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Objective: 7o explore the self-assembly and gelation properties of synthetic peptides, and
their efficacy on hydroxyapatite (HAP) nucleation and in situ remineralisation of initial car-
ies lesions.

Methods: Mass spectrometry and reversed-phase high performance liquid chromatography
(RPHPLC) were used to confirm the successful synthesis of peptides. Their self-assembly prop-
erties and conformation stability were evaluated using circular dichroism (CD) spectroscopy
and Fourier-transform infrared spectroscopy (FTIR). Cell Counting Kit-8 (CCK-8,; Dojindo,
Kumamoto, Japan) was used to evaluate their cytotoxicity. The efficacy of the peptides on HAP
nucleation and in situ remineralisation of initial caries lesions was explored using FTIR, scan-
ning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction
and transverse microradiography analysis.

Results: Two kinds of self-assembly p-sheet peptides named ID4 and IDS, respectively, were
successfully synthesised with purities greater than 95%. Both were stable under neutral
physiological conditions and had low cytotoxicity. ID4 and ID8 showed calcium responsive
self-assembly properties and could self-assemble into nanofibres. Compared with ID4, ID§
resulted in the rapid formation of hydrogel with a lower concentration of calcium, and self-
assembled ID8 hydrogel induced the formation of flower-like HAP and significantly promoted
the remineralisation of initial enamel caries.

Conclusion: /D8 could serve as the template to induce HAP nucleation and promote bio-
mimetic remineralisation of initial caries lesions. These results underpin future research on
peptide design, and IDS may be a promising bioactive component for anti-caries applications.
Key words: fS-sheet peptide, hydroxyapatite, initial caries lesions, remineralisation, self-
assembly
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Mature enamel is an acellular tissue which cannot
self-repair once it is damaged by dental caries. In
general, dental caries is a chronic progressive bacterial
infection which occurs due to remineralisation and de-
mineralisation becoming imbalanced, leading to a net
loss of tooth minerals'. Therefore, promoting the remin-
eralisation of initial caries lesions before they become
cavities is an alternative restorative strategy against den-
tal caries”. Recently, significant efforts have been made
to promote remineralisation or inhibit the demineral-
isation of initial enamel caries using synthetic peptides
under physiological conditions-%. It is obvious that the
in situ remineralisation of initial caries lesions using
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synthetic peptides under physiological conditions is a
desirable alternative restorative pathway against dental
caries.

In general, self-assembly PB-sheet peptide is recog-
nised as a good template for hydroxyapatite (HAP)
nucleation®. Enamel biomineralisation is highly orches-
trated by ameloblasts and enamel matrix proteins
(EMPs)!0. Various proteins take part in this compli-
cated process, with amelogenin being the most abun-
dant. Amelogenin spontaneously self-assembles into
hydrophobic nanospheres with supermolecular struc-
tures during enamel formation. These self-assembling
hydrophobic nanospheres have been proposed to act
as a structural framework related to HAP nucleation
and growth!!-12, Another major acidic protein in EMPs,
enamelin, has been shown to self-assemble into -sheet
structure during enamel formation. Moreover, dentine
phosphoprotein (DPP) is a major non-collagenous
extracellular matrix protein in dentine, and self-assem-
bles into a B-sheet-like conformation in the presence of
Ca2*, serving as a highly negatively charged surface.
This surface may not only interact with the growing
HAP crystals, but also be involved in the first crystal
deposition during dentinogenesis. In addition, many
in vitro experiments have confirmed the effect of self-
assembly B-sheet structure on HAP nucleation™!3-17,
Dentine matrix protein-1 (DMP-1) is an acidic non-
collagenous protein that is necessary for the proper
biomineralisation of dentine. He et al'® demonstrated
that intermolecular assembly of acidic clusters into
a P-sheet template in DMP-1 was essential for HAP
nucleation. Segman-Magidovich et al® observed that
acidic B-sheet peptide Prp-5 (13 amino acid residues)
could induce adsorption and in situ nucleation of amor-
phous calcium phosphate in 1.5 times simulated body
fluid (SBF). Stendahl et al'® constructed an amphi-
philic lipopeptide PA (peptide amphiphile) (11 amino
acid residues and a long alkyl tail) and the peptide PA
self-assembled into B-sheet nanofibre and attracted cal-
cium and phosphorus in solution, thus promoting HAP
nucleation and growth. These studies demonstrated that
self-assembly B-sheet peptides are ideal templates for
HAP nucleation.

Synthetic peptides can now be programmed to self-
assemble into predefined conformations and nanostruc-
tures, which have been widely applied to biomimetic
mineralisation of bone and teeth??!. Tonic self-com-
plementarity is a well-known structural motif of self-
assembly B-sheet peptide design. However, classic ionic
self-complementary self-assembly B-sheet peptides usu-
ally employed long sequence patterns and were not sta-
ble enough under physiological conditions?2. Therefore,
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rational design of self-assembly B-sheet peptides with
better stability under physiological conditions may be
a promising biomimetic approach to treating initial
caries lesions. In this study, the B-sheet peptides with
shorter and optimised sequence patterns were designed
rationally based on the (XZXZ), sequence template,
where X represented nonpolar amino acid, Z repre-
sented polar amino acid and n represented the number
of repeats. Isoleucine was chosen as the hydrophobic
amino acid residue (X) and aspartic acid was chosen as
the hydrophilic amino acid residue (Z), the number of
repeats was 1 and 2, and the acetyl group was added to
the carboxyl end of the peptide to enhance its stability.
Thus, the peptides Ac-Ile-Asp-Ile-Asp denoted as ID4
and Ac-lIle-Asp-lle-Asp-Ile-Asp-Ile-Asp denoted as
ID8 were designed and synthesised in this study.

The aim of this study was to design and synthe-
sise self-assembly B-sheet peptides ID4 and ID8 with
optimised short sequence patterns and to explore their
self-assembly and gelation properties, and to investigate
their stability under neutral physiological conditions.
Finally, their effects on HAP nucleation and potential
for in situ remineralisation of initial caries lesions were
identified in vitro. We expected this study to offer a
promising biomimetic agent for anti-caries application.

Materials and methods

Peptide synthesis and purification

The peptides 1D4 (Ac-Ile-Asp-Ile-Asp) and ID8 (Ac-
Ile-Asp-Ile-Asp-Ile-Asp-lle-Asp) were synthesised by
GL Biochem (Shanghai, China) using a standard flu-
orenylmethoxycarbonyl (Fmoc) solid-phase method.
The synthesised peptides were then purified (> 95%)
by reversed-phase high performance liquid chromatog-
raphy (RPHPLC; CHTH Sci and Tech, Beijing, China).
The peptide sequences and integrity were confirmed by
electrospray ionisation mass spectrometry (ESI-MS;
Shimadzu, Kyoto, Japan) as described previously2. The
peptide powder was stored at —20°C.

Circular dichroism spectroscopy

Circular dichroism (CD) spectra were gathered over the
range of 190-250 nm at room temperature using a CD
spectropolarimeter (Chirascan, Applied Photophysics,
Surrey, UK). The peptides ID4 and ID8 were diluted with
deionised water (DIW) to 200 pM. The pH of the solution
and whether it contained calcium were selected as two
environmental conditions of peptide self-assembly. For
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the pH condition, the pH of the ID4 and IDS solutions
was adjusted to 4.0, 5.0, 6.0 and 7.0 using hydrochloric
acid (HCI) or ammonia. For the calcium condition, the
peptide solutions were prepared in the absence and pres-
ence of calcium (1.5 mM CaCl,). The measurements
were conducted after 24 hours of incubation at 37°C. All
spectra were obtained using a 0.5-mm bandwidth and a
100-nm/min scanning rate. CD spectroscopic data were
analysed using CD Pro (JASCO, Tokyo, Japan) with
CONTINLL as described previously?.

Cytotoxicity assay

The effects of ID4 and ID8 on cell proliferation were
investigated by a Cell Counting Kit-8 (CCK-8; Dojin-
do, Kumamoto, Japan) assay. Human oral keratinocyte
(HOK) cells obtained from the American TypeCulture
Collection (ATCC, 11303) were seeded at 2 x 103 cells
per well in 96-well plates and incubated in Dulbecco’s
Modified Eagle Medium (DMEM; HyClone, Logan,
UT, USA) with 10% foetal bovine serum (Gibco, Grand
Island, NY, USA) (100 pl per well) for 24 hours, as
described previously. Cells were exposed to ID4 and ID8
with the final concentrations of 0.625, 1.25, 2.5, 5 and
10 mg/ml. The cell viability was assessed after 24 hours
of exposure. Absorbance at 450 nm was measured using
Thermo Scientific Varioskan Flash (Thermo Fisher Sci-
entific, Waltham, MA, USA). The absorbance was the
average value measured from 5 wells in parallel for each
concentration as described previously?.

Gelation properties of ID4 and ID§

ID4 and ID8 were dissolved in NaOH solution to 10 mg/
ml. For the pH condition, the pH of peptide solutions
was adjusted to 4.0 using HCl or ammonia to trigger
gelation according to the results of the above experi-
ment. For the calcium condition, the alkalinity of the
peptide solutions was adjusted to neutral (pH 7.0) using
HCI. Different amounts of 1 M calcium solution (50 pl,
100 pl and 200 pl) were added to the peptide solutions to
trigger gelation. Self-supporting hydrogels diluted with
DIW were lyophilised for further characterisation.

Characterisation of ID4 and ID8 hydrogels

The lyophilised ID4 and ID8 hydrogel powders were
mixed with potassium bromide (KBr) to a mass ratio of
1:20 and then milled and pressed into a transparent film
for Fourier-transform infrared spectroscopy (FTIR).
Infrared spectra in the 400-4000 cm™' wavenumber
range with a resolution of 2 cm! were obtained using
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a Nicolet 6700 spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA).

The lyophilised ID4 and ID8 hydrogels were also
characterised by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) with
selected area electron diffraction (SAED). SEM images
were obtained using a scanning electron microscope
(Inspect F, FEI, Eindhoven, The Netherlands) at 20.0
kV. In TEM analysis, the lyophilised hydrogel powder
dispersed with ethanol was observed using a Tecnai F20
S-TWIN electron microscope (FEI) at 120 kV.

HAP nucleation regulated by ID4 and IDS8 hydrogels

The ID4 and ID8 hydrogels were incubated in 1.5 times
SBF (120 mM NaCl, 22 mM NaHCO3, 3.75 mM CaCla,
1.67 mM NapHPOg4, pH 7.4) for 1, 4 and 7 days at 37°C.
The 1.5 times SBF was freshly prepared daily. The min-
eralised hydrogel was washed three times with DIW and
then lyophilised for further characterisation.

The mineralised hydrogel was characterised by
SEM (Inspect F, FEI, Eindhoven, The Netherlands),
TEM-SAED (FEI Tecnai F20 S-TWIN) and X-ray dif-
fraction (XRD) (Empyrean; PANalytical, Almelo, The
Netherlands) with Cu Ka radiation (A = 1.54 A) operat-
ing at 40 kV and 40 mA, a sampling step of 0.026 and
a 20 range of 10—60°. In SEM analysis, the mineralised
hydrogels at 1, 4 and 7 days were sputter-coated with
gold for 30 seconds and then observed by SEM at an
accelerating voltage of 20 keV.

Remineralisation efficacy of ID4 and ID8 hydrogels on
initial caries lesions

Newly extracted bovine permanent incisors were chosen
as substitutes for human teeth. The teeth were stored in
DIW with a 0.5% thymol solution until required. The
crowns of the bovine incisors were separated from the
roots to make enamel samples as described previously?.
The baseline surface microhardness (SMHy) of the pre-
pared samples was measured at five positions using a
microhardness tester (Duramin-1/-2; Struers, Copenha-
gen, Denmark) and a Knoop indenter (Duramin-1/-2;
Struers) with a load of 50 g for 15 seconds. Samples with
Knoop hardness numbers (KNH) between 330 and 370
were selected for further study. Enamel blocks were sub-
merged in the demineralisation solution (pH 4.5) con-
taining 50 mM acetic acid, 2.2 mM Ca(NO3)2, 2.2 mM
KH2POg4, 5.0 mM NaNs, and 0.5 ppm NaF at 37°C for
3 days under continuous, low-speed magnetic stirring
(100 rpm). Post-demineralisation surface microhardness
(SMH/) was measured as described above. Sixty enamel
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blocks with SMH; between 130 and 225 KHN were
selected for the subsequent remineralisation assay. The
exposed windows on these samples were sealed with a
film (4 x 2 mm), or an exposed area of 4 x 2 mm was
left unsealed.

After demineralisation, all 60 enamel samples were
randomly divided into 4 groups and treated with agents.
The positive control group was treated with 1000 ppm
NaF; the experimental groups were treated with 0.02
cm? 10 mg/ml ID4 hydrogel or 0.02 cm® 10 mg/ml ID8
hydrogel; and the negative control group was treated
with DIW. Each sample was exposed to its respective
solution for 30 minutes at room temperature and then
rinsed three times with DIW, followed by immersion in
artificial saliva at 37°C for 7 days. The artificial saliva
containing 1.5 mM CacCl,, 0.9 mM KH>PO4, 130 mM
KCIl, 1 mM NaN3 and 20 mM HEPES (pH 7.0) was
freshly prepared each day.

The SMH of each sample was measured again after
remineralisation for 7 days (SMHj) using five new
indentations located close to those used to measure
SMHy and SMH; while at least 100 uM away from
them. After a load of 50 g for 15 seconds, there will be
indentations on the surface of the sample, and the higher
the KNH of the sample, the smaller the indentation
area. The microhardness of the samples was obtained
by measuring and calculating the pit area using the
software of the microhardness tester. The percentage of
surface microhardness recovery (SMHR%) for the nine
groups was calculated as SMHR% = (SMH> — SMH})/
(SMH; — SMHy) x 100%.

The enamel surfaces before etching, after etching and
after remineralisation were all analysed using XRD by
scanning the tooth slices directly. The reflection mode
XRD with Cu Ka radiation (A = 1.54 A) operating at 40
kV and 40 mA with a sampling step of 0.026 and 26 of
range 10°—60° was used to analyse the enamel surfaces.
The results were analysed using MDI Jade 5.0.

After remineralisation, the windows of the samples
were cut into 300 pm-thick slices using a diamond-
coated band saw (Struers) and then polished to about
100 um. Each slice was then cleaned by 5 minutes of
sonication (Jiahui, Suzhou, China) to remove any dust
particles. The slices were fixed on Plexiglas sheet in
a transverse microradiography (TMR) sample holder
(Inspektor Research Systems BV, Amsterdam, The
Netherlands) and microradiographs were taken along-
side an aluminium calibration step wedge with 14 steps
using a monochromatic CuK X-ray source (Philips,
Eindhoven, The Netherlands) operated at 20 kV and
20 mA for an exposure time of 25 seconds as described
previously?. Mineral loss, lesion depth and mineral
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content in different enamel layers were assessed using
TMR software 2006 (Inspektor Research Systems).
Therefore, ten TMR traces along each slice were meas-
ured, including five exposed areas and five not exposed
areas.

Results

Characterisation of the synthesised peptides

RP-HPLC analysis showed that the elution times of ID4
and ID8 were 13.607 minutes and 9.33 minutes respec-
tively with purities greater than 95%. Moreover, the
mass spectra results showed strong peaks at the theoreti-
cal molecular weights of ID4 and ID8 (data not shown).
These results confirmed the successful synthesis of ID4
and IDS.

As shown in Figs 1a to 1d, for the pH condition, ID4
was unstructured and showed no significant changes at
pH 4.0, 5.0, 6.0 and 7.0. ID8 was unstructured at pH 5.0,
6.0 and 7.0, and self-assembled into B-sheet structure at
pH 4.0. For the calcium condition, the percentage of
B-sheet in ID4 increased to 52.6% from 20.3% in the
presence of Ca" under a neutral pH environment, and
ID8 contained a total of 99.63% B-sheet structure in the
presence of Ca2".

Effect of ID4 and IDS on cell viability

After a 30-minute treatment, the effect of ID4 and ID8
on cell viability showed no significant difference with
the negative control group (Figs 2a and 2b).

Gelation properties of ID4 and ID8

The addition of 100 ul CaCl; (1 M) induced the forma-
tion of transparent ID8 hydrogel after 20 minutes, while
ID4 required 200 ul CacCls.

In the FTIR results (Figs 2c and 2d), the peaks at
1631cm™! (ID4) and 1633cm™ (ID8) belong to the
amide I band while the peaks at 1565 cm™! (ID4) and
1558 cm! belong to the amide II band. These peaks
confirmed the B-sheet structure of ID4 and IDS.

SEM images (Figs 3a to 3f) showed that ID4 and
ID8 hydrogel self-assembled into nanofibres, and these
nanofibres interweaved to form membrane-like struc-
tures. TEM images (Figs 4a to 4d) showed that the
diameter of ID4 nanofibres was about 20 nm with a
length between 0.4 and 0.6 um, and ID8 nanofibres
were about 50 nm in diameter with a length between
0.8 and 1.2 um.
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Fig1 CD of ID4 and ID8. (a) CD spectra of ID4 at different pH conditions. (b) CD spectra of ID8 at different pH conditions. (c) CD

spectra of ID4 in the presence and absence of Ca2*. (d) CD spectra of ID4 in the presence and absence of Ca?*.

ID4 and ID8 hydrogels promote HAP mineralisation in
vitro

SEM images (Figs 5a to 5d) showed that both ID4 and
ID8 hydrogel could induce HAP mineralisation. The
crystals in the ID4 group exhibited a lower degree of
crystallinity, while those in the ID8 group appeared as
flower-like, with a higher degree of crystallinity.

TEM with SAED images (Figs 5e to 5h) was consist-
ent with HAP formation. The results showed that the ID4
samples appeared amorphous with a diameter of about
200 nm, while SAED images were consistent with the
formation of amorphous calcium phosphate with a lower
degree of crystallinity. In the ID8 group, TEM images
showed that the crystals appeared as plate-like and
exhibited higher crystallinity, while SAED images were
consistent with the formation of plate-like HAP crystals,
as indicated by the arc patterns at 002 and 211 positions.
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XRD results (Figs 6a and 6b) of ID4 showed broad
peaks around 20 = 25 at 1, 4 and 7 days, while IDS8
showed sharp peaks at 20 = 25.8 (002) and 20 = 31.6
(211) at 4 and 7 days.

In situ remineralisation of initial enamel caries regu-
lated by ID8

After demineralisation, the SMH (Fig 7a) of all samples
decreased to 170 KHN and no significant differences
were observed between any groups (P > 0.05). After 7
days of remineralisation, there was no significant dif-
ference in SMH between the DIW group and the etched
enamel samples (P > 0.05). The SMHR% (Fig 7b) of the
NaF and IDS8 groups was significantly higher than that
of the ID4 and DIW groups (P < 0.05), and there was no
statistical difference between the ID8 and NaF groups
(P> 0.05). The XRD patterns (Fig 8a) of etched enamel
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Fig2 Cell viability analysis and FTIR spectra of ID4 and ID8. (a) Effect of HOK cell viability of ID4 at various concentrations deter-
mined by CCK-8 assay. (b) Effect of HOK cell viability of ID8 at various concentrations determined by CCK-8 assay. (c) FTIR spectra
of ID4; peaks at 1631 cm™! belong to the amide | band and those at 1565 cm™! belong to the amide Il band. (d) FTIR spectra of ID8;
peaks at 1633 cm™! belong to the amide | band and those at 1558 cm™' belong to the amide Il band. These peaks confirmed the

B-sheet structure of ID4 and ID8.

were measured for comparison. After remineralisation,
the 002 and 211 peaks were significantly enhanced com-
pared with etched enamel, and the sharp peaks of 002
could be seen in both ID4 and ID8 groups.

The mineral loss and lesion depth after treatment
were highest in the DIW group, and lower in the 1D4,
ID8 and NaF groups. Fig 8b exhibits more detailed
information about the mineral content at different
depths after remineralisation for all groups. All samples
in the different groups showed similar mineral composi-
tion in the region extending from the enamel surface to
a depth of 20 um. Samples treated with NaF, ID4 and
ID8 showed significantly more mineral content than
those in the DIW group from the depths of 30 um to
120 pm, corresponding to the lesion. However, at all
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the depths examined, the ID8 group showed a greater
mineral content than the ID4 and DIW samples. The
mineral content in all the groups was similar at depths
beyond 130 pm.

Discussion

In this study, the B-sheet peptides ID4 and ID8 with
shorter and optimised sequence patterns were designed
and synthesised rationally. Both formed hydrogels in
the presence of calcium and showed calcium-responsive
self-assembly and good stability under neutral physi-
ological conditions. ID4 and ID8 hydrogels could serve
as the template to induce HAP nucleation and promote
biomimetic remineralisation of initial caries lesions.

Volume 23, Number 2, 2020



Lietal

and these nanofibres interweaved to form membrane-like structures.

Fig4 TEM images of self-assembly ID4
and ID8. (a) and (b) ID4; ID4 nanofibres
were about 20 nm in diameter with a length
between 0.4 and 0.6 ym. (c) and (d) ID8;
ID8 nanofibres were about 50 nm in diam-
eter with a length between 0.8 and 1.2 pm.
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Fig5 SEM and TEM-SAED images of
mineralised HAP regulated by ID4 and ID8.
(a) and (b) SEM images of mineralised HAP
regulated by ID4; the crystals exhibited a
lower degree of crystallinity. (c) and (d) ID8;
the crystals were flower-like and exhibited
a higher degree of crystallinity. (e) and (f)
ID4; TEM-SAED images of mineralised
HAP regulated by ID4, samples appeared
amorphous with a diameter of about 200
nm. SAED analysis was consistent with
the formation of amorphous calcium phos-
phate. (g) and (h) TEM-SAED images of mineralised HAP regulated by ID8, samples appeared plate-like and exhibited a higher
degree of crystallinity. SAED analyses were consistent with the formation of plate-like HAP crystals, as indicated by the arc patterns
at 002 and 211 positions.
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Fig6 XRD spectra of mineralised ID4 and ID8 hydrogel. (a) XRD spectra of mineralised ID4 hydrogel; broad peaks could be seen
around 26 = 25 at 1, 4 and 7 days. (b) XRD spectra of mineralised ID8 hydrogel; sharp peaks could be seen at 26 = 25.8 (002) and
206 =31.6 (211) at 4 and 7 days.
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Fig 7 SMH analysis of the enamel samples in the remineralisation assay. (a) SMH of the NaF group, ID4-treated group, ID8-treated
group and DIW group before etching, after etching and after remineralisation. (b) SMHR% of the NaF group, ID4-treated group, ID8-
treated group and DIW group after being immersed in artificial saliva for 7 days. The statistical analysis was performed using ANOVA
followed by a Student paired t test. In each plot, dissimilar letters indicate significantly different values (P < 0.05).
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Fig8 XRD spectra and TMR analysis of the enamel samples in the remineralisation assay. (a) XRD spectra after remineralisation
treatment in the presence of NaF, ID4, ID8 or DIW alone. (b) TMR analysis of enamel sections before and after remineralisation
treatment in the presence of NaF, ID4, ID8 or DIW alone. The results showed mineral content (vol% pum) vs. depth (um) for lesions.

Compared with ID4, ID8 showed better efficacy; this
was thought to be related to its higher B-sheet content.
These results indicated that ID8 could be a promising
bioactive component for anti-caries application.
Synthetic peptides have been widely applied to bio-
mimetic mineralisation of bone and teeth. In general,
several types of synthetic peptides have been utilised
in biomimetic processes for hard tissue remineral-
isation. Type I are proteins or peptides that take part
in biomineralisation, such as amelogenin, amelotin,
dentine matrix protein-1, statherin and elastin®%?23-24;
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type II are proteins or peptides inspired by proteins
in biomineralisation, with sequence patterns that are
usually the functional regions of biomacromolecules,
such as LRAP, the peptides P26 and P32, P11-4, QPS5
and DE-112336:8.10; and type III are de novo synthetic
peptides, such as Ppp-5 and Z1%-20. Compared with type
I and type II peptides, de novo synthetic peptides can
now be programmed to self-assemble into predefined
conformations and nanostructures. However, classic
ionic self-complementary self-assembly [-sheet pep-
tides employed long sequence patterns and were not
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stable enough under physiological conditions, therefore
the B-sheet peptides ID4 and ID8 with shorter and opti-
mised sequence patterns were designed and synthesised
rationally in this report. Both were de novo synthetic
classic ionic self-complementary self-assembly B-sheet
peptides, and also proved to be stable under neutral
physiological conditions.

In this report, RP-HPLC and mass spectra results
confirmed the successful synthesis of ID4 and ID8. A
cell proliferation assay proved that both ID4 and ID8
showed low cytotoxicity. Their self-assembly capabil-
ity was also explored. Molecular self-assembly is a
spontaneous organisation of molecules under thermo-
dynamic equilibrium conditions through noncovalent
interactions. These noncovalent interactions include
hydrogen bonds, ionic bonds and van der Waals
bonds. Although each of the bonds is rather weak,
their combination can result in very stable structures.
Therefore, the pH of the solution and the addition of
alkaline cations will significantly influence the nonco-
valent interactions in the solution and then influence
the self-assembly of peptides. In this study, the pH of
the solution and whether it contained calcium ions or
not were selected as two environmental conditions of
peptide self-assembly. CD measurements showed that
the percentage of B-sheet in ID4 increased to 52.6%
from 20.3% in the presence of Ca®" under a neutral
pH environment. ID8 was unstructured at pH 5.0, 6.0
and 7.0 while self-assembled into B-sheet at pH 4,0
and could self-assemble into B-sheet in the presence
of Ca?" in a neutral pH environment. These results
indicated the calcium-responsive self-assembly of ID4
and ID8. At the same time, calcium could induce the
self-assembly of transparent ID4 and ID8 hydrogels.
FTIR results confirmed the B-sheet structure of ID8
hydrogel. SEM and TEM images provided visualised
self-assembly nanofibres of ID4 and ID8 hydrogels,
and the nanofibres of ID8 were larger. SEM and TEM
images also showed that both ID4 and ID8 hydrogels
induced HAP mineralisation, the crystals in the 1D4
group exhibited a lower degree of crystallinity, while
the crystals in the ID8 group appeared as flower-like
and with a higher degree of crystallinity. TEM with
SAED images showed that the ID4 samples appeared
amorphous with a diameter of about 200 nm. SAED
images were consistent with the formation of amor-
phous calcium phosphate with a lower degree of crys-
tallinity. In the ID8 group, TEM images showed that
the crystals appeared as plate-like and exhibited higher
crystallinity, while SAED images were consistent with
the formation of plate-like HAP crystals, as indicated
by the arc patterns at 002 and 211 positions.
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We also developed an in situ remineralisation experi-
ment. All groups achieved varying degrees of remin-
eralisation when compared with that of the DIW group.
The results of SMHR% showed that the NaF group had
the highest hardness recovery rate, followed by IDS,
and there was no significant difference between the ID§
and NaF groups (P < 0.05). Of all the groups examined,
ID8 and NaF groups showed a higher SMHR%. In the
XRD results, the 002 and 211 peaks were significantly
enhanced compared with etched enamel, and the sharp
002 peaks could be seen in both the ID4 and ID8
groups, indicating that the orientation of crystal growth
was along the c-axis. As the gold standard technique,
TMR was then performed to quantitate the remineral-
isation of enamel. The results showed that mineral loss,
lesion depth and mineral content of the surface layer
and lesion body after 7 days of remineralisation were
similar in the samples treated with ID8 and NaF, which
presented a higher mineral content than the ID4 and
DIW groups. Combined with the results of SMHR%,
we concluded that remineralisation by the ID8 group
was closer to that of natural enamel compared with 1D4.

The potential mechanism of ID8 hydrogel in promot-
ing remineralisation of initial caries lesions was also
explored. HAP belongs to the P63 space group with
the lattice parameters of a = b = 9.432 A, ¢ = 6.881
A; meanwhile, the distance between adjacent peptide
chains in B-sheet structure is about 4.7-4.8 A, which
is half the length of the a-axis and b-axis; the pivot
distance between every two amino acid residues in
peptide chains of B-sheet structure is approximately
6.9 A, the same as the length of the c-axis®. Lattice
matching can effectively reduce the activation energy
of HAP nucleation. In addition, B-sheet peptide self-
assembling into nanofibre scaffolds could regulate the
growth and arrangement of HAP crystals. Our research
group previously designed and synthesised a peptide
based on amelogenin named QPS, which is a 22-residue
peptide consisting of five tandem amelogenin (Gln-
Pro-X) repeats followed by a 7-residue hydrophilic
tail; the remineralisation effect of QPS5 was confirmed
by our previous studies'®!0. The B-sheet of QPS5 is
thought to be related to its promotion of remineralisa-
tion while it merely contains 36.1% of B-sheet. It is
possible to obtain a better remineralisation effect by
designing a peptide with a higher content of B-sheet
structure!-0:%-10:22.25 "1p this study, the p-sheet peptides
ID4 and ID8 with shorter and optimised sequence pat-
terns were designed rationally, the percentage of -sheet
in ID4 increased to 52.6% and ID8 contained a total of
99.63% B-sheet, which is thought to be the reason why
ID8 showed better remineralisation efficacy.
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Conclusion

In this study, the B-sheet peptides ID4 and ID8 with
shorter and optimised sequence patterns were designed
and synthesised rationally. Both showed calcium-
responsive self-assembly and IDS8 contained a total of
99.63% [-sheet. ID4 and ID8 hydrogels could serve as
the template to induce HAP nucleation and promote bio-
mimetic remineralisation of initial caries lesions. ID§
showed better efficacy than ID4, and this was thought
to be related to its higher B-sheet content. These results
underpin future research on peptide design and IDS§
may be a promising bioactive component for anti-caries
application. Meanwhile, more systematic experiments
are necessary to verify the efficacy of IDS.
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