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ABSTRACT

Introduction: Self-assembling peptide nanofibers have emerged as promising biomaterials in the realm
of bone tissue engineering due to their biocompatibility, biodegradability, and ability to mimic the native
extracellular matrix. This study delved into the comparative efficacy of two distinct self-assembling
peptide nanofibers, RADA-BMHP1 and KSL-BMHP1, both incorporating the biological motif of BMHP1,
but differing in their core peptide sequences.
Methods: Cell viability and osteogenic differentiation in rat mesenchymal stem cells (rMSCs), and bone
regeneration in rat were compared.
Results: In vitro assays revealed that KSL-BMHP1 promoted enhanced cell viability, and nitric oxide
production than RADA-BMHP1, an effect potentially attributable to its lower hydrophobicity and higher
net charge at physiological pH. Conversely, RADA-BMHP1 induced superior osteogenic differentiation,
evidenced by upregulation of key osteogenic genes, increased alkaline phosphatase activity (ALP), and
enhanced matrix mineralization which may be attributed to its higher protein-binding potential and
grand hydropathy, facilitating interactions between the peptide nanofibers and proteins involved in
osteogenesis. In vivo experiments utilizing a rat bone defect model demonstrated that both peptide
nanofibers improved bone regeneration at the genes level and ALP activity, with RADA-BMHP1 exhib-
iting a more pronounced increase in bone formation compared to KSL-BMHP1. Histological evaluation
using H&E, Masson's trichrome and Wright-Giemsa staining confirmed the biocompatibility of both
nanofibers.
Conclusion: These findings underscore the pivotal role of the core structure of self-assembling peptide
nanofibers, beyond their biological motif, in the fate of tissue regeneration. Further research is warranted
to optimize the physicochemical properties and functionalization of these nanofibers to enhance their
efficacy in bone regeneration applications.
© 2024 The Authors. Published by Elsevier BV on behalf of The Japanese Society for Regenerative
Medicine. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

* Corresponding author. Cellular and Molecular Research Center, Iran University
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1. Introduction

Bone grafts are biomaterials used to replace or repair missing or
damaged bone tissue. They can be categorized into four main types:
autografts, allografts, xenografts, and synthetic grafts. Alloplastic
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substitutes, designed to promote bone healing and regeneration.
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They are used as an alternative to autografts, allografts, and xeno-
grafts in bone grafting procedures. The primary materials used in
alloplastic grafts include hydroxyapatite, tricalcium phosphate,
bioactive glass, and various types of polymers. Current knowledge
highlights the advantages and disadvantages of each graft type.
Autografts are considered the gold standard, offering the best
osteoinductive, osteoconductive, and osteogenic properties. How-
ever, they are limited by donor site morbidity and insufficient
supply. Allografts and xenografts can provide larger volumes of
graft material, but they carry the risk of disease transmission and
can elicit an immune. Alloplastic grafts offer several advantages,
such as the elimination of donor site morbidity, unlimited avail-
ability, no risk of disease transmission, and reduced risk of immune
rejection. However, they generally exhibit inferior biological
properties compared to autografts, as they lack the inherent
osteoinductive and osteogenic properties found in natural bone
tissue. Notwithstanding, the incorporation of biological motifs into
the structure of alloplastic polymers eliminates this obstacle [1].

Allografts made up a substantial part of the market due to their
widespread use and acceptance in various orthopedic procedures.
Alloplastic materials, on the other hand, were gaining popularity
due to their potential to overcome some limitations of autografts,
allografts, and xenografts, as well as advancements in material
science and regenerative medicine. The global market share of bone
substitutes in 2022 was $3.2 billion, which is expected to reach $
6.3 billion by 2032 [2]. Among these, 44 % of the market is related to
synthetic bone substitutes (alloplastic). This growth can be attrib-
uted to factors such as an aging population, increasing prevalence
of orthopedic disorders, advances in bone graft technologies, and
growing awareness about the benefits of synthetic and alloplastic
bone graft materials. In Europe, according to a study, the market
share of synthetic bone substitutes has grown by 134.4 %, which is
higher than the growth rate of allografts. In fact, bone is the second
most transplanted tissue after blood in the world.

According to the FDA database, 87 alloplastic bone graft prod-
ucts have been approved in the United States since 1996. According
to the Drug and Medical Device Agency database, 10 alloplastic
bone graft products have been approved in Japan since 2004. Ac-
cording to the Ministry of Health and Welfare database, 36 allo-
plastic bone graft products have been approved in Korea since 1980.
Among the products produced in America, TRICOS products con-
taining fibrin matrix, SynOss collagen synthetic material (SynOss
Putty) and Mastergraft containing collagen, Easy-graft containing
PLGA, Healos dental bone graft substitute containing bovine
collagen, ReOss containing PLGA, NovaBone Dental Contains poly-
ethylene glycol, PerioGlas contains gelatin, Osteocaf contains PLGA.
The polymer component of these products is collagen, gelatin,
polyethylene glycol and PLGA. In the production of alloplastic
products, only one of these products with the ReFit Dental brand
name uses natural polymers in addition to ceramics, and the rest of
the compounds are ceramic. In Korean products, Ossbone Collagen,
DualPor Collagen D-Injection, and Osteon II and III Collagen contain
pig and cow collagen, which again have problems related to
extraction from animal tissues, such as the extraction process, the
possibility of disease transmission and infection.

Hydrogel-based scaffolds have potential as a substitute for solid
calcium-phosphate materials such as hydroxyapatite and trical-
cium phosphate, which lack the ability to encapsulate cells [3].
Hydrogel-based scaffolds can effectively fill cavities and defects,
and integrate well across damaged areas. These scaffolds have a
distinctive characteristic of mimicking the physiological environ-
ment by creating a 3D extracellular matrix with high pore inter-
connectivity and the ability to encapsulate cells [4].

Self-assembling peptide nanofibers, a type of hydrogel-based
scaffold, have been developed for clinical use, such as
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PuraMatrix® BVF, which serves as a dental and sinus bone filler [5].
These peptide nanofiber scaffolds possess advantages in terms of
both bioactive motifs and nanotopographical structures. Various
studies have reported that nanotopography plays a crucial role in
osteogenesis from adhesion to differentiation [6—8] For instance,
Yang et al. demonstrated that nanotopography promotes colocali-
zation of bone morphogenic protein receptor 1 A (BMPR1A) and
integrins, which leads to the expression of RUNX2 gene and ulti-
mately facilitates osteogenesis [6].

Self-assembling peptide nanofibers have gained significant
attention as a promising biomaterial due to their potential appli-
cations in a range of clinical settings, including tissue engineering,
drug delivery, and regenerative medicine, because of their unique
properties, including biocompatibility, biodegradability, and the
ability to self-assemble into three-dimensional structures. Self-
assembling peptide nanofibers can mimic the natural extracel-
lular matrix (ECM) of bone tissue, providing a suitable environment
for cell adhesion, proliferation, and differentiation. This can lead to
enhanced tissue regeneration and healing compared to traditional
bone graft materials. They are highly versatile and can be engi-
neered to exhibit specific properties, such as mechanical strength,
degradation rate, and bioactivity. This allows for customization of
the material to suit specific applications and clinical needs.

While much progress has been made in understanding the
properties of peptide nanofibers and their potential applications,
there is still much to learn about these materials and their clinical
utility. One area of ongoing research is the development of new
peptide sequences and methods for controlling the properties of
peptide nanofibers. Researchers are exploring new ways to tune the
chemical, and biological properties of peptide nanofibers to opti-
mize their performance in specific applications. They have repeti-
tive amino acid sequences as the core like RADA and KSL, which are
in a sol state, but transform into hydrogel-based scaffolds with -
sheet structures and nanofiber topography when exposed to ionic
media. These scaffolds also contain bioactive motifs, such as lam-
inin's IKVAV [9,10], fibronectin's RGD, and bone marrow homing
peptide 1 (BMHP1) with the sequence PFSSTKT [11], which facili-
tate cell-cell interactions crucial for osteogenesis and bone
remodeling [12].

Cao et al. were the first to examine the osteogenic potential of
the BMHP1 motif on mesenchymal stem cells (MSCs) [13]. The
BMHP1 motif targeting bone marrow and binding to stem cells [ 14],
further stabilizing its biological activity while occupying less space
than its native protein [15]. Research suggests that physically
entrapping motifs within 3D scaffolds enhances their biological
activity [16]. Thus, binding the BMHP1 motif to (RADA)4 or KSL
using two glycine spacers may increase its biological capacity. In a
previous study, it was demonstrated that RADA-BMHP1 enhances
bone regeneration. This current study aims to investigate which
self-assembling peptide nanofiber core, RADA or KSL, more effec-
tively induces bone regeneration. To achieve this, the BMHP1 motif
was attached to (RADA)4 and (KSL)4 through two glycine spacers.
Rat bone marrow-derived MSCs were separately encapsulated in
the two self-assembling peptide nanofiber hydrogel-based scaf-
folds to assess osteogenesis in vitro. The nanofibers were then
implanted into a rat bone defect model to evaluate its osteo-
conductivity and potential for bone repair.

2. Materials and methods
2.1. Oligopeptide characterization: reverse phase HPLC
The oligopeptides, RADARADARADARADAGGPFSSTKT and

KSLSLSLRGSLSLSLKGGPFSSTKT, were synthesized using a solid-
phase synthesis method. Their molecular weight was determined
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using LC-Mass and purity was subsequently confirmed using a
reverse-phase HPLC method. Specifically, a 20 pul solution of the
oligopeptides was injected into a SHIMADZU Inertsil ODS-SP col-
umn (4.6*250 mm*5 um). Pump A contained 0.1 % trifluoroacetic
acid in 100 % water, while pump B contained 0.1 % trifluoroacetic
acid in 100 % acetonitrile, with a flow rate of 1 ml/min. Detection
was performed at a wavelength of 220 nm.

2.2. In-vitro study

2.2.1. Cell metabolic activity via MTT assay

In this study, rat mesenchymal stem cells (RMSCs) were ob-
tained from bone marrow and confirmed by flow cytometry after
three passages. The researchers aimed to evaluate the metabolic
activity and proliferation of RMSCs that were encapsulated in
nanofibers, using an MTT assay. To conduct the assay, RMSCs were
encapsulated in triplicate into RADA-BMHP1 and KSL-BMHP1
nanofibers at a final concentration of 0.125 % v/w in 96-well
plates that contained DMEM-F12 (without phenol red) as a cell
culture medium supplemented with 10 % FBS and 1 % Penicillin/
Streptomycin. The cells were then incubated for 48 hat 37 °Cin5 %
CO2 and 95 % humidity. Following the incubation period, the re-
searchers added 3-(4,5-Dimethylthiazol-2-Y1)-2,5-
Diphenyltetrazolium Bromide to each well for 4 h, followed by
the addition of dimethyl sulfoxide to solubilize the formazan
crystals. The absorbance was measured at 570 nm using a micro-
plate reader for up to 20 min and subtracted from the background.
The assay was performed in triplicate, and the values provided are
the normalized mean + SD of three independent experiments. The
researchers note that since nanofibers can absorb the stain and
induce false negatives, it is crucial to subtract the background from
wells containing nanofibers without cells.

2.2.2. Cell membrane damage assay

In order to assess the potential for cellular membrane disruption
caused by toxic and injurious factors, extracellular lactate dehy-
drogenase (LDH) levels were examined. Rat mesenchymal stem
cells (RMSCs) with a density of 1 x 10°4 cells/well (passage 3) were
embedded in RADA-BMHP1 and KSL-BMHP1 nanofibers at a final
concentration of 0.125 % w/v and placed into 96-well plates con-
taining Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12
(DMEM-F12) without phenol red, supplemented with 10 % fetal
bovine serum (FBS; GIBCO) and 1 % penicillin/streptomycin (BIO-
IDEA, Iran). The cells were cultured for 48 h at 37 °C, 5 % CO2, and
95 % humidity. Subsequently, LDH levels were assessed using an
LDH enzyme-linked immunosorbent assay (ELISA) kit (Roche,
Germany).

In summary, after the incubation period, 100 ul of cell super-
natant per well was transferred to a corresponding 96-well plate
and combined with 100 pl of reaction mixture for 30 min at 22 °C.
The absorbance was read at 490 nm using an ELISA reader (Bioteck).
LDH release analysis was conducted in triplicate, and reported
values represent the normalized mean + standard deviation (SD)
from three independent experiments.

2.2.3. Assessment of nitric oxide (NO) production

The evaluation of NO production was carried out as an indicator
of osteotoxicity and osteogenesis. Rat mesenchymal stem cells
(RMSCs) with a density of 1 x 10°4 cells/well (passage 3) were
encapsulated into nanofibers with a final concentration of 0.125 %
w/v in 96-well plates, which contained DMEM-F12 (without
phenol red) as a cell culture medium, supplemented with 10 % FBS
(GIBCO), and 1 % Penicillin/Streptomycin (BIO-IDEA, Iran). The cells
were cultured for 48 h at 37 °Cin an atmosphere containing 5 % CO2
and 95 % humidity. Afterward, 100 pl of cell supernatant was added
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to parallel well plates, followed by an equal volume of NO dye (Cib
biotech Co, Iran). Nitrite levels were measured as an indicator of
total NO production, with absorbance readings taken at 570 nm
using a microplate reader (Bioteck). Background absorbance was
subtracted, and the assay was conducted in triplicate. The provided
values represent the normalized mean + SD from three indepen-
dent experiments.

2.2.4. ALP activity

The study aimed to investigate osteogenesis in vitro and alkaline
phosphatase (ALP) activity by encapsulating rat mesenchymal stem
cells (RMSCs) in nanofibers and culturing them in an osteogenic
differentiation medium for 14 days. The RMSCs, with a density of
2 x 10% cells/well in passage 3, were encapsulated into nanofibers
at a final concentration of 0.125 % w/v and cultured in a medium
containing DMEM low glucose, 10 % FBS (GIBCO), 1 % Penicillin/
Streptomycin, 10 nM Dexamethasone, 50 uM Ascorbic acid, and
10 mM B-glycerophosphate in a 24-well plate. The culture media
were changed every 3 days. After 14 days, the ALP activity, an
enzyme involved in osteogenesis, was evaluated using an ALP assay
kit (PARS AZMUN, Iran). The absorbance was read at 405 nm using a
microplate reader (Bioteck). The assay was performed in triplicate,
and the values provided represent the normalized mean + SD of
three independent experiments.

2.2.5. Assessment of osteogenesis at the gene level

The aim of this study was to evaluate osteogenesis at the gene
level by encapsulating rat mesenchymal stem cells (RMSCs) in
nanofibers and culturing them in an osteogenic differentiation
medium for 14 days. In passage 3, RMSCs (5 x 10% cells/well) were
encapsulated into nanofibers at a final concentration of 0.125 % w/v
in an osteogenic differentiation medium. This medium consisted of
DMEM low glucose, 10 % FBS (GIBCO), 1 % Penicillin/Streptomycin,
10 nM dexamethasone, 50 uM Ascorbic acid, and 10 mM B-glycer-
ophosphate in a 6-well plate for 14 days. The medium was replaced
every three days. Subsequently, to determine the differences in
mRNA levels of RUNX2, ALP, Osteocalcin (OSC), and BMP2 in the
differentiated cells, quantitative real-time reverse transcription
PCR (qRT-PCR) was conducted. The B-Actin gene served as an in-
ternal reference gene. Total RNA was isolated using an RNX-Plus kit
(Sina clon, Iran), followed by treatment with DNAse 1. A cDNA
synthesis kit (Takara, Japan) was employed for synthesizing cDNA
with random hexamer and oligo dt primers. The cDNA was sub-
jected to 45 PCR cycles in a Rotor-Gene Q real-time analyzer (Cor-
bett, Australia) using Eva Green master mix. Each reaction was
carried out in duplicate, and the reported values represent the
normalized mean + SD from three independent experiments. The
relative change in gene expression was calculated using the DDCt
method and normalized to the B-Actin gene.

2.2.6. Calcium deposition assessment via alizarin red staining

The purpose of this experiment was to determine calcium
deposition by differentiated osteoblasts using Alizarin red (ARS)
staining. In brief, passage 3 RMSCs (2 x 10°4 cells/well) were
encapsulated into nanofibers at a final concentration of 0.125 % w/v
in an osteogenic differentiation medium. This medium contained
DMEM low glucose, 10 % FBS (GIBCO), 1 % Penicillin/Streptomycin
(BIO-IDEA, Iran), 10 nM dexamethasone (Sigma-Aldrich, USA),
50 uM ascorbic acid (Sigma-Aldrich, USA), and 2 mM p-glycer-
ophosphate in a 24-well plate for 14 days. The medium was
replaced every three days. To minimize the false-positive results
(non-agpaitic mineralization and dystrophic mineralization)
caused by B-glycerophosphate as a phosphate source in ARS
staining, its concentration was reduced to 2 mM [17,18]. Once the
incubation period was complete, cells were fixed with 70 % ethanol
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for 10 min, and a 40 mM ARS solution was added to the wells for
5 min. The wells were thoroughly washed with PBS, and 10 % acetic
acid was added and incubated at 37 °C for 30 min. The absorbance
was read at 450 nm using a microplate reader (Bioteck). The assay
was performed in triplicate, and the values provided represent the
normalized mean + SD of three independent experiments.

2.3. In vivo investigation

2.3.1. Rat bone defect model

Based on our previously studies, nanofibers at the concentration
of 0.125 % w|v was selected for in-vivo studies. The impact of
nanofibers in vivo was evaluated by implanting them into a bilat-
eral bone defect model in rat calvaria, created using a 6-mm
trephine bur, as previously described [19,20]. Briefly, oligopeptide
powder was dissolved in 10 % sucrose to achieve a final concen-
tration of 0.125 % w/v. 12 male Wistar rats weighing 260 g (8—10
weeks old) were utilized in this study. The rats, obtained from the
Animal Research Center at Iran University of Medical Sciences,
Tehran, Iran, were housed under standard conditions with ad libi-
tum access to food and water, as well as a 12-h light/dark cycle. The
animal experiments received approval from the ethical committee
of Iran University of Medical Sciences (IR.IUMS.AEC.1402.004) and
animal experiment was compiled to the EU Directive 2010/63/EU
guideline. The rats were randomly divided into three groups
(n = 4): Group 1 and 2 received nanofiber implants, RADA- and
KSL-BMHP1, respectively while group 3 served as the control group
with no implantation. Sixty days post-implantation, the rats were
sacrificed via CO2 asphyxiation, and the calvaria bone and sur-
rounding bone tissue were excised and fixed in 10 % natural buff-
ered formalin for one week. The bone tissue was decalcified using
14 % EDTA for 30 days and then prepared for histological
evaluations.

2.3.2. Gene analysis via qRT-PCR

Sixty days after the surgery, general anesthesia was induced by
intraperitoneal injection of ketamine hydrochloride (Alfason) and
xylazine (Alfason) at a dosage of 5 mg/kg body weight (4:1 ratio).
Bone cavities were created using a 6-mm trephine bur and
promptly transferred to —196 °C after being soaked in RNX-plus.
Bone sections were homogenized, and total RNA was extracted
using an RNX-Plus kit (Sina Clon, Iran). Subsequently, DNAse 1
treatment was administered, and random hexamer and oligo dt
primed cDNA synthesis was conducted using a cDNA synthesis kit
(Takara, Japan). The cDNA was employed for 45-cycle PCR in a
Rotor-gene Q real-time analyzer (Corbett, Australia) with Eva Green
master mix. Each duplicate reaction was performed three times,
and the relative fold change in gene expression was quantified
using the DDCt method. The B-Actin gene was chosen as an internal
control gene, and the primer sequences for B-Actin, Runx2, ALP,
0OSC, and BMP2 have been previously mentioned.

2.3.3. Bone densitometry assessment via X-ray

Eight weeks after the surgery, rats from three groups, including
the control and those implanted with RADA- and KSL-BMHP1
nanofibers, were sacrificed using CO2 asphyxiation and examined
with X-ray radiography. Rat calvaria were fixed in a 10 % natural
buffered formalin solution. An X-ray device was employed to obtain
rat calvaria radiographs. Bone mineral density was assessed at eight
weeks post-surgery and compared to the control group.

2.3.4. Histological examination using H&E, Masson's trichrome, and
Wright-Giemsa staining

For histological analysis, specimens were fixed in 10 % natural
buffered formalin and then decalcified using 14 % EDTA for two
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weeks. Tissue preparation involved dehydration (a series of ethanol
washes), xylene incubation (3 h), and paraffin wax immersion
(60 °C, 1 h). After embedding in paraffin wax, 7 um sections were
prepared for H&E (Hematoxylin and Eosin), Masson's trichrome,
and Wright-Giemsa staining. Subsequently, the slides were
mounted with entellan, and images were captured using an
inverted microscope (Olympus AX-800) connected to a digital
camera (Leica, DC200).

2.34.1. Statistical analysis. GraphPad Prism V9 software was
employed for analyzing data related to MTT assay, LDH release, NO
production, ALP assay, gene expression, and bone density per-
centage in the defect sites. One Way ANOVA test was employed to
compare results and determine statistical significance, with
P < 0.05 deemed statistically significant.

3. Results
3.1. Oligopeptide characterization

The molecular formulas for R-BMHP1 and KSL-BMHP1 were
C102H168N38038 and C114H198N32036, respectively. The
Wimley-White whole-residue hydrophobicity values for the pep-
tides (representing the sum of the whole-residue free energy of
transfer for the peptides from water to the POPC interface) were
10.39 and 1.09. These data were obtained from vari ous sources,
including BioSynthesis (https://www.biosyn.com), www.pepcalc.
com, www.novoprolabs.com, www.aps.unmc.edu/prediction/
predict, and http://biotools.nubic.northwestern.edu/. Oligopeptide
characteristics are presented in Table 1.

Molecular weight and purity of the oligopeptides were assessed
using liquid chromatography-mass spectrometry (LC-MS) and
reverse-phase high-performance liquid chromatography (RP-HPLC)
techniques. LC-Mass spectrometry results demonstrated that the
oligopeptide's molecular weight closely matched the estimated
molecular weight calculated by peptide2.com. Furthermore, the
RP-HPLC analysis yielded a single, narrow peak, signifying the high
purity of the oligopeptides (Fig. 1).

3.2. In vitro findings

3.2.1. Cell metabolic activity through MTT assay

The study compared the effects of two distinct self-assembling
peptide nanofibers, KSL-BMHP1 and RADA-BMHP1, along with a
control group, on cell viability and metabolic activity. The findings
revealed that KSL-BMHP1 significantly enhanced cell viability and
metabolic activity compared to RADA-BMHP1 (P < 0.05) and the
control groups (P < 0.001). Conversely, cells encapsulated in RADA-
BMHP1 nanofibers exhibited significantly higher cell viability
relative to the control group (P < 0.001).

3.2.2. Cell membrane damage assessment

To evaluate the extent of lytic cell death and cell membrane
damage, lactate dehydrogenase (LDH) was utilized as an indicator
of cytosolic enzyme release into the extracellular medium. As
illustrated in Fig. 2b, KSL-BMHP1 induced significantly less cell
membrane damage in RMSCs compared to RADA-BMHP1
(P < 0.001) and the control group (P < 0.01). In contrast, RMSCs
encapsulated in RADA-BMHP1 exhibited a significantly increased
LDH release compared to the control group (P < 0.001) after 24 h.

3.2.3. NO production

Nitric oxide (NO) functions as a marker of toxicity and is
involved in osteogenesis, affecting cell proliferation, metabolism,
and differentiation based on its concentration and origin [23]. NO
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Table 1
Characteristics of RADA-BMHP1 and KSL-BMHP1 oligopeptides.
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Brutto Molecular Estimated Protein-binding  Theorical Net charge Grand average Hydrophobic Estimated Approximate
formula weight Molecular Potential (Boman isoelectric in pH 7 of hydropathy ratio % water volume (nm?)
(g/mol) weight (g/mol) index: kcal/mol) point solubility
RADA-BMHP1 C102H168N38038 2255.35 2575.81 3.7 10.08 +1 —0.964 36 Good 3.067
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Fig. 1. RP-HPLC and Mass spectroscopy graph graphs related to RADA-BMHP1 and KSL-BMHP1.

levels were determined by measuring nitrate concentrations in the
cell culture medium. The findings demonstrated that KSL-BMHP1
significantly increased NO production in RMSCs compared to
RADA-BMHP1 and control groups (P < 0.001). However, no signif-
icant difference was observed between the nitrate levels of cells
encapsulated in RADA-BMHP1 and the control group after 24 h
(P > 0.05) (Fig. 2¢).

1003

3.2.4. Gene expression analysis by qRT-PCR in vitro

To quantify the differences in fold change gene expression in
osteoblast-like cells derived from RBMSCs, cells encapsulated
within self-assembling peptide nanofibers were analyzed after 14
days of differentiation. The results revealed significantly elevated
RUNX2 expression in cells encapsulated in RADA-BMHP1
(P < 0.0001). Additionally, there were significant differences in
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Fig. 2. Data from various experiments regarding the encapsulation of rBMSCs into self-
assembling peptide nanofibers, specifically RADA-BMHP1 and KSL-BMHP1. a) shows
data from an MTT assay that measures cell viability, indicating that both RADA-BMHP1
and KSL-BMHP1 results in higher cell viability compared to the control group by 48 h.
b) shows data from LDH release assays, which measure the extent of cell membrane
damage. The results indicate that KSL-BMHP1 induces less cell membrane damage
compared to RADA-BMHP1 and the control group at 24 h. c) shows data from NO
production assays, which measure the amount of nitric oxide produced. The results
indicate that KSL-BMHP1 induces less cell membrane damage compared to RADA-
BMHP1 and the control group at 24 h. In all panels, "***" indicates p < 0.0001,
which means the differences between groups are statistically significant. “ns” indicates
non-significant differences. The RADA-BMHP1 and KSL-BMHP1 nanofibers are colored
using Pantone 2023 (BE3455) and 2022 (6868 ab) colors, respectively.

BMP2, COL1, ALP, and OSC gene expression between cells encap-
sulated in RADA-BMHP1 and the control group at day 14. These
genes were significantly upregulated compared to the control
group, with statistical analysis showing increased expression of
BMP2 (P < 0.001), COL1 (P < 0.0001), ALP (P < 0.0001), and OSC
(P = 0.0011) (Fig. 3a). In contrast, all gene expression levels were
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significantly reduced in cells encapsulated in KSL-BMHP1
compared to RADA-BMHP1 (P < 0.001). RUNX2, ALP, OSC, and
BMP2 gene expression levels were significantly lower than the
control group (P < 0.001) in KSL-BMHP1, while no significant dif-
ference was detected in COL1 gene expression between KSL-
BMHP1 and the control group (P > 0.05).

3.2.5. ALP activity measurement in vitro

ALP activity, serving as an osteogenesis index, was evaluated
after 14 days of differentiation. The analysis of ALP activity
demonstrated that cells encapsulated in RADA-BMHP1 displayed
significantly higher ALP activity than those in KSL-BMHP1 and the
control group (P = 0.0344). In contrast, no significant difference
was observed between the ALP activity levels in KSL-BMHP1 and
the control group (P > 0.05) (Fig. 3b).

3.2.6. ARS staining

ARS staining was conducted as a matrix mineralization assay on
RMSCs encapsulated in self-assembling peptide nanofibers. Images
indicated that while cells supplemented with osteogenic media
exhibited minimal mineral nodule formation, BMHP1 nanofibers
significantly induced mineral nodule formation compared to the
control group with osteogenic media at day 14 (Fig. 3c). Quantita-
tive analysis demonstrated significantly higher matrix mineraliza-
tion in RADA-BMHP1 than in KSL-BMHP1 and control groups
(P < 0.05). Additionally, cells encapsulated in both self-assembling
peptide nanofibers displayed significantly enhanced matrix
mineralization compared to the control group (P < 0.0001) (Fig. 3d).

3.3. In vivo investigation

3.3.1. Gene expression analysis by qRT-PCR in vivo

A gRT-PCR assay was performed on cells within the defect site
for self-assembling peptide nanofibers implanted for two months.
The results revealed a significantly enhanced expression of RUNX2
in the KSL-BMHP1 group compared to RADA-BMHP1 and the
control groups (P < 0.05). Additionally, BMP2, ALP, and OSC were
significantly overexpressed in rats implanted with RADA-BMHP1
and KSL-BMHP1 compared to the control group two months
post-implantation. The statistical analysis indicated increased
expression of BMP2 (P < 0.01), ALP (P < 0.0001), and OSC (P < 0.05).
Although there was no significant difference in ALP levels between
the two self-assembling peptide nanofibers, OSC was significantly
overexpressed in KSL-BMHP1 compared to RADA-BMHP1. BMP2
was significantly overexpressed in RADA-BMHP1 compared to the
control group (Fig. 4a).

3.3.2. ALP activity measurement in vivo

ALP activity, an indicator of osteogenesis, was assessed in a rat
bone defect model after two months. Although ALP activity
significantly increased in rats implanted with  KSL-
BMHP1compared to the control group two months post-
implantation (P = 0.0114), no significant difference was detected
between the ALP levels in the sera of rats implanted with RADA-
BMHP1 and KSL-BMHP1 (P = 0.0405) (Fig. 4b).

3.3.3. Bone densitometry measurements by X-ray

X-ray imaging was conducted to assess the extent of new bone
formation at the defect site eight weeks post-operation. Bone
mineral density data derived from X-ray demonstrated increased
consolidation of new bone formation in the defect site implanted
with nanofibers compared to the control group (P < 0.05). RADA-
BMHP1 significantly promoted higher bone formation than KSL-
BMHP1 (P < 0.05). In other words, data revealed a significant in-
crease in bone mineral density using nanofibers (Fig. 4c and d).
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Fig. 3. a) Relative fold change gene expression of osteogenic markers including RUNX2, BMP2, COL1, ALP, and OSC. Data showed that RADA-BMHP1 nanofiber induced significantly
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3.3.4. Histological evaluation by H&E, Masson's trichrome and
Wright-Giemsa staining

H&E staining in the control group showed a loose fibrous con-
nective tissue in defect site with the scanty bone marrow cavity and
a few small islands of new bone on the periphery. While implan-
tation of RADA-BMHP1 nanofibers had been led to an increased
new bone integration with original bone tissue. Although it was
observed some bone marrow cavities in the defect, loose connec-
tive tissue was going to disappear and was placed with the mature
bone tissue containing osteocytes within lacunae. There was no
sign of BMHP1 nanofibers in defect and osteoblasts were arranged
in a regular row at the margin of new bone (Fig. 5). Although, KSL-
BMHP1 had induced significantly bone regeneration compared to
the control group, its bone regeneration potential was less than the
RADA-BMHP1 nanofibers. In other words, KSL-BMHP1 showed
higher connective tissue and less hard tissue than the RADA-
BMHP1.

Masson's trichrome staining in bone defect implanted with
BMHP1 nanofibers showed new bone formation with mature bone
tissue (red staining) than the control group. Moreover, Staining of
KSL-BMHP1 specimens showed higher amount of collagen fibers,
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blue staining, and less mature bone tissue (red staining) than the
RADA-BMHP1 (Fig. 5).

Interestingly, Wright-Giemsa staining did not show any poly-
morphonuclear cells as a cell involves in inflammation at the
margin and periphery of a bone defect in an implanted defect that
confirmed bio-compatibility of RADA-BMHP1 and KSL-BMHP1
nanofibers as the scaffolds and bone substitute for bone repair

(Fig. 5).
4. Discussion

Bone tissue engineering aims to develop functional biomaterials
that can promote bone regeneration, particularly in cases of critical-
sized bone defects or diseases that impair bone formation. Self-
assembling peptide nanofibers represent a promising platform for
bone tissue engineering due to their biocompatibility, biodegrad-
ability, and ability to mimic the natural extracellular matrix (ECM)
environment, which is crucial for cell adhesion, proliferation, and
differentiation. Moreover, the tunable physicochemical properties
of these peptide nanofibers, such as hydrophobicity, net charge,
and protein-binding potential, can be tailored to optimize their
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interaction with cells and ECM components, thereby modulating
cellular behavior and tissue regeneration outcomes.

In this study, the osteogenic potential of two self-assembling
peptide nanofibers, RADA-BMHP1 and KSL-BMHP1, both in vitro
and in vivo was investigated. The results demonstrated that RADA-
BMHP1 significantly enhanced osteogenic differentiation and ma-
trix mineralization in rMSCs, whereas KSL-BMHP1 showed supe-
rior cell viability and reduced cell membrane damage. In vivo
experiments revealed that both self-assembling peptide nanofibers
improved bone regeneration in a rat bone defect model, with
RADA-BMHP1 showing a greater increase in bone formation
compared to KSL-BMHP1.

The molecular characteristics of the peptides, such as their
molecular weight, estimated molecular weight, protein-binding
potential, grand average of hydropathy, theoretical isoelectric
point, and net charge at pH 7, were assessed using various sources.
Both oligopeptides displayed high purity and molecular weights
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that closely matched their estimated values, suggesting that these
peptides were suitable for further investigation.

The in vitro results demonstrated that cells encapsulated in KSL-
BMHP1 nanofibers exhibited significantly higher cell viability as
evidenced by the MTT assay data compared to the RADA-BMHP1
and the control group. Additionally, KSL-BMHP1 induced less cell
membrane damage in rMSCs compared to RADA-BMHP1 and the
control group. These findings indicate that KSL-BMHP1 provides a
more favorable microenvironment for cell survival and growth,
which may be attributed to its lower hydrophobicity value and
higher net charge at pH 7 compared to RADA-BMHP1. In contrast,
RADA-BMHP1 exhibited superior osteogenic differentiation prop-
erties, as evidenced by the upregulation of osteogenic genes
(RUNX2, BMP2, COL1, ALP, and OSC) and increased ALP activity and
matrix mineralization in rMSCs. The enhanced osteogenic potential
of RADA-BMHP1 may be due to its higher protein-binding potential
and grand average of hydropathy compared to KSL-BMHP1, which



B. Rasoulian, Z. Sheikholislam, M.H. Houshdar Tehrani et al.

H&E

RADA-BMHP1

KSL-BMHP1

Control

Masson's trichrome

Regenerative Therapy 26 (2024) 999—1009

Wright- Giemsa

Fig. 5. H&E, Masson's trichrome and Wright-Giemsa staining in bone defect implanted with RADA-BMHP1, KSL-BMHP1 nanofibers and the control group. Data showed higher bone

regeneration potential of RADA-BMHP1 than the KSL-BMHP1 nanofibers.

could facilitate the interaction between the peptide nanofibers and
proteins involved in osteogenesis. Furthermore, the upregulation of
BMP2, a critical growth factor for osteogenesis, may contribute to
the enhanced osteogenic differentiation observed in cells encap-
sulated in RADA-BMHP1.

The MTT assay data indicated that KSL and RADA-BMHP1
nanofibers enhanced MSCs viability, while RADA-BMHP1 eventu-
ally elevating LDH release probably through its acidic nature.
Notwithstanding, acidic pH microenvironment of osteoblasts can
promote autophagy to enhance osteoblast survival and preventing
osteoblast apoptosis [21]; therefore the acidic pH of RADA-BMHP1
did not decreased cell viability and had no adverse effect on NO
production. NO data demonstrated that KSL-BMHP1 significantly
increased NO production in MSCs compared to RADA-BMHP1 and
the control groups. NO plays a dual role in osteogenesis, acting as
both a pro-osteogenic and anti-osteogenic agent, depending on its
concentration and origin. At low levels, NO has been shown to
promote cell proliferation, and differentiation, while high levels of
NO can induce cytotoxic effects and inhibit osteogenic differentia-
tion [22—24]. Therefore, the modulation of NO production by KSL-
BMHP1 could have contributed to its enhanced cell viability and
metabolic activity compared to RADA-BMHP1. However, further
studies are needed to elucidate the underlying mechanisms by
which KSL-BMHP1 modulates NO production and its impact on
cellular behavior and bone tissue engineering applications.

Runx2, COL1, BMP2, ALP, and OSC are five major and critical
genes involved in osteogenesis. When, ALP, produced free phos-
phate, OSC sequestering calcium for mineralization and this coop-
eration leading to osteogenesisn [6]. RADA-BMHP1 nanofiber
significantly increased the BMP2, Runx2, COL1, ALP, and OSC at the
mRNA level in rBMSC. Moreover, ALP activity showed an increment
in cells in in-vitro and in the serum of rats. Besides of ALP activity
and over-expression of OSC, quantitative alizarin red assay
confirmed significantly enhanced mineralization in RADA-BMHP1
nanofibers compared to the KSL-BMHP1 and the control group.
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To validate the in vitro findings, he in vivo experiments con-
ducted in a rat bone defect model, in which the self-assembling
peptide nanofibers, RADA-BMHP1 and KSL-BMHP1, were implan-
ted into the defect site for two months. The results revealed that
both RADA-BMHP1 and KSL-BMHP1 improved bone regeneration,
with RADA-BMHP1 showing a greater increase in bone formation
compared to KSL-BMHP1, as evidenced by gene expression analysis,
ALP activity measurement, bone densitometry measurements by X-
ray, and histological evaluation. The histological evaluation
revealed better integration of new bone tissue with the original
bone and the absence of any inflammation, indicating the
biocompatibility of both self-assembling peptide nanofibers as
scaffolds for bone repair. However, the bone regeneration potential
of RADA-BMHP1 was significantly higher than the KSL-BMHP1.

These findings suggest that RADA-BMHP1 may be a more suit-
able candidate for bone tissue engineering applications due to its
superior osteogenic potential.

The superior osteogenesis potential of RADA-BMHP1 was
consistent with our earlier docking and MD studies, where they
showed a high minus binding energy derived from binding of RADA-
BMHP1 to BMPR1A. Noteworthy, the total binding energy of BMP2 to
BMPR1A was higher than RADA-BMHP1 while the electrostatic en-
ergy of RADA-BMHP1 to the BMPR1A was more negative than BMP2.
It appears that the positive polar solvation energy was responsible
for the less negative binding energy of RADA-BMHP1 and if one
designed an RADA-BMHP1 nanofiber in which its residues have less
polar solvation energy in interaction with BMPR1A, it will more
efficient than BMP2 [25]. Cell-cell communication has critical role in
promoting osteogenesis and bone remodeling, therefore, an strong
cell adhesion is a key factors in triggering mature bone regeneration.
RADA-BMHP1and KSL-BMHP1 arerich in a positively charged amino
acid of arginine (R) and lysine (K) promoting cell adhesion at the
onset of cell recognition [26]. We previously showed that arginine
and lysine residues have strong interaction to BMPR1A resulting in
triggering of BMP2 cell signaling cascade [25].
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The activation of the BMP2 receptor is crucial for the proper
development of bone tissue. This activation leads to the phos-
phorylation of a specific protein called Smad 1/5. As a result, the
gene called Runx2 is overexpressed, playing a central role in the
formation of bone tissue [27]. Additionally, both BMP2 and integrin
can stimulate the p38MAPK and JNK signaling pathways, which
ultimately contribute to the process of osteogenesis, or the for-
mation of new bone [28]. These findings confirm the strong bone
regeneration potential of both KSL and RADA-BMHP1. In other side,
the positively charged amino acids in both KSL and RADA-BMHP1
nanofibers interact with the cell membrane, negatively charged,
to enhance cell adhesion and mobilization [3].

Beside of the chemical structures of these nanofibers in trig-
gering osteogenesis, mechanotransduction signals derived from
their nanotopography has pivotal role in enhanced bone regener-
ation [19,29]. Nanomaterials and nanofibers, due to their smaller
size, have a higher ratio of surface area to volume compared to
micrometer-sized materials. This increased surface area provides
more space for proteins to be adsorbed, leading to enhanced cell
recognition and adhesion [30]. This characteristic is particularly
advantageous when considering the binding of the RADA-BMHP1
motif to the self-assembling core, as it allows for a greater bind-
ing capacity compared to the BMHP1 motif alone. Additionally, the
nanotopography of the extracellular matrix can affect protein
conformation and epitope availability, ultimately influencing the
response of cells. This can result in the activation of the MAPK
cascade, leading to over-expression of the RUNX2 gene and
osteogenesis [31]. Yang et al. [6] found that the nanotopography
promotes the colocalization of BMP2 receptor and integrin on the
surface of MSCs. This colocalization leads to increased expression of
the Runx2 gene and protein compared to a planar surface, as it
triggers the BMP2 signaling cascade [4]. Brammer et al. demon-
strated that MSCs adhere well to the 30 nm TiO2 nanotubes.
However, other studies have shown that MSCs [32] and human fetal
osteoblastic cells [33] preferentially adhere to 11—13 nm randomly
shallow nano-islands. This enhanced adhesion is attributed to
increased focal adhesions and actin fibers. However, adhesion de-
creases when the nano-island diameter increases to 90 nm [34].
The self-assembling peptide nanofibers are in the range of
approximately 10—20 nm, which aligns well with the particle size
of random shallow nano-islands (11—13 nm). This suggests that
self-assembling peptide nanofibers can engage in focal adhesion
and actin fiber interactions, promoting enhanced cell adhesion and
proliferation. Additionally, Kilian et al. proposed that the involve-
ment of the actomyosin machinery plays a role in MSC differenti-
ation towards osteogenesis [35]. Given the large surface area of
KSL-BMHP1 and RADA-BMHP1 nanofibers and their nano-
topography they can adsorb a higher protein content, which, in
turn, promotes MSC proliferation and differentiation resulting in
bone regeneration.

The present study comprehensively investigated the effects of
two self-assembling peptide nanofibers, RADA-BMHP1 and KSL-
BMHP1, on the viability, osteogenic differentiation, and bone
regeneration properties of rat mesenchymal stem cells (rMSCs). The
results of our study offer valuable insights into the differential ef-
fects of these peptide nanofibers on cellular behavior and bone
tissue engineering applications. Furthermore, our findings
demonstrated that the bone regeneration capacity of RADA-BMHP1
(136.1 + 13.81 %) exhibited comparability to that of demineralized
bone matrix (DBM) (144.82 + 4.09), which is widely recognized as a
source of osteogenic growth factors and bone morphogenetic
protein 2 (BMP2) [20]. While the study provides valuable insights
into the differential effects of RADA-BMHP1 and KSL-BMHP1 on cell
viability, osteogenic differentiation, and bone regeneration, some
points should be considered when interpreting the findings. In
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addition to optimizing the physicochemical properties and func-
tionalization of RADA-BMHP1 and KSL-BMHP1, several other
research directions could be explored to further advance our un-
derstanding of self-assembling peptide nanofibers and their po-
tential applications in bone tissue engineering and regenerative
medicine. First, the incorporation of bioactive molecules or growth
factors, such as bone morphogenetic proteins (BMPs) or vascular
endothelial growth factor (VEGF), into the self-assembling peptide
nanofibers could enhance their osteogenic and angiogenic poten-
tial, respectively, thus promoting bone regeneration and vascular-
ization in the defect site. Moreover, the conjugation of other cell-
adhesive motifs, to the peptide nanofibers could improve cell
adhesion, spreading, and proliferation, further enhancing their
performance in bone tissue engineering applications.

Second, the development of composite biomaterials that
combine self-assembling peptide nanofibers with other materials,
such as biodegradable polymers, ceramics, or metals, could provide
synergistic effects in terms of mechanical properties, bioactivity,
and biodegradability, resulting in improved bone regeneration
outcomes. For example, composite materials consisting of peptide
nanofibers and nano-hydroxyapatite, a naturally occurring mineral
component of bone, could mimic the native bone ECM more closely,
thereby supporting cell adhesion, proliferation, and differentiation,
as well as promoting the formation of new bone tissue.

Third, the application of advanced fabrication techniques, such
as 3D bioprinting, could enable the development of self-assembling
peptide nanofiber-based constructs with precisely controlled ar-
chitecture and mechanical properties, tailored to the specific re-
quirements of the bone defect or tissue engineering application.
Such constructs could provide a more accurate replication of the
native bone ECM and mechanical environment, thus promoting
cellular behavior and tissue regeneration.

Lastly, the exploration of additional self-assembling peptide
nanofiber sequences with diverse physicochemical properties,
bioactivity, and functionalization potential could expand the
toolbox of biomaterials available for bone tissue engineering and
regenerative medicine applications.

5. Conclusion

The discovery and development of novel peptide nanofiber se-
quences with enhanced biocompatibility, osteogenic potential, and
functional versatility could lead to the design of next-generation
biomaterials with improved performance and clinical applica-
bility. The present study demonstrates that RADA-BMHP1 and KSL-
BMHP1 possess distinct properties that differentially impact cell
viability, osteogenic differentiation, and bone regeneration. While
KSL-BMHP1 provides a more favorable environment for cell sur-
vival and growth, RADA-BMHP1 exhibits superior osteogenic po-
tential, making it a more suitable candidate for bone tissue
engineering applications. Further research is warranted to eluci-
date the underlying molecular mechanisms responsible for the
observed differences in the osteogenic properties of these self-
assembling peptide nanofibers and to explore their potential use
in combination therapies for more effective bone regeneration.
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