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Self-assembly, wet adhesion, and mineralization
of Balcp20k-P3 derived from Balanus
albicostatus cement

Biru Hu, Baoshan Li, Jiani Liu, Liangcheng Liu, Ling Zeng and Junyi Song*

Based on the previously screened functional derivative peptide Balcp20k-P3 (hereafter referred to as

P3), this study systematically elucidates its environmentally responsive mechanisms and biomedical

functions through multi-scale characterization techniques. Transmission electron microscopy (TEM) and

Fourier-transform infrared spectroscopy (FT-IR) analyses revealed that under conditions mimicking the

barnacle’s physiological microenvironment (pH 5.0, ionic strength: 150 mM NaCl), P3 self-assembled

into discrete short rod-like fibers (100–200 nm in length) with a b-sheet content of only 16.57%. In

contrast, under seawater-like conditions (pH 8.0, ionic strength: 600 mM NaCl), P3 reorganized

into continuous three-dimensional network structures (fiber diameter: 100 nm, length 4 1 mm),

accompanied by a significant increase in b-sheet content to 35.76%. Quantification via quartz crystal

microbalance with dissipation (QCM-D) demonstrated that the wet adhesion strength of P3 under

seawater conditions was 11.7-fold higher than that under physiological conditions (p o 0.001), with

exceptional shear-resistant stability (only 7% mass loss post-rinsing). Furthermore, considering the

inherent biomineralization function of cp20k, the mineralization efficacy of P3 under conditions of pure

water, seawater, and a simulated barnacle physiological environment was characterized using scanning

electron microscopy (SEM), energy-dispersive spectroscopy (EDS), and X-ray diffraction (XRD). The

results indicated that P3 effectively induces the mineralization of calcium carbonate to form crystalline

structures with different morphological characteristics, and the morphological features of these

mineralized products showed a certain correlation with their self-assembled structures. This study is the

first to systematically demonstrate that the derived peptide P3 of the barnacle adhesive protein cp20k

can undergo dynamic self-assembly driven by changes in environmental ionic strength/pH and

efficiently induce calcium carbonate mineralization. The results suggest that cp20k may utilize the

differences in ionic strength and pH between its internal environment and seawater to regulate its

underwater wet adhesion properties in situ and promote the formation of a calcareous chassis. These

findings not only deepen the understanding of the molecular mechanisms of barnacle adhesive proteins

but also provide a strategy for designing novel biomimetic underwater adhesives.

1 Introduction

As a typical dominant fouling organism in the ocean, barnacles
achieve strong adhesion to the surfaces of objects immersed in
seawater by virtue of the multicomponent cement proteins
they secrete.1–3 Elucidating the adhesion mechanism of
barnacle cement proteins can provide theoretical guidance for
the development of green and efficient antifouling agents,
thereby alleviating the hazards caused by barnacle adhesion.
Meanwhile, conducting biomimetic design with barnacle
cement proteins as templates is expected to develop high-

performance applied materials such as underwater adhesives
and biomedical glues.4–7 Among the barnacle cement protein
family, the 20 kDa cement protein (cp20k) is considered to
possess dual functions of adhesion and mineralization.8–12

However, due to the high content of cysteine in the cp20k
sequence, the formation and existing state of disulfide bonds
are extremely complex, resulting in the incomplete clarification
of its native spatial conformation and active state, which to a
certain extent restricts the in-depth development of related
research.10,13–16

On the other hand, a central puzzle in barnacle adhesion
research is why the adhesive remains in a soluble, non-adhesive
state within the organism, yet rapidly solidifies into a robust
adhesive upon secretion into the marine environment.17,18
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It has been hypothesized that environmental factors such as pH
and ionic strength play crucial roles in triggering this
transition.19–22 Specifically, the internal milieu of barnacle
cement glands is characterized by low pH and low ionic
strength, whereas the external seawater environment exhibits
high pH and high ionic strength. These two parameters—pH
and ionic strength—are well-established drivers of protein and
peptide self-assembly, as evidenced by their extensive use in
controlled assembly studies.18,19,23–25 Studies have demon-
strated that factors such as pH, salt ions, and temperature
can modulate hydrogen bonding, p–p stacking, electrostatic
attraction, hydrophobic interactions, and van der Waals
forces,26–30 thereby eliciting alterations in the secondary struc-
tures and self-assembly properties of proteins and
peptides.29,31,32 Thus, the sharp contrast in pH and ionic
strength between the barnacle’s internal physiology and the
external seawater likely serves as a key regulator of the solidi-
fication and adhesion process of barnacle cement proteins.

To overcome challenges posed by cp20k’s high cysteine
content, ambiguous native structure, and uncertain
disulfide bonding, our team previously designed a derivative
peptide, P3, based on its homology with the calcium-binding
domain of mussel foot protein.14 The P3 sequence is
CNQKHPCWRRHGKKHGLHRKFHGNACNC (28 amino acid
residues), synthesized via solid-phase synthesis, purified by
reversed-phase high-performance liquid chromatography
(RP-HPLC) to a purity of Z95%, and verified by matrix-
assisted laser desorption/ionization time-of-flight mass spectro-
metry (MALDI-TOF MS) with a molecular weight of 3353.89 Da
(consistent with the theoretical value of 3354.28 Da).14 It
demonstrated that peptide P3 exhibits pH- and ionic
strength-dependent self-assembly behaviors: under simulated
barnacle physiological conditions (pH 5.0, I = 150 mM NaCl), it
formed short rods (100–200 nm in length), whereas under
simulated seawater conditions (pH 8.0, ionic strength: 600
mM NaCl), it self-assembled into micrometer-long fibers that
further cross-linked into a three-dimensional network. Corre-
spondingly, QCM-D analysis revealed that the wet adhesion of
P3 under simulated seawater conditions was enhanced by more
than 3-fold compared to that under barnacle physiological
conditions. Furthermore, biomineralization experiments indi-
cated that P3 significantly modulates calcium carbonate
(CaCO3) morphology in a condition-dependent manner. Under
simulated seawater conditions, CaCO3 adopted a densely cross-
linked structure resembling the peptide’s self-assembled net-
work, while under barnacle physiological conditions, only dis-
crete CaCO3 particles formed, consistent with the short-rod
self-assembly of P3 in the same environment. Notably, P3
retains key charged residues (5 His, 4 Lys, and 3 Arg) that
enable charge self-regulation through side-chain protonation/
deprotonation, a mechanism supported by recent studies on
peptide charge dynamics.33 In conclusion, this study confirms
that P3 possesses pH- and ion-responsive self-assembly proper-
ties. Moreover, it not only recapitulates the self-assembly, wet
adhesion, and biomineralization characteristics of the full-
length cp20k protein under both barnacle physiological and

seawater conditions, thereby providing a robust platform for
understanding barnacle adhesion at a molecular level, but also
offers a new template and strategy for the development of
advanced marine-inspired adhesives.

2. Materials and methods
2.1. Materials

Chemically synthesized peptides (P3 sequence: CNQKHPC-
WRRHGKKHGLHRKFHGNACNC; 28 amino acid residues;
purity 4 95% verified by RP-HPLC and MALDI-TOF MS),
Milli-Q deionized water (Milli-Q system, Millipore, Bedford),
acetic acid (highly purified, Shanghai Chemical Reagent Co.,
Ltd, Shanghai, China), sodium acetate (99%, Aladdin, Shang-
hai, China), anhydrous sodium dihydrogen phosphate (analy-
tical reagent, Shanghai Chemical Reagent Co., Ltd, Shanghai,
China), anhydrous disodium hydrogen phosphate (analytical
reagent, Shanghai Chemical Reagent Co., Ltd, Shanghai, China),
sodium chloride (analytical reagent, Shanghai Chemical Reagent
Co., Ltd, Shanghai, China), uranyl acetate dihydrate (99%, Chush-
engwei, Hubei, China), 30% hydrogen peroxide (analytical
reagent, Shanghai Chemical Reagent Co., Ltd, Shanghai, China),
ammonia water (analytical reagent, Shanghai Chemical Reagent
Co., Ltd, Shanghai, China), phosphate buffered saline
(SH30028.02, Cytiva, USA), anhydrous calcium chloride (analytical
reagent, Shanghai Chemical Reagent Co., Ltd, Shanghai, China),
anhydrous sodium carbonate (analytical reagent, Shanghai
Chemical Reagent Co., Ltd, Shanghai, China), and ammonium
carbonate (analytical reagent, Shanghai Chemical Reagent Co.,
Ltd, Shanghai, China) were used in this study.

2.2. Preparation of P3

The preparation of P3 was carried out according to our previous
work14 via solid-phase synthesis, purified by RP-HPLC (C18
column, eluent : acetonitrile/water with 0.1% trifluoroacetic
acid), and analyzed by MALDI-TOF MS (Bruker Daltonics, Bre-
men, Germany) to confirm that the molecular weight was
consistent with the theoretical value.14

2.3. Visualization with SEM, EDS and XRD

Preparation of P3-mineralized products. 0.1 M CaCl2–P3
solutions were prepared separately using pure water, simulated
barnacle physiological condition solvent, and simulated sea-
water condition solvent. An equal volume of 0.1 M NaHCO3–P3
solution (prepared with the corresponding solvent – pure water,
simulated barnacle physiological condition solvent, or simu-
lated seawater condition solvent) that had been adjusted to the
target pH was added to each CaCl2–P3 solution. Subsequently,
the mixed solutions were adjusted to achieve final P3 concen-
trations of 0 and 1 mg L�1, respectively. The solutions were
incubated at room temperature for 8 hours. Subsequently,
30 mL aliquots of the mixed solutions were pipetted onto silicon
wafers and allowed to dry at room temperature.

SEM sample preparation and observation. After the miner-
alization experiment, the silicon wafers with crystals were
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gently rinsed with Milli-Q deionized water and dried at room
temperature. The samples on the silicon wafers were then
observed using a Tescan Mira4 Scanning Electron Microscope
(TESCAN, Czech Republic).34

Three milliliters of each mixed solution were prepared using
the same method as that employed for the preparation of P3
mineralized products. The solutions were dried at room tem-
perature for 24 hours, and the mineralized products were then
transferred to XRD sample cells for XRD analysis. XRD mea-
surements were performed using a Rigaku SmartLab SE and a
PANalytical Empyrean, with a scanning angle range of 3–1401
and a scanning rate of 51 min�1.35 Phase identification
was conducted by matching diffraction peaks with standard
JCPDS cards.

2.4. Visualization with TEM

For transmission electron microscopy analysis, 10 mL of peptide
solutions buffered under various conditions [pH 5.0 with an
ionic strength of 150 mM NaCl (under physiologically simu-
lated cement gland conditions), pH 5.0 with an ionic strength
of 600 mM NaCl, PBS, Milli-Q deionized water, pH 8.0 with an
ionic strength of 150 mM NaCl, and pH 8.0 with an ionic
strength of 600 mM NaCl (under simulated seawater condi-
tions)] were placed onto 200-mesh copper grid-supported films
(purchased from Beijing Zhongjing Keyi Technology Co., Ltd).
The samples were then stained with 10 mL of 2% (w/v) uranyl
acetate (Chu Shengwei, Hubei) for 5 minutes and allowed to dry
at room temperature. TEM images were recorded using a
transmission electron microscope (HT-7700, Hitachi, Japan).36

2.5. Fourier transform infrared spectroscopy (FT-IR)

The purchased CaF2 windows with a diameter of 10 mm and a
thickness of 2 mm were thoroughly rinsed with Milli-Q water
and dried under a stream of nitrogen gas before use. To prepare
FT-IR samples, 40 mL of self-assembled peptide solutions (pre-
diluted to 1 mM) were added to the center of CaF2 windows and
completely dried in a desiccator. FT-IR spectra from 800 to
4000 cm�1 were acquired using transmission accessories on a
PerkinElmer Spectrum Two spectrometer. Each sample was
scanned 32 times and the averaged spectrum was recorded
and further corrected by subtracting the background of the
buffer.37 To estimate the secondary structure contents of dif-
ferent peptides, the unit of the FT-IR spectrum was converted
from transmission to absorbance. Then, the aide I region
(1600–1700 cm�1) of the spectrum was fitted using PeakFit
Version 4.12.38–40 The response function width (Resp Fn Width)
was adjusted until the fitted line closely aligned with the actual
data line. Following this, a second-order derivative fitting of
the curve was performed until the iteration reached 7 and the
R-squared (R2) value exceeded 0.99, indicating a high degree of
fit. Subsequently, the data were saved and imported into Origin
for graphing and visualization. Different secondary structures
were assigned according to the positions of the peaks. In
addition, 40 mL of 2 mg mL�1 bovine serum albumin (BSA)
with abundant a-helices was deposited onto CaF2 windows to
collect FT-IR spectra as a control40–42 (n = 3).

2.6. Dissipative quartz crystal microbalance (QCM-D) analysis

Gold-coated quartz crystal sensors with a fundamental fre-
quency of 5 MHz (QSX 301, Biolin Scientific, Sweden) were
used as the wet adhesion platforms for P3 under simulated
barnacle physiological conditions (pH 5.0, ionic strength:
150 mM NaCl) and seawater conditions (pH 8.0, ionic strength:
600 mM NaCl). Gold sensors were first cleaned with a 5 : 1 : 1
(v/v) mixture of deionized water, 25% (v/v) ammonia water, and
30% (v/v) hydrogen peroxide for 10 min in a water bath at 75 1C.
Then they were placed into different QCM-D chambers.42,43

Changes in frequencies (Df, Hz) and dissipation (DD, 1 � 10�6)
at the 3rd, 5th, 7th, 9th, and 11th overtones were monitored at
25 1C in all chambers using a Q-Sense E4 QCM-D system (Biolin
Scientific, Stockholm, Sweden). The flow rates for all solutions
were set at 0.1 mL min�1, and all volumes given are on a per-
chamber basis. A Milli-Q flush was used to obtain a final
baseline after the frequency and dissipation were stabilized,
and QSoft 401 was used for data recording and processing.44

The adhesion amount was calculated using the Sauerbrey
equation,45 which relates the change in frequency to the mass
of the adhered polypeptide on the gold surface.46 The equation
is presented as follows:

Dm ¼ Df � c

n

In this study, the fundamental frequency of the gold chip
was 5 MHz, with c = 17.7 ng Hz�1 cm�2 and n = 1. To verify
accuracy, the Voigt model was used for auxiliary analysis by
fitting Df and DD data, and the results were consistent with the
Sauerbrey model (deviation o 5%). Statistical analysis was
performed using one-way analysis of variance (one-way ANOVA)
combined with Tukey’s multiple comparison test, with p o 0.05
considered statistically significant.

3. Results and discussion
3.1. Self-assembly behavior of P3 under different pH and salt
ion strength conditions

Barnacle cement remains soluble during glandular transport
but rapidly crosslinks into adhesive discs upon seawater expo-
sure. It is plausible that the changes in ionic strength and pH
are the primary factors governing the dynamic self-assembly
and underwater wet adhesion in this process. Therefore, this
study characterized P3 self-assembly under physiological and
seawater-mimicking conditions via TEM (Fig. 1).

Under stimulated physiological conditions (pH 5.0, ionic
strength: 150 mM NaCl), P3 forms only short (100–200 nm)
spindle-like fibers without further assembly. Under seawater
conditions (pH 8.0, ionic strength: 600 mM NaCl), it self-
assembles into an interwoven bamboo leaf-like network with
100-nm-diameter fibers exceeding 1 mm in length, intercon-
nected end-to-end into cross-linked structures.

Hypothesizing parallels to Balcp20k behavior, additional
TEM studies (Fig. 2) were conducted on P3 under pH 5.0, an
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ionic strength of 150 mM NaCl, and PBS buffer, as well as pH
8.0 and an ionic strength of 600 mM NaCl. At pH 5.0 and an
ionic strength of 150 mM NaCl, slender fibers (41 mm) show

slight end-to-end association. PBS buffer induces angular fibers
with moderately increased diameter (still less robust than sea-
water forms) and B1 mm length with similar interconnecting
tendency.

It is proposed that under the conditions of low pH and low
salt ion strength (pH 5.0, ionic strength: 150 mM NaCl), a
masking effect is observed on the cysteine residues in peptide
P3, which prevents P3 from forming continuous linkages via
cysteine. This hypothesis is supported by our previous mutant
studies:15 P3 mutants with cysteine substitutions failed to form
cross-linked networks under seawater conditions, confirming
the critical role of cysteine in inter-peptide connection. How-
ever, under the conditions of high pH and high salt ion
strength (pH 8.0, ionic strength: 600 mM NaCl), these masking
effects are eliminated. This enables the cysteine residues in the
P3 sequence to act as adhesive termini, mediating the connec-
tion of individual P3 molecules and their extension in all
directions—thereby promoting the formation of a cross-
linked three-dimensional (3D) network self-assembled
structure.

3.2. FT-IR analysis of P3 under different pH and salt ion
strength conditions

Drawing from earlier work on P3 and its mutants,14 this study
posits that the variation in P3’s self-assembled structures
across different pH and ionic strength conditions arises from
the underlying shifts in its secondary structure. Given the
limitations of circular dichroism (CD) in accurately quantifying
secondary structures under such variable pH and salt concen-
trations (high salt concentrations cause interference peaks,

Fig. 1 TEM images of P3 under physiological and seawater conditions.
(A) and (B) Physiological conditions (pH 5.0, ionic strength: 150 mM NaCl).
(C) and (D) Seawater conditions (pH 8.0, ionic strength: 600 mM NaCl).
(B) and (D) Enlarged figures of (A) and (C), respectively. For (A) and (C), the
scale bar is 1 mm and the magnification is 20k times. For (B) and (D), the
scale bar is 100 nm and the magnification is 50k times.

Fig. 2 TEM images of P3 self-assembled at different pH and salt ion strength values. (A) and (D) pH 5.0, ionic strength: 600 mM NaCl. (B) and (E) PBS
buffer. (C) and (F) pH 8.0, ionic strength: 150 mM NaCl. (D)–(F) High-magnification images of (A), (B), and (C), respectively. The scale bars in all figures are
1 mm.
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while low pH masks peptide signals), FT-IR spectroscopy was
selected to characterize P3’s secondary structure under the five
self-assembly conditions mentioned previously. The corres-
ponding results are displayed in Fig. 3 and compiled in Table 1.

As shown in Fig. 3 and Table 1, the a-helix content of P3
remains relatively consistent across the five pH and salt ion
conditions, ranging from 16.08% to 19.99%. In contrast, the b-
sheet content is lowest (16.57%) under physiological conditions
but exceeds 30% in the other four environments, reaching a
maximum of 35.76% in seawater. Conversely, the random coil
content is highest under physiological conditions (29.50%) and
drops below 20% in all other cases. These data indicate that an
increase in either pH or salt ion strength promotes a structural
shift in P3: the b-sheet content increases (from 16.57% to over
30%), while the random coil content decreases (from 29.50% to
16.14%). This trend suggests that under elevated pH and ionic
strength, P3 transitions from a more disordered state under
physiological conditions to a more ordered conformation, with
a pronounced increase in b-sheet structure that peaks in
seawater.

Notably, this structural transition is inherently linked to P3’s
charge self-regulation capability. P3 retains 5 His (17.86%),
4 Lys (14.29%), and 3 Arg (10.71%)—charged residues whose
side chains undergo protonation/deprotonation in response to
pH changes. The resulting changes in charge distribution

modulate intermolecular forces (electrostatic attraction and
hydrogen bonding), driving the shift from random coil to b-
sheet and subsequent self-assembly. This mechanism aligns
with the FT-IR results, confirming that P3 can dynamically
adjust its charge state in aqueous environments (even without
buffers) to adapt to environmental changes.

The FT-IR results demonstrate that pH and salt ion strength
modulate the self-assembly behavior of P3 primarily by regulat-
ing the b-sheet and random coil content in its secondary
structure. Specifically, under physiological conditions, P3 is
rich in random coil and a-helix, whereas under simulated
seawater conditions, its conformation becomes more ordered,
with b-sheet and b-turn becoming the dominant structural
motifs. This shift in secondary structure—marked by an
increase in b-sheet and a decrease in random coil—largely
explains the differences in P3 self-assembly between physiolo-
gical and seawater environments.

Similarly, Kamino et al. designed a polypeptide based on the
repetitive sequences of Mrcp20k and observed that it undergoes
irreversible self-assembly in a seawater-like environment.47

This process involves the formation of intramolecular disulfide
bonds and the development of a three-dimensional network
structure. This behavior closely parallels the self-assembly of
our peptide P3 under seawater conditions. Thus, these collec-
tive findings strongly support the conclusion that the derived

Fig. 3 FT-IR spectra of P3 under different pH and salt ion strength buffering systems. The horizontal axis represents the wave number (cm�1), and the
vertical axis represents absorbance. The red line indicates the peak fitting curve with R2 4 0.99.

Table 1 Species and proportion of the secondary structure of P3 in different pH and salt ion strength solutions

Sample a-Helix b-Sheet b-Turn Random

pH 5.0, ionic strength: 150 mM NaCl 18.08% 16.57% 35.86% 29.50%
pH 5.0, ionic strength: 600 mM NaCl 19.99% 31.62% 28.44% 19.95%
PBS 16.08% 32.46% 35.29% 16.17%
pH 8.0, ionic strength: 150 mM NaCl 19.52% 30.03% 34.31% 16.14%
pH 8.0, ionic strength: 600 mM NaCl 18.02% 35.76% 28.98% 17.24%
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peptide P3 effectively mimics the dependence of native cp20k’s
self-assembly and biological functions on ionic strength
and pH.

3.3. QCM-D analysis of P3 under simulated barnacle
physiological conditions and seawater conditions

To determine whether the distinct self-assembled structures
formed by peptide P3 under physiological and seawater condi-
tions lead to significant differences in wet adhesion, we
employed quartz crystal microbalance with dissipation mon-
itoring (QCM-D) to evaluate its adhesion behavior under these
two environments. Upon adsorption of the polypeptide onto
the QCM-D gold sensor, a decrease in frequency (Df, Hz)
and a concurrent increase in dissipation (DD, 1 � 10�6) were
observed. The frequency shift (Df) correlates with adsorbed
mass, where a decrease corresponds to an increase in areal
mass (m, ng cm�2), and vice versa. Meanwhile, the dissipation
shift (DD) reflects the viscoelastic properties of the adsorbed
layer: higher dissipation indicates a more viscoelastic film,
while lower dissipation suggests a more rigid structure
(Fig. 4).48

As shown in Fig. 5 and Table 2, under physiological condi-
tions, the total adsorbed mass of P3 was only 50.88 �
10.47 ng cm�2, with nearly two-thirds of the adsorbed material
(106.73 ng cm�2) being removed during rinsing. In contrast,
under seawater conditions, P3 achieved a significantly higher
total adsorbed mass of 598.64 � 100.62 ng cm�2, with only 7%
(45.58 ng cm�2) lost upon rinsing. For reference, under deio-
nized water conditions, the total adsorbed mass was 224.54 �
37.32 ng cm�2, with approximately 8% (20.15 � 7.88 ng cm�2)
removed. The 11.7-fold higher wet adhesion under seawater
conditions is calculated as the ratio of final retained mass
under seawater (598.64 ng cm�2) to that under physiological
conditions (50.88 ng cm�2), consistent with the structural
transition from short rods to cross-linked networks. Statistical
analysis confirmed significant differences between seawater
and physiological conditions (p o 0.001), as indicated by ***

in Fig. 5 (ns: P 4 0.05; *: 0.01 o P r 0.05; **: 0.001 o P r 0.01;
***: 0.0001 o P r 0.001). These QCM-D results indicate that
the spindle-shaped short-rod structures formed by P3 under
physiological conditions possess minimal adhesion capability,
whereas the structures assembled under seawater conditions
exhibit strong and stable adsorption.

Based on the characterization results from QCM-D and TEM,
the self-assembled structures of peptide P3 exhibit distinctly
different adhesion properties: under simulated barnacle phy-
siological conditions (pH 5.0, ionic strength: 150 mM NaCl), P3
can only self-assemble into short rod-like fibers, with both low
adhesion quantity and adhesion strength; in contrast, under
simulated seawater conditions (pH 8.0, ionic strength: 600 mM
NaCl), P3 is capable of self-assembling into bamboo leaf-like

Fig. 4 The frequency and dissipation changes in P3 under physiological conditions and seawater conditions: (A) physiological conditions (pH 5.0, ionic
strength: 150 mM NaCl); (B) seawater conditions (pH 8.0, ionic strength: 600 mM NaCl). The change in frequency (Df, Hz) is shown as a black line on the
main axis, and the change in dissipation (DD, 1 � 10�6) is shown as a red line on the secondary axis. (a) Addition of background solution for baseline zero
adjustment. (b) Addition of P3 self-assembly solution under physiological conditions or seawater conditions. (c) Addition of the background solution
followed by rinsing.

Fig. 5 Adhesion of P3 under physiological, deionized and seawater con-
ditions. Physiological: pH 5.0 and an ionic strength of 150 mM NaCl;
Milli-Q: deionized water; seawater: pH 8.0 and an ionic strength of
600 mM NaCl. Data were obtained from 3 independent experiments and
expressed as mean � standard deviation. The significant difference was
compared based on the adhesion amount of P3 under physiological
conditions, where ns indicates P 4 0.05. *0.01 o P r 0.05; **0.001 o
P r 0.01; ***0.0001 o P r 0.001.
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structures with a network-crosslinked morphology and exhibits
the highest adhesion quantity and adhesion strength.

3.4. The effect of P3 on CaCO3 mineralization under in vitro
conditions

Building on the established biomineralization capacity of cp20k,
the influence of its derived peptide P3 on CaCO3 crystallization
was further investigated under various environmental conditions.
To evaluate the biomineralization activity of P3, scanning electron
microscopy (SEM) was employed to characterize CaCO3 crystals
grown in mixed solutions of calcium chloride and sodium bicar-
bonate. Experiments were conducted using P3 concentrations of
0 and 1 mg mL�1 in three distinct solvent systems: pure water;
pH 5.0 and an ionic strength of 150 mM NaCl; and pH 8.0 and an
ionic strength of 600 mM NaCl. The resulting crystal morpholo-
gies are presented in Fig. 6.

In the pure water without P3, CaCO3 crystallized into well-
defined cubic structures with sharp edges and an average
width of approximately 2 mm (Fig. 6A(a)). In contrast, when
1 mg mL�1 P3 was introduced into the pure water system, the
resulting CaCO3 particles adopted a spindle-like morphology
characterized by a layered stacking structure, with particle sizes
reaching approximately 10 mm (Fig. 6D(d)).

Under solvent conditions of pH 5.0 with 150 mM NaCl and
in the absence of P3, CaCO3 formed disc-like structures resem-
bling those in Fig. 6D(d) but lacking the distinct spindle
morphology. The size of the discs gradually decreased from
the bottom to the top, with the bottom disc having a diameter
of approximately 10 mm and the top disc ranging from 3 to 5 mm
in diameter (Fig. 6E(e)). When 1 mg mL�1 P3 was introduced
into the pH 5.0, ionic strength 150 mM NaCl system, CaCO3

assembled into layered, chip-like aggregates with a rounded
overall contour. In contrast to the structures shown in
Fig. 6D(d), these assemblies displayed more uniform particle
sizes and occasional inter-disc crosslinking, with disc dia-
meters consistently around 10 mm (Fig. 6B(b)).

In the absence of P3 under conditions of pH 8.0 and an ionic
strength of 600 mM NaCl, CaCO3 adopted an amorphous
morphology, appearing as sheet-like aggregates composed of
randomly associated polyhedral particles with no distinct crys-
talline features (Fig. 6F(f)). Upon the addition of 1 mg mL�1 P3
to the same solvent system (pH 8.0, ionic strength: 600 mM
NaCl), CaCO3 assembled into a densely cross-linked three-
dimensional network characterized by high structural compact-
ness. This network consisted of spherical CaCO3 monomeric
units approximately 0.1 mm in diameter (Fig. 6C(c)). SEM and
XRD analyses confirmed that the P3 peptide possesses

Table 2 Mass of P3 under physiological, deionized and seawater
conditions

Sample
Before
rinsing (ng cm�2)

After rinsing
(ng cm�2)

Value of difference
(ng cm�2)

Physiological 157.62 � 21.42 50.88 � 10.47 106.73 � 30.34
Milli-Q 244.69 � 42.78 224.54 � 37.32 20.15 � 7.88
Seawater 644.23 � 50.59 598.64 � 100.62 45.58 � 40.95

Data are presented as mean � SD for n = 3 independent experiments.
The final adhesion quantity relationship of P3 under three self-
assembly conditions is as follows: physiological conditions o deio-
nized water o seawater conditions, the adhesion quantity of P3 in
deionized water is * in relation to physiological conditions, and the
adhesion quantity of P3 in seawater is ** in relation to physiological
conditions.

Fig. 6 SEM images of P3 peptide biomineralization results under different conditions: (A) a mixed solution of calcium chloride and sodium bicarbonate
with ddw as the solvent; (B) a mixed solution of calcium chloride and sodium bicarbonate with pH 5.0 and an ionic strength of 150 mM NaCl as the
solvent, containing 1 mg mL�1 P3 peptide; (C) a mixed solution of calcium chloride and sodium bicarbonate with pH 8.0 and an ionic strength of 600 mM
NaCl as the solvent, containing 1 mg mL�1 P3 peptide; (D) a mixed solution of calcium chloride and sodium bicarbonate (solvent not specified, consistent
with the solvent system in group A unless otherwise stated); (E) a mixed solution of calcium chloride and sodium bicarbonate with pH 5.0 and an ionic
strength of 150 mM NaCl as the solvent, containing 0 mg mL�1 P3 peptide (P3-free control); (F) a mixed solution of calcium chloride and sodium
bicarbonate with pH 8.0 and an ionic strength of 600 mM NaCl as the solvent, containing 0 mg mL�1 P3 peptide (P3-free control). For images (A)–(F), the
scale bar is 50 mm, while for the insets ((a)–(f), corresponding to the magnified local regions of (A)–(F), respectively), the scale bar is 2 mm.
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significant biomineralization activity, exerting a pronounced
influence on CaCO3 crystal morphology. Notably, under simu-
lated seawater conditions (pH 8.0, ionic strength: 600 mM
NaCl), P3 promoted the formation of abundant calcium carbo-
nate minerals organized into an interconnected three-
dimensional network architecture.

Briefly, P3 demonstrates distinct biomineralization beha-
viors under simulated barnacle physiological versus seawater
conditions. Under physiological conditions, the short rod-like
fibrous assemblies of P3 function as mineralization templates,
guiding the directional growth of calcium carbonate along their
axial structures. As crystallization progresses, the resulting
calcium carbonate deposits undergo paired stacking, forming
circular aggregates of uniform dimensions. In contrast, under
simulated seawater conditions characterized by elevated pH
and ionic strength, P3 self-assembles into three-dimensional
fibrous networks that provide substantially increased nuclea-
tion sites for calcium carbonate crystallization. This enhanced
nucleation promotes the development of an interpenetrating,
densely packed calcium carbonate network, in which the
monomeric units exhibit dimensional correspondence with
the underlying fibrous templates.

This phenomenon resembles the transformation of amorphous
calcium carbonate (ACC) into vaterite. The formation of hollow
spherical crystals may result from incomplete phase transition of
ACC to vaterite.49,50 Carbonate biominerals originate from calcify-
ing fluids (CF), and vaterite formation frequently accompanies the
carbonate CF biomineralization process in invertebrates.51,52 As a
metastable polymorph of calcium carbonate, vaterite exhibits
unique reactivity due to its structural instability. This characteristic
enables it to either dissolve as a Ca2+ source to enhance osteoblast
and odontoblast activity, or further precipitate and transform into
calcite crystals, thereby playing a critical regulatory role in the
biomineralization process.53,54

4. Conclusions

The results of the present study indicate that an increase in pH
promotes the formation of the network-interwoven structure of
peptide P3, while an increase in salt ion strength facilitates its self-
assembly into long fibers. Furthermore, elevated pH and salt ion
strength collectively promote an increase in b-sheet content and a
decrease in random coil content in the secondary structure of P3.
This, in turn, leads to differences in self-assembly behavior and
wet adhesion strength, and exerts a significant influence on the
morphology of calcium carbonate mineralization.

As a functional substitute for cp20k in vitro studies, the
behavioral characteristics of P3 suggest that within the barna-
cle’s low-pH, low-ionic-strength cement glands, specific
cysteine residues in cement proteins remain structurally
shielded. This shielding prevents extensive disulfide bond
formation and cross-linking, restricting the cement protein to
self-assemble into short rod-like structures. Such configuration
likely avoids premature cohesive adhesion inside the organism,
facilitating transport and storage of the cement precursor.
Upon secretion into seawater, the elevated pH and ionic

strength induce conformational changes that expose key
cysteine residues. This promotes widespread disulfide bond
formation, drives an increase in b-sheet content with a con-
comitant decrease in disordered structures, and ultimately
leads to the formation of a dense, fibrous network. This
structural transition enables robust adhesion to submerged
surfaces, and further plays a role in guiding crystal nucleation
during the calcium carbonate mineralization process. Conse-
quently, the calcium carbonate formed after mineralization
exhibits a morphology similar to that of the self-assembled
structure of P3 (Fig. 7).

This study is the first to systematically report the pH- and ionic
strength-responsive self-assembly behavior of peptide P3 under
different conditions, which consequently leads to variations in its
wet adhesion and biomineralization properties. This finding pro-
vides new insights into the underwater adhesion mechanism of the
barnacle cement protein cp20k. Meanwhile, this study verifies that
P3 possesses excellent interfacial adhesion capability and biomi-
neralization potential—particularly its adjustable performance and
environmental responsiveness—endowing it with great potential
for applications in intelligent materials, biomedical materials, etc.
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