasts was performed by using surface charge difference mapping. Introducing trace amounts of Fe3+
(at 10 and 25 μM) enhanced vesicle−lipid interactions via the synergy of catechol−amine interactions and Fe3+-induced
complexation. This work provides improved valuable insights into the interactions between nanovesicles and cell membranes,
offering an energetic paradigm for modulating cell-target delivery processes via intramolecular short-range interactions.

■ INTRODUCTION
The innovation of nanovesicles for modern medicine has
significantly improved the therapeutic efficacy of drugs,
exosomes, and cells.1−3 Traditional phospholipid-based nano-
vesicles demonstrate their strengths in encapsulating ther-
apeutic agents with enhanced biocompatibility, physiological
solubility, and deep tissue permeability.4−6 Meanwhile, the
core−shell structure of phospholipid-based nanovesicles also
provides the controlled and sustained release of drugs, while
preventing the undesirable degradation of certain medications
upon exposure to enzymes. However, the loading capacity of
phospholipid-based nanovesicles is limited by their hydro-
phobic core, and their hydrophilic shell typically hinders active
transport across the cell membrane.7,8 In light of these
drawbacks, nonphospholipid nanovesicles have been developed
to complement the existing liposomal delivery system.9−11

Cell-penetrating proteins/peptides for transporting macro-
molecules (e.g., nucleic acids, proteins, and drugs) are thus
investigated for fine-tuning cellular functions and therapeutic
applications.12,13 However, the process of macromolecules
penetrating cell membranes is complicated, governed by
protein−protein and protein−lipid interactions between the

nanovesicles and cell membranes. A profound understanding
of these transportation mechanisms is still lacking, which
restricts the reliable application of protein/peptide-based
nonphospholipid nanovesicles.

Previous research has identified several protein/peptide-
based cell-penetration phenomena, including endocytosis,
membrane perforation, and helical structure-induced mem-
brane penetration.14 Among all of these reported cell-
penetrating proteins and peptides, protamine has garnered
significant attention due to its stable encapsulation capabilities
and universal binding properties to lipids.15 Protamine is a
class of polycationic arginine-rich peptides found in the sperm
of salmon and scombridae, with molecular weights ranging
from 4000 to 5000 Da (short proteins).16 Within the sperm,
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cationic protamine serves as a cargo molecule to densely
package anionic DNA by electrostatic linkage-derived protein−
nucleic acid condensation, thereby protecting DNA from
enzymatic degradation and UV radiation.17 Although prot-
amine has been reported to significantly enhance the cellular
uptake of therapeutic agents, such as miRNA and drugs, the
delivery efficiency of single protamine as the cargo molecule in
complex physiological environments remains suboptimal.

Herein, inspired by the complex coacervation behavior of
mussel foot proteins with adjacent catechols and amines that
account for >50 mol % of their amino acid side chains,18,19 we
engineer a series of protamine-based nonphospholipid nano-
vesicles by refining the intramolecular catechol−amine
interactions. By grafting trihydroxybenzene (GA) and catechol
(CA) groups onto protamine (Prot), a spontaneous phase
separation phenomenon was observed in an alkaline environ-
ment, resulting in vesicles of varying sizes from 200 to 1200
nm (Figure 1A). The atomic force microscopy (AFM) bubble
probe technique was employed to directly quantify the surface
forces between lipid-stabilized bubbles and Prot and Prot-CA
in a mildly alkaline environment.20 Meanwhile, the influence of
Fe3+ at low concentrations of 10 and 25 μM on the protein−
lipid interactions was further investigated. The binding affinity
of Prot-CA-Fe3+ to lipid membranes was modulated by the
synergy of catechol−amine interactions and Fe3+-induced
complexation (Figure 1B), as investigated by scanning ion
conductance mapping (SICM) on living human gingival
fibroblasts (HGFs), complemented by antibacterial assays
against E. coli and S. aureus. Owing to the precise molecular
design, it was hypothesized that the binding affinity of as-
prepared Prot-CA to the cell membrane was significantly
enhanced, which holds great promise to be further engineered
and utilized as nonphospholipid nanovesicles for drug delivery
within clinical procedures.

■ METHODS
Chemicals and Materials. Protamine (sulfate salt from salmon,

Sigma-Aldrich, US), gallic acid (GA; Sigma-Aldrich, US), caffeic acid

(CA; Sigma-Aldrich, US), N-(3-(dimethylamino)propyl)-N′-ethyl-
carbodiimide hydrochloride (EDC, Sigma-Aldrich, US), N-hydrox-
ysuccinimide (NHS, Sigma-Aldrich, US), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (>99%, Sigma-Aldrich, US), 2-morpholinoe-
thanesulfonic acid (MES, Sigma-Aldrich, US), and phosphate-
buffered saline (PBS, pH = 7.4, Sigma-Aldrich, US) were purchased
from Sigma-Aldrich (CN). Deionized (DI) water, obtained from the
Barnstead Smart2Pure pro water purification system (Thermo Fisher
Scientific, CN), was utilized in all experiments conducted in this
study.
Synthesis of Prot-GA and Prot-CA via EDC/NHS Grafting. A

4 mg/mL portion of Prot was first dissolved in 0.2 M MES buffer (pH
6.5) under stirring at room temperature followed by the addition of
1.5 mg/mL GA or CA until a clear solution was obtained. After that,
0.5 mg/mL EDC and 0.5 mg/mL NHS were introduced into the
mixture solution to enable the amide grafting of GA/CA to the amine
groups of Prot. After a 6 h reaction period, the mixture was dialyzed to
obtain the final products Prot-GA and Prot-CA.
Surface Modifications of PDMS Substrates. Surface mod-

ifications of commercial polydimethylsiloxane (PDMS, Suzhou Jiutao
Sensing Technology) substrates were performed as previously
reported.49 In brief, the PDMS substrates were subjected to oxygen
plasma for 5 min in a plasma cleaner (Harrick Plasma-PDC 002)
followed by immersion in a 5% 3-aminopropyltriethoxysilane
(APTES) solution at room temperature for 1 h. The APTES-
modified PDMS was treated with 0.5% glutaraldehyde (Glu) for 1 h
and 5% bovine serum albumin (BSA) for 3h, rinsed with deionized
water, and then allowed to dry in air.
Characterization of the Samples. Dynamic light scattering

(DLS), UV−vis spectroscopy, X-ray photoelectron spectroscopy
(XPS), and scanning electron microscopy (SEM) were performed
to characterize the developed materials. The hydrodynamic diameters
of Prot-GA and Prot-CA were characterized by DLS (Litesizer DLS
500, Anton Paar). The transmittance of the samples at various
concentrations was assessed by UV−vis spectroscopy (Cary 4000,
Agilent Technologies) at a wavelength of 600 nm. The chemical
composition of the as-prepared coatings was analyzed by UV−vis
spectroscopy and XPS. Prot, Prot-GA, and Prot-CA were deposited
onto polyvinyl chloride (PVC) wafers at a concentration of 2 mg/mL.
Prior to SEM characterization, a thin layer of gold (∼14 nm) was
sputtered on the coated PVC wafers. The surface morphologies of
Prot, Prot-GA, and Prot-CA on PVC wafers were examined by field-

Figure 1. Design of protamine-based nonphospholipid nanovesicles. (A) Schematic illustration of protamine derived from salmon sperm and the
polyphenol grafting of GA and CA. (B) Demonstration of catechol−amine interaction-induced phase separation and the interfacial interaction
mechanisms of enhanced lipid binding of Prot-CA-Fe3+.
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emission SEM (FE-SEM, Zeiss Sigma 300 VP-FESEM, Germany), at
an acceleration voltage of 10 keV.
Nanopipette Preparation. Borosilicate microglass capillaries

were utilized and processed through a P-2000G laser-pulling device to
fabricate the microelectrode probes. The parameters for this
procedure were set to HEAT = 275, FIL = 4, VEL = 50, DEL =
225, and PUL = 150, resulting in a probe tip with an inner diameter of
approximately 70 nm.
Surface Potential and Charge Characterization of the

Samples. Zeta potential measurements (Litesizer DLS 500, Anton
Paar) were conducted to evaluate the overall surface charges of Prot,
Prot-GA, and Prot-CA in a diluted saline solution (10 mM NaCl)
while varying the solution pH. The topographical and ΔI images of
the BSA, Prot-GA, and Prot-CA coating on PDMS substrates were
obtained by XE-Bio SICM in approach-retract scan (ARS) and skip
modes, as reported previously. BSA, Prot-GA, and Prot-CA were
deposited on PDMS substrates via dip-coating methods with a mass
concentration of 0.5 mg/mL in PBS buffer. Briefly, the SICM system
first conducts a coarse scan (typically with 64 or 32 points) to assess
the overall height variation, followed by a fine scan (typically with 256

or 128 points). Initially, the nanopipette approached the sample from
its starting position (Dps‑max). Once the ionic current dropped to a
predetermined threshold, the probe was halted at the minimum
distance position (Dps‑min). The probe was then retracted back to
Dps‑max, with a digital oscilloscope recording the probe’s position and
ionic current signals. By evaluating the ionic current, the ΔI-SICM
images were reconstructed based on the repeated fine approaches of
the probe, reflecting the variations in surface charge.
Force Measurement Using the Bubble Probe AFM

Technique. The interaction forces between bubbles adsorbed with
dioleoylphosphatidylethanolamine (DOPE) adsorbed at the interface
and DOPE-coated mica surfaces in NaCl solutions were directly
measured by the AFM bubble probe technique on an MPF-3D AFM
(Asylum Research, Santa Barbara, CA, USA). The detailed
experimental procedures were reported previously by our group.
The mica surface was first treated with APTES followed by a lipid-
transfer process in PBS to enable a DOPE double layer deposition on
the mica surfaces. For bubble probe preparation, bubbles were
generated by squeezing methods from an ultrasharp glass micro-
pipette into the saline containing 200 ppm of DOPE on a glass

Figure 2. (A) Optical images of Prot, Prot-GA, and Prot-CA at a concentration of 1 mg/mL in PBS following centrifugation. (B) DLS analysis of
Prot-GA and Prot-CA in PBS solution. (C) Transmittance measurements of Prot, Prot-GA, and Prot-CA across a concentration range of 0.01−2
mg/mL (Prot in solution), characterized by their UV−vis spectra. (D) UV−vis spectra of Prot, Prot-GA, and Prot-CA within the wavelength range
of 220−700 nm. (E) XPS wide-scan spectra of Prot, Prot-GA, and Prot-CA deposited on PVC wafers, along with the corresponding high-resolution
C deconvolution spectra. (F) SEM images of bare Prot, Prot-GA, and Prot-CA coatings on PVC wafers, captured at a magnification of 10k (scale
bar = 2 μm).
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substrate of the AFM fluid cell. Then, bubbles on the fluid cell would
remain for 20 min until the equilibrium of the air/water interface with
the surfactant in saline solution. Subsequently, a bubble with the
appropriate size (radius ∼50−100 μm) was carefully picked up by an
AFM tipless rectangular cantilever with a circular gold patch on the
end, which had been hydrophobized by immersion in 10 mM
dodecanethiol in ethanol solution overnight. Finally, the bubble-
anchored cantilever (bubble probe) was maneuvered and positioned
over the DOPE-coated mica substrate in the fluid cell for force
measurements. The spring constant of the AFM cantilever was
calibrated to be 0.3−0.4 N/m using the Hutter and Bechhoefer
thermal tune method. During force measurements, the drop probe
was driven to approach the silicon substrate at a fixed velocity until a
preset deflection (∼ 10 nN) was detected, at which point it was
retracted from the surface. The interaction force was calculated based
on the spring constant and the deflection of the cantilever by Hooke’s
Law.
Cell Culture and Mapping. HGFs were cultured in DMEM

(HyClone, Logan, USA), supplemented with 1% penicillin, 1%
streptomycin (HyClone, Logan, MA, USA), and 10% fetal bovine
serum (Gibco, California, USA). The cells were incubated in a
humidified chamber at 37 °C in a 5% CO2 atmosphere. To minimize
ionic current fluctuations and reduce cell damage during scanning, the
cells were grown on soft PDMS films. Prior to cell seeding, the PDMS
films were treated with 0.1% gelatin and fibronectin to enhance the
surface cytoaffinity and promote cell adhesion. After a 24 h seeding
period, cell adhesion was assessed, and the culture medium was
replaced to ensure optimal growth conditions. The samples were
washed three times with PBS to remove the debris and residues.
During detection, DMEM was added to maintain the cell vitality and
physiological conditions. A dual-mode approach, specifically ARS and
skip, was employed to capture both morphological and ΔI images.
Antibacterial Activity Assay. Antibacterial experiments of group

1 (control), group 2 (Prot-CA), group 3 (Prot-CA-Fe3+(10 μM)),
and group 4 (Prot-CA-Fe3+(25 μM)) were conducted by the spread
plate method. Gram-negative E. coli (ATCC25922) and Gram-
positive S. aureus (ATCC25923) were utilized as the model
microbials for investigation. In a typical spread plate procedure,
group 2 (Prot-CA-0.2 mg/mL), group 3 (Prot-CA-0.2 mg/mL-
Fe3+(10 μM)), and group 4 (Prot-CA-0.2 mg/mL-Fe3+(25 μM)) were
incubated with 1 mL of E. coli in Luria−Bertani (LB) nutrient
solution at 106 CFU/mL in a 12-well plate at 37 °C, followed by mild
shaking for 4 h. The suspension was then evenly spread on LB agar
plates and incubated at 37 °C for 12 h. Colonies on each plate were
counted by ImageJ software, and the inhibition rates of groups 2−4
were calculated according to the number of colonies of the group
compared with that of the control groups.
Statistical Analysis. Averages and standard deviations (SDs)

were calculated from at least three independents for each data entry.
The data were processed with Excel (version 2405) and classified
according to the p values (t-test, two-sided) and denoted by (ns) for p
> 0.05, (*) for p < 0.05, (**) for p < 0.01, (***) for p < 0.001, and
(****) for p < 0.0001.

■ RESULTS AND DISCUSSION
Syntheses of Prot-GA and Prot-CA. Due to the highly

efficient protective functions of protamine found in the sperm
of salmon and scombridae, the polycationic arginine-rich
backbones were investigated and further engineered in this
work. Short-range interactions between adjacent catechols and
amines have been reported to promote self-coacervation,
driven primarily by inter- and intramolecular catechol−amine
interactions, inspired by the mussel foot protein (Mfp-3 and
Mfp-5).21−23 A strategy for developing nonphospholipid
nanovesicles was adopted in this work. The pristine protamine
(Prot) was modified through grafting with GA and CA in a
solution containing 1-ethyl-3(-3 dimethyl aminopropyl)
carbodiimide hydrochloride/N-hydroxysulfosuccinimide

(EDC-NHS, pH = 6.5).24 The process formed amide bonds
between the carboxyl groups of GA and CA and the amine
group of Prot. Following the grafting procedure, the products
were dialyzed to remove the unreacted components and
diluted in a PBS solution (pH = 7.4). Figure 2A illustrates the
optical images of the obtained Prot-GA and Prot-CA, revealing
that Prot-CA exhibited less protein−phenol condensation
compared to Prot-GA after centrifugation at room temperature
(∼25 °C). The hydrodynamic diameters of Prot-GA and Prot-
CA were characterized using DLS (Figure 2B), showing peaks
at 282 and 1681 nm, respectively. This confirmed the self-
assembly of Prot-GA and Prot-CA into nanosized droplets
through phase separation, with a secondary peak observed at
160 nm for Pro-GA.25,26 The effect of concentration on the
phase separation was thus investigated by the UV−vis
spectrum. The transmittance at 600 nm decreased as the
concentration increased from 0.01 to 2 mg/mL (the
concentration of Prot in solution), with a significant decrease
in transmittance for Prot-GA over 0.04 mg/mL and Prot-CA
over 0.2 mg/mL (Figure 2C). Notably, Prot-CA formed
relatively smaller vesicles compared to Prot-CA at the same
mass concentration. The UV−vis and XPS spectra were
obtained to characterize the chemical functionality of the
developed Prot-GA and Prot-CA. Compared to the UV−vis
spectrum of the original Prot, the peaks located at 280 and 335
nm (Figure 2D) correspond to the n → π* and π → π*
electronic transitions of −C�O and aromatic moieties of
Prot-GA and Prot-CA, while the peaks located at 420 nm
correspond to quinone−imide compounds of Prot-GA.27−29

To further elucidate the contribution of catechol−amine
interactions to coacervation, XPS scans of the full spectrum
and detailed C and N spectra were recorded (Figure 2E). The
detailed C 1s and N 1s spectra are presented in Figures 2E and
S1, respectively. These deconvoluted spectra included a C−C/
C�C peak with a binding energy of ∼284.8 eV, a C−N/C−O
peak with a binding energy of ∼ 286 eV, a C�N peak with a
binding energy of ∼286.8 eV, a C�O (carbonyl group) peak
with a binding energy of ∼287.8 eV, and an O−C�O
(carboxylate group) peak with a binding energy of ∼288.8
eV.30,31 Moreover, the presence of the C−N/C−O peak
confirmed the successful grafting of GA and CA onto the Prot
scaffold. These results indicate that catechol and trihydrox-
ybenzene groups play important roles in the phase separation
process of Prot.
Characterization of Prot-GA and Prot-CA. We then

applied the developed Prot-GA and Prot-CA on the PVC wafer
as the coating materials. The morphologies of the deposited
Prot, Prot-GA, and Prot-CA at a mass concentration of 2 mg/
mL were characterized by FE-SEM, as shown in Figures 2F
and S2 (higher magnification). In comparison to the uniform
coating of Prot on the PVC wafer, Prot-GA exhibited a
nonporous spherical shape with diameters exceeding 1 μm in
the dry state, while Prot-CA exhibited significant aggregation
assembled by smaller spheres of approximately 200 nm in size.
The morphologies of Prot-GA and Prot-CA in the dry state
were consistent with their hydrated state, as corroborated by
fluorescent images in Figure S3. We investigated the
entrapment efficiency using Rhodamine 6G (R-6G) as the
model drug molecule, characterized by UV−vis spectra (Figure
S4A). As shown in Figure S4B of the revised Supporting
Information, the original R-6G solution and the supernatant of
R-6G/Prot-CA solution after centrifugation at room temper-
ature (∼25 °C) were used to calculate the entrapment
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efficiency of Prot-CA. A passive encapsulation of R-6G to Prot-
CA during the phase separation process was observed, and the
entrapment efficiency was around 50% with the concentration
of R-6G ranging from 6 to 20 ug/mL. The surface potential
and charge differences of the developed Prot-GA and Prot-CA
were assessed by zeta potential analysis and SICM. As
indicated in Figure S5, the zeta potentials of these proteins
followed the order Prot > Prot-GA > Prot-CA across a pH
range of 4−10, demonstrating the influence of the negatively
charged GA and CA moieties mediating their interfacial
charges. Meanwhile, the zeta potentials of Prot-CA were
relatively close to the isoelectric point compared to that of
Prot-GA, particularly within the physiological pH range (6−8),
facilitating its self-assembly from a swelling state to a phase-
separation state.

The surface charge differences between Prot-GA and Prot-
CA deposited on PDMS substrates were also directly
investigated by ΔI-SICM in diluted saline (Figure 3A), with
a negatively charged BSA coating serving as the control group.
The equivalent circuit diagram in Figure 3B illustrates the
overall distance-dependent variation of the ion current.32 In
this work, the ARS and skip dual modes were implemented to
enable precise scanning and avoid lateral interference between
the scanning probe and the scanned cell membrane surfaces, as
previously reported. During fine scanning, the nanopipette was
brought closer to the substrate from an initial position
(Dps‑max) and halted at Dps‑min once the current decreased to
the set threshold. Subsequently, the nanopipette was retracted
from Dps‑min back to Dps‑max. The current difference (ΔI, the

absolute difference between Ips‑max and Ips‑min) was correlated to
the surface charge density, with a higher value indicating a
more negatively charged surface (Figure 3C). The topo-
graphical and ΔI images of BSA, Prot-GA, and Prot-CA
coatings (0.5 mg/mL) are shown in Figure 3D−F. Compared
to the ΔI recorded on the BSA coating (Figure 3D), significant
decreases in ΔI were observed for both Prot-GA (Figure 3E)
and Prot-CA (Figure 3F) coatings, suggesting the shifting of
surface charge from negative to positive values for Prot-GA and
Prot-CA coatings due to their positively charged guanidyl
groups. Meanwhile, the ΔI on the Prot-GA coating was
relatively smaller than that on the Prot-CA coating, which was
consistent with the zeta potential measurement (Figure S6). In
summary, Prot-CA tends to assemble into relatively smaller
structures compared to Prot-GA at the same mass concen-
tration, which might be ascribed to the chemical functionalities
of adjacent catecholamine structures and the respective surface
charges.33 Protein-based Prot-CA coacervates with a nanosized
diameter and a relatively controllable phase separation process
are more appropriate to be engineered as the nanovesicles.
Interaction between Prot-CA and Lipid Layers. The

interaction between the Prot-based vesicles and lipids was
directly measured by a bubble probe surface force technique by
AFM (MFP-3D, Oxford Instrument).34−36 Figure 4A illus-
trates a schematic of the liquid bubble-surface AFM force
measurement experiment alongside the microscopic image of a
typical bubble-anchored AFM probe and the topographical
image of a lipid-coated silicon wafer (Figure 4B). The
interaction force between bubbles containing 200 ppm of

Figure 3. Surface charges of the developed nanovesicles. (A) Schematic of the ΔI-based SICM configuration with a borosilicate glass nanopipette
as a probe. (B) The equivalent circuit for ionic current measurement using sample bias mode. (C) Time traces of Z movement (black) and ionic
current (blue), with blue, yellow, and green shaded regions indicating approach, retract, and pixel movement, respectively. Topographical maps
(left column), ΔI images (middle column), and ΔI histograms (right column) of the BSA (D), Prot-GA (E), and Prot-CA (F)-coated PDMS
substrates in PBS by using the ΔI-based SICM (scale bar, 1 μm).

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.4c03941
Langmuir 2025, 41, 3199−3208

3203

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.4c03941/suppl_file/la4c03941_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.4c03941/suppl_file/la4c03941_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c03941?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c03941?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c03941?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c03941?fig=fig3&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c03941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


DOPE lipid and a DOPE-coated silicon wafer in the PBS
solution containing Prot and Prot-CA was determined. A lipid
bubble was applied in this work to simulate the mobile but
thermodynamically stable lipid layer belonging to cell
membranes. The interaction force measured in pure PBS is
depicted in Figure S7 as a control. Compared to the force in
pure PBS, no significant change was observed with the addition
of 500 ppm of Prot (Figure 4C) and Prot-CA (Figure 4D)
during the approach and retraction process of the bubble
probe. However, it was noted that the adhesion during the
retraction of Prot-CA was slightly enhanced compared to that
of Prot. To further explore the interaction, a trace amount of
Fe3+ was added to the solution to facilitate the binding effect
between catechol groups and phosphate groups via coordina-
tion chemistry.37−39 An enlarged “jump-out” behavior,
approximately 5 nN, was detected during the retraction
process in the PBS solution containing 500 ppm of Prot-CA
and 10 μM Fe3+ (Figure 4E), implying the bridging effect of
Prot-CA-Fe3+(10 μM) between the lipid layers. Upon an
increase in the Fe3+ concentration to 25 μM Fe3+ (Figure 4F),
the interaction forces exhibited a notable change. A sudden
“jump-in” behavior was detected after overcoming the
electrostatic and hydrodynamic repulsion of approximately
8.5 nN during the approach of the DOPE bubble toward the
DOPE surface, which indicated a strong interaction of Prot-
CA-Fe3+(25 μM) with the lipid surfaces. Considering that the
electrostatic interaction is suppressed (Debye length <2 nm) in

PBS saline, the long-range attraction is mainly due to the
bridging effect of Fe3+-chelation, which is consistent with the
variation of the hydrodynamic diameter of Prot-CA (DLS
analysis, Figure S5) in the presence of Fe3+.38,39 The above
results demonstrated that interaction forces between the lipid
layers could be effectively modulated by Prot-CA in the
presence of a trace amount of Fe3+, as possibly tuned by the
synergistic bridging effect via coordination bonds and electro-
static interactions.40

Interaction between Prot-CA and Gingival Fibro-
blasts. With the insights of Prot-CA interacting with single
lipid layers in a lipid-stabilized bubble model, the functions of
Prot-CA toward cell membranes were further investigated
using the ΔI-SICM technique.41−43 As illustrated in Figure 5A,
we utilized ΔI-SICM for the high-resolution imaging of the
cellular membrane in situ, comparing both untreated and
treated dental fibroblasts. Figure 5B indicates the topographical
data of the cytoskeleton in the HGF cell, scanned over a
relatively large area, revealing a well-organized and defined
structure. The section of the untreated cell exhibited a
reasonable structure, with heights reaching up to 6 μm.
Time traces of the displacement and ionic current in coarse
and fine scanning, marked by a red line in Figure 5B, are
presented in Figure 5C. Figure 5D displays the topographical
and corresponding ΔI images of live HGF cells incubated with
Prot-CA, Prot-CA-Fe3+(10 μM), and Prot-CA-Fe3+(25 μM),
highlighting distinct cellular responses. The nanopipette

Figure 4. (A) Schematic representation of a typical bubble-surface AFM force measurement utilizing the bubble probe AFM technique. (B)
Topological image of lipid surfaces and a microscopic image of the bubble-anchored probe. Experimentally measured interaction force profiles for a
bubble stabilized with 200 ppm of DOPE and a DOPE coating with 500 ppm of (C) Prot, (D) Prot-CA, (E) Prot-CA-Fe3+(10 μM), and (F) Prot-
CA-Fe3+(25 μM) in PBS.
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approached the Prot-CA treated cells until a current drop of
approximately 3.9% was observed, resulting in a significantly
larger ΔI compared to untreated cells. Notably, the ΔI values
for Prot-CA-treated cells were slightly more negative than
those of control cells, indicating sensitivity to surface charge
changes due to increased cell membrane permeability induced
by the positively charged Prot-CA. In the groups of Prot-CA-
Fe3+(10 μM)- and Prot-CA-Fe3+(25 μM)-treated cells, the
nanopipette was advanced until current reductions of about
3.6% were achieved, as illustrated in Figure 5E. Lower surface
charge variations and higher morphological changes of cell
membranes were detected in these cells, indicative of possible
local membrane disruption (Figure 5F). Considering the
higher adhesion of Prot-CA-Fe3+(10 μM) and Prot-CA-
Fe3+(25 μM) to lipid layers, the binding of Prot-CA-Fe3+ to
the cell membrane might dominate the interfacial interactions
instead of the surface-charge-induced endocytosis of Prot-CA.
Microbial Inhibition Performance of Prot-CA. The

antimicrobial properties of the developed Prot-CA were
evaluated through a microbial growth inhibition assay,
employing Gram-negative E. coli and Gram-positive S. aureus.
In a typical experiment, both PAM and P(AM-Hb3/CM0.5)
hydrogels were immersed in E. coli and S. aureus suspension
(106) and gently shaken for 4 h at room temperature. The
suspension was then transferred and spread on LB agar plates,
followed by an additional incubation for 12 h. The number of

E. coli and S. aureus colonies on the agar plates treated with
Prot-CA, Prot-CA-Fe3+(10 μM), and Prot-CA-Fe3+(25 μM) is
presented in Figure 6A. The colonies were counted using
ImageJ for the calculation of the survival rate % after treatment
compared to the control groups. As shown in Figure 6B, the
antibacterial rate of Prot-CA was 72.5% against E. coli and
62.4% against S. aureus. After introducing a trace amount of
Fe3+ at concentrations of 10 and 25 μM (within the serum iron
content range of healthy humans), the antibacterial rates of
Prot-CA-Fe3+(10 μM) and Prot-CA-Fe3+(25 μM) were
elevated significantly to over 98% for E. coli and over 99%
for S. aureus.44,45 A proposed bacterial inhibition mechanism of
Prot-CA and Prot-CA-Fe3+ is illustrated in Figure 6C, wherein
positively charged guanidyl groups and Fe3+-chelation
synergistically facilitated the bonding of nanovesicles to the
bacterial membrane, intermediating the membrane function
and reducing microbial growth.46−48 As the cargo molecules
for drug encapsulation/release, the native antimicrobial
functions of Prot-CA demonstrate its great potential in
providing multifunctional yet antibiotic-free in situ treatment
of pathological tissues, such as infected wounds.

■ CONCLUSIONS
In conclusion, we demonstrated the design of a new class of
Prot-based nonphospholipid nanovesicles, of which a sponta-
neous phase separation was observed in the alkaline environ-

Figure 5. Simultaneous topographical mapping and surface charge imaging using ΔI-based SICM. (A) Schematic representation of the ΔI-SICM
configuration for cellular imaging. (B) 2D and enhanced color topographical images of a single HGF cell. (C) Time traces of Z movement (black)
and ionic current (blue) as marked in (B). (D) Simultaneous topography and ΔI images under control and Prot-CA, Prot-CA-Fe3+(10 μM), and
Prot-CA-Fe3+(25 μM) treatment conditions (scale bar: 1 μm). (E) Percentage decreases in current for the control (i), Prot-CA (ii), Prot-CA-
Fe3+(10 μM) (iii), and Prot-CA-Fe3+(25 μM) (iv) treatments. (F) Bar graphs illustrating the average ΔI values obtained from (E).
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ment by grafting CA and GA groups to the Prot. Compared to
Prot-GA, which assembled into a microscopic structure (>1
μm), Prot-CA assembled into a relatively smaller structure
(∼200 nm), which was not suitable for the development of
nanovesicles. Lipid bubble force measurements were per-
formed to investigate the nanomechanical mechanisms
between the developed Prot-CA and single-layer lipids
immobilized at the air−water interface. It was found that
grafting CA onto Prot effectively enhanced their adhesion to
lipid layers, while the apparent bridging effect (strong
adhesion) was measured between Prot-CA and lipids by
further introducing a trace amount of Fe3+ (up to 25 μM). The
bonding affinity to the lipid interfaces followed the order Prot-
CA> Prot-GA> original Prot. Moreover, the interaction of
Prot-CA with the living HGF cells was investigated by SICM.
An increase in surface charge on cell membranes (indicated by
elevated ΔI) was observed, indicating the effect of Prot-CA in
enhancing the cell permeability. Introducing a trace amount of
Fe3+ could further adjust the functionality of Prot-CA via the
bridging effect-induced lipid-binding capability. The function
of Prot-CA in bacterial membranes was also demonstrated by a
microbial growth inhibition assay. Prot-GA successfully
inhibited the growth of both Gram-negative E. coli
(antibacterial rate >98%) and Gram-positive S. aureus
(antibacterial rate > 99%) with the assistance of 10 μM Fe3+.
Hence, the attachment behavior of Prot to cell membrane-like
lipid layers could be enhanced by the grafting of CA and
further adjusted by the Fe3+ concentration, potentially
modulating their penetration behavior toward lipid mem-
branes. This work improves the fundamental understanding of
the surface interaction mechanisms between cationic proteins
and lipid-based biological barriers, which is beneficial for

enhancing therapeutic outcomes of protein-based nonphos-
pholipid nanovesicles in the future.
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