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Abstract

Bioactive peptides and proteins (BAPPs) are promising therapeutic agents for tissue repair with considerable advan-
tages, including multifunctionality, specificity, biocompatibility, and biodegradability. However, the high complexity
of tissue microenvironments and their inherent deficiencies such as short half-live and susceptibility to enzymatic
degradation, adversely affect their therapeutic efficacy and clinical applications. Investigating the fundamental
mechanisms by which BAPPs modulate the microenvironment and developing rational delivery strategies are
essential for optimizing their administration in distinct tissue repairs and facilitating clinical translation. This review
initially focuses on the mechanisms through which BAPPs influence the microenvironment for tissue repair via reac-
tive oxygen species, blood and lymphatic vessels, immune cells, and repair cells. Then, a variety of delivery platforms,
including scaffolds and hydrogels, electrospun fibers, surface coatings, assisted particles, nanotubes, two-dimensional
nanomaterials, and nanoparticles engineered cells, are summarized to incorporate BAPPs for effective tissue repair,
modification strategies aimed at enhancing loading efficiencies and release kinetics are also reviewed. Additionally,
the delivery of BAPPs can be precisely regulated by endogenous stimuli (glucose, reactive oxygen species, enzymes,
pH) or exogenous stimuli (ultrasound, heat, light, magnetic field, and electric field) to achieve on-demand release tai-
lored for specific tissue repair needs. Furthermore, this review focuses on the clinical potential of BAPPs in facilitating
tissue repair across various types, including bone, cartilage, intervertebral discs, muscle, tendons, periodontal tissues,
skin, myocardium, nervous system (encompassing brain, spinal cord, and peripheral nerve), endometrium, as well

as ear and ocular tissue. Finally, current challenges and prospects are discussed.
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Background

Bioactive peptides and proteins (BAPPs) are functional
molecules with unique amino acid sequences that are
involved in a plethora of biological processes, including
biocatalysis, immunomodulation, activation/inhibition of
signaling pathways, and the regulation of cellular fate and
behavior [1, 2]. Thus, they show great potential as thera-
peutic agents for various diseases, such as diabetes [3],
tissue damage [4], cancer [5], infection [6], and chronic
pain [7]. Since the first commercial success of human
insulin (Humulin) in 1982, over 80 BAPPs have been
approved and administered worldwide in clinics, with
more than 150 candidates currently undergoing clinical
development and an additional 400 — 600 candidates in
preclinical studies [8]. It is estimated that the pharmaceu-
tical market for BAPPs will surpass that for small-mole-
cule drugs, reaching approximately $400 billion by 2025
[9]. With the development of omics [10], display tech-
nologies [11], computational modeling [12], and machine
learning [13], therapeutics based on BAPPs are expected
to grow exponentially.

Tissue repair is generally correlated with acute or
chronic injuries, degenerative diseases, and metabolic
diseases. BAPPs serve as potent therapeutic agents for
tissue regeneration, offering distinct advantages. In com-
parison to other bioactive compounds, such as small
molecule drugs [14], nucleic acids [15], ions [16], nano-
particles [17], and micro/nanostructures [18], BAPPs
target and interact with specific receptors with limited
side effects and have highly complex functions [19, 20].
Additionally, BAPPs exhibit intrinsic biocompatibility
and biodegradability due to their natural presence in the
tissue microenvironment where they engage in biologi-
cal processes [21, 22]. These attributes enable BAPPs to
modulate the microenvironment via reactive oxygen spe-
cies (ROS), blood and lymphatic vessels, immune cells,
and repair cells for customizable tissue repair at specific
anatomical sites.

While BAPPs induce multiple functions to modulate
complex microenvironments for tissue regeneration,
their therapeutic efficacy remains limited primarily due
to their short half-life and susceptibility to enzymatic
degradation [23]. Furthermore, the degree of effect
exerted by BAPPs is firmly related to both loading con-
centration and release kinetic [4]. Therefore, innovative
delivery platforms have been developed to incorporate
BAPPs, preserving their bioactivity and shielding them
from enzymatic breakdown [24]. Reasonable modifi-
cations to these delivery systems can improve loading
efficiency while enabling rapid controlled, sustained,
or heterogeneous release. The strategic combination of
diverse delivery platforms allows the sequential release of
multiple BAPPs for tissue repair.
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To address the intricate requirements of physiological
tissue repair during distinctive periods, the on-demand
release of BAPPs by stimuli-responsive delivery sys-
tems has attracted substantial attention in the biomedi-
cal field [25]. The release of BAPPs can be triggered by
endogenous stimuli from the microenvironment, such as
glucose, ROS, enzymes, and pH. Moreover, exogenous
stimuli such as ultrasound, heat, light, magnetic field,
and electric field could be artificially applied to control
the release of BAPPs for tissue regeneration. Based on
the stimuli-responsive delivery, BAPPs could be precisely
released to facilitate the process of tissue repair, thus
achieving targeted administration of these agents.

Herein, we review the basic mechanisms by which
BAPPs modulate the microenvironment, alongside
recent progress in rational delivery strategies and their
clinical potential for tissue repair (Fig. 1). Two critical
dimensions should be considered when delivering BAPPs
for tissue repair: the selection of appropriate BAPPs and
the choice of delivery strategies. The selection of BAPPs
is closely linked to their functions and target tissues, as
well as specific characteristics of the tissue microenvi-
ronment. Regarding delivery strategies, it is essential to
consider either single or multiple factor release through
various platforms, with an emphasis on spatiotempo-
ral control for stimuli-responsive delivery. Moreover, we
focus on the clinical potential of BAPPs by evaluating
their efficacy in clinical trials or preclinical studies. This
review aims to elucidate how BAPPs influence microen-
vironment modulation and identify distinctive rational
delivery strategies that can promote clinical translation.

Microenvironment modulation by BAPPs

Distinctive BAPPs play a crucial role in modulating
the tissue microenvironment to promote tissue repair
through various mechanisms, mainly involving ROS,
blood and lymphatic vessels, immune cells, and repair
cells. The ability of BAPPs to modulate the microenviron-
ment is summarized in Table 1 [26—114]. Understanding
microenvironment modulation will enhance the selection
and subsequent application of specific BAPPs for effec-
tive tissue repair.

ROS

ROS are a large class of oxidants derived from molecular
oxygen, including reactive nitrogen, sulfur, carbon, sele-
nium, electrophiles, and halogens [115]. At physiologi-
cal concentrations in the tissue microenvironment, ROS
play a pivotal role in tissue repair, mainly through mecha-
nisms such as angiogenesis and immune suppression
[116, 117], as illustrated in Fig. 2a. However, under cer-
tain pathological conditions such as hypoxia and hyper-
glycemia, there is an overproduction or accumulation
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of ROS. This excess leads to detrimental oxidative stress
that compromises cellular proteins, lipids, and DNA
integrity [118]. Consequently, mitigating excessive ROS
levels and regulating the oxidative/antioxidant balance
are essential for tissue repair. Certain bioactive peptides,
known as antioxidant peptides (AOPs), exhibit potent
antioxidant capacities. These compounds can effectively
reduce the levels of ROS and pro-oxidants that mediate
ROS production, thereby significantly delaying or pre-
venting oxidative stress (Fig. 2b).

A diverse array of AOPs obtained from animals and
plants are recognized for their environmental friendli-
ness, low toxicity, and high antioxidant capacity [119].
Among the AOPs sourced from animals, carnosine is
an endogenous dipeptide composed of two amino acids
(B-alanine and L-histidine) and predominantly found in
skeletal muscle [120]. The bioactive component of carno-
sine is its histidine residue, which can interact with and
scavenge ROS [28]. Due to its potent antioxidative stress
effects, carnosine has demonstrated promising thera-
peutic outcomes in conditions such as infectious and
rheumatic polyarthritis, gastrointestinal ulcers, diabetes

mellitus and cardiovascular diseases, Parkinson’s dis-
ease, and periodontitis [121]. However, when adminis-
tered alone via injection in vivo, the efficacy of carnosine
is greatly hampered by hydrolysis mediated by serum
and tissue peptidases [122, 123]. Therefore, Lanza et al.
[124] conjugated carnosine with hyaluronic acid (HA) to
enhance both its antioxidant properties and resistance
to enzymatic hydrolysis. Alternatively, antioxidant-RP1
(AMRLTYNKPCLYGT) is a naturally occurring AOP
isolated from Rana pleuraden and found to effectively
scavenge 1,1-diphenyl-2-picryl-hydrazyl radical (DPPH)
and/or  2,2’-azinobis-(3-ethylbenzthiazoline-6-sulpho-
nate) (ABTS) free radicals [26]. PaT-2 (FPPWL-NH2),
another AOP derived from Pithecopus Azureus, has been
shown to significantly block lipopolysaccharide (LPS)-
induced glutamate release as well as ROS production in
human microglia [27]. Among plant-derived AOPs, those
obtained from maize exhibited notable antioxidant activ-
ity [125]. In prior research utilizing two proteases (Alca-
lase and Protamex) to hydrolyze maize gluten meal for
AOP extraction, the amino acid sequence identified was
Cys-Ser-Gln-Ala-Pro-Leu-Ala (CSQAPLA) [29], which
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hyaluronic acid, RNS reactive nitrogen species, NOX NADPH oxidases, ATP adenosine 5-triphosphate, ADP adenosine diphosphate, TCA tricarboxylic

acid cycle, Cyt C cytochrome C

displayed antioxidant activity against ABTS, DPPH, and
-OH, demonstrating dose-dependent scavenging effects
alongside certain superoxide radical scavenging abilities
[29].

Among the chemically synthesized AOPs, SS-31
(d-Arg-Dmt-Lys-Phe-NH2) exerts antioxidant effects
primarily attributed to the Dmt residue, enabling it to
selectively target mitochondria and localize in the inner
mitochondrial membrane [30]. Research indicates that
this peptide is highly effective in inhibiting intracellular
ROS and preventing the generation of oxidative stress
[126]. Furthermore, a synthetic C-peptide has been
shown to directly reduce ROS production by acting at
subcellular sites and inhibiting ROS generation through
its influence on high glucose (HG) activation of nicoti-
namide adenine dinucleotide phosphate oxidase at the
plasma membrane, while also restoring normal mito-
chondrial electron transport chain function in endothe-
lial cells (ECs) [31]. Consequently, these AOPs hold great
potential for tissue repair due to their capacity to modu-
late elevated ROS levels in the microenvironment.

Blood and lymphatic vessels

Blood and lymphatic vessels establish extensive networks
essential for transporting fluids, gases, macromolecules
and cells. Tissue repair generally requires the prior for-
mation of a vascularized network, with exceptions for
certain specific avascular tissues such as cartilage and

intervertebral disks. This section summarizes the BAPPs
that promote angiogenesis and lymphatic regeneration
(Fig. 3).

Vascular endothelial growth factor (VEGF) is the
predominant and critical angiogenic protein, bind-
ing to its receptor on ECs to promote their prolifera-
tion and migration by activating the phosphoinositide
3-kinase-protein kinase B (PI3K-Akt) signaling pathway
and the Ras-extracellular signal-regulated kinasesl1/2
(Ras-Erk1/2) signaling pathway. In the later stages of
angiogenic, elevated levels of VEGF are used to stabi-
lize neo-vessels and extend the duration of angiogenic
signaling [32]. A VEGF-derived peptide known as KLT-
WQELYQLKYKGI (QK) was developed based on helix
regions 17 —25 involved in receptor interaction, demon-
strating similar capabilities in inducing EC proliferation
and migration [33]. Insulin-like growth factor-1 (IGF-1)
also activates the PI3K-Akt and Ras-Erkl/2 signaling
pathways through binding to receptors, increasing the
expression of VEGF to further facilitate the proliferation
and migration of ECs [34]. Additionally, IGF-1 stimu-
lates the proliferation, migration, and differentiation of
vascular smooth muscle cells (VSMCs) and pericytes,
which in turn promotes the construction and mainte-
nance of vascular wall tissue and ensures the stabiliza-
tion of neovascularization [35]. The C domain of IGF-1
(GYGSSSRRAPQT) exhibited the superior ability to pro-
mote angiogenesis during tissue repair processes [36, 37].
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Fibroblast growth factors (FGFs), a family of pleiotropic
factors acting on various cell types including ECs, show
potent angiogenic function via the Ras-Erk1/2 pathway
after binding to the receptor [38, 39]. Moreover, trans-
forming growth factor-p (TGF-f), another bioactive pro-
tein involved in the proliferation and migration of ECs
regulates the differentiation of VSMCs by upregulating
the expression of a-smooth muscle actin and smooth
muscle myosin through drosophila mothers against
decapentaplegic 3 (Smad3) and p38-mitogen-activated
protein kinase (MAPK) pathways [42, 43]. Platelet-
derived growth factor (PDGF) can recruit VSMCs and
pericytes to modulate stable proliferation and differentia-
tion of ECs during the late stage of angiogenesis [40, 41].

Recent studies have revealed that lymphatic vessels
possess broader tissue repair functions. For example,
these vessels facilitate the recovery of cardiac tissue after

injury by secreting the lymphatic endothelium-derived
extracellular protein Reelin (RELN) [127, 128]. In the
context of skin repair, lymphangiectasia ECs enhance
lymphatic drainage and promote tissue regeneration
through the secretion of the lymphatic vessel secre-
tory factor chemokine ligand C-X-C motif chemokine
ligand 12 (CXCL-12) and angiopoietin-like protein 7
[129]. Regarding bone tissue, research has indicated
that lymphatic vessels are present in both mouse and
human bones, with intraosseous lymphatic vessels play-
ing a crucial role in human bone development and
hematopoietic regeneration [130]. Therefore, employ-
ing BAPPs to stimulate the formation of lymphatic ves-
sels may be a potential strategy for tissue repair, and the
co-formation of blood and lymphatic vessels also holds
significant potential. Endothelin-1 (ET-1) along with its
receptor endothelin B receptor (ETBR) could serve as
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viable targets for inducing lymphangiogenesis in tissue
repair. ET-1 acts on ETBR to directly regulate lymphatic
EC proliferation, migration, invasion, and differentiation
and also indirectly promotes VEGF induction. Under
normoxic conditions, ET-1 upregulates the expression
levels of VEGF-C, vascular endothelial growth factor-3
(VEGFR-3), and VEGF-A and stimulates hypoxia-induc-
ible factor-la expression, thereby regulating the process
of lymphangiogenesis [44].

Immune cells

A range of innate and adaptive immune cell subtypes
is instrumental in tissue repair and regeneration, so it
is essential to incorporate a broad spectrum of immu-
nomodulatory BAPPs in the design of repair thera-
pies, and precisely regulate immune cell activation and
recruitment to create an inflammatory microenviron-
ment that promotes tissue repair (Fig. 4).

Innate immune cells

In the early stages of tissue injury, neutrophil influx is
triggered by inflammation, but excessive recruitment
of neutrophils can lead to an exaggerated inflammatory
response. Therefore, optimal modulation of neutrophil
recruitment represents a primary focus for intervention.
LSALT peptide, a non-enzymatic dipeptidase-1 inhibitor,
effectively obstructs neutrophil migration to the site of
injury during acute inflammation, thus reducing inflam-
mation and accelerating tissue regeneration [45]. Addi-
tionally, natural homeostasis between proinflammatory
N1 and anti-inflammatory N2 phenotypes emerges in the
inflammatory environment. Identifying and developing
BAPPs aimed at targeting neutrophil polarization may be
a potential immunomodulatory strategy for tissue repair
by shifting the immune response to a pro-regenerative
state.

Monocytes are recruited to the damaged site by VEGF
and interleukin (IL)-17 produced by neutrophils, play-
ing a vital role in tissue repair [131]. The process of tissue
repair may be impeded if the recruitment of monocytes
is inhibited; conversely, overrecruited monocytes can
result in heightened inflammation due to the subse-
quent formation of macrophages [132]. Thus, appropriate
regulation of recruitment is important for tissue repair.
Monocyte locomotion inhibitory factor (MLIF) is an
oligopeptide consisting of 5 amino acids (Met-GIn-Cys-
Asn-Ser), and the GIn-Cys-Asn motif is the functional
region [133]. MLIF primarily exerts its immunomodu-
latory effects by inhibiting adhesion molecules very late
antigen-4 (VLA-4) and vascular cellular adhesion mol-
ecule 1 (VCAM-1) on mononuclear phagocytes, thereby
diminishing monocyte migration and mitigating the
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inflammatory response during the initial phase of injury
[46].

Monocyte-derived macrophages represent a crucial
immune cell type with multiple functions and play essen-
tial roles in innate and adaptive immunity [134]. Mac-
rophages can be classified into M1 and M2 phenotypes.
The proinflammatory M1 phenotype macrophages are
primarily responsible for engulfing apoptotic neutrophils
and removing pathogens and debris from local tissues.
The early inflammatory responses mediated by M1 mac-
rophages are necessary for tissue repair; however, their
removal results in delayed healing, while prolonged acti-
vation of M1 macrophages may lead to excessive inflam-
mation [135-137]. Distinctive BAPPs modulate the
polarization and inhibition of M1 macrophage. Various
inflammatory molecules and cytokines can promote M1
polarization. Interferon-y (IFN-y) predominantly acts
through the JAK1/2-STAT1 pathway to induce M1 polar-
ization, enhancing the expression of other proinflam-
matory factors such as IL-6 and tumor necrosis factor-a
(TNF-a), with TNF-a being a potent promoter of M1
polarization as well as a significant inhibitor of M2 polar-
ization [47]. Granulocyte—macrophage colony-stimulat-
ing factor (GM-CSF) promotes the polarization of M1
macrophage mainly through the JAK2-STAT5 pathway
[48]. Conversely, progranulin and its derivative peptide
atsttrin can bind to the TNF receptors to inhibit the phe-
notype and function associated with LPS-induced M1
macrophage polarization via the nuclear factor kappa-B
(NF-kB) and MAPK signaling pathways [49]. APETx2 is
the second peptide targeting acid-sensing ion channel
(ASIC), specifically inhibiting both homodimeric ASIC-3
and heterodimeric channels containing ASIC-3 [138].
APETx2 downregulates the expression of ASIC-3 channel
proteins, subsequently impeding downstream activation
of the NF-kB and p38(MAPK) pathways, which further
decrease the secretion of inflammatory cytokines such as
IL-1pB, IL-6, and TNF-« [50]. Alternatively, MLIF down-
regulates the expression of IL-1p and IL-8, as well as its
metabolites such as a tetrapeptide (Gln-Cys-Asn-Ser),
can also inhibit the expression of cytokines including
IL-1B, IEN-y, and IL-6, thereby exerting anti-inflamma-
tory effects [51]. Moreover, human [-defense 1 (HBD1)
is a naturally occurring cationic antimicrobial peptide in
the human body with essential functions such as broad-
spectrum antimicrobial activity, inflammation inhibition,
differentiation modulation, anticancer properties, and
immune chemotaxis [139, 140]. It has been shown that
the HBD family has a high affinity for LPS in vitro and
can directly bind to LPS, thus inhibiting inflammatory
response [139, 140]. Then, a short HBD1-derived peptide
known as Pep-B (ACPIFTKIQGTCYRG) was developed,
and it was found that Pep-B reduces the expression of
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proinflammatory markers induced by LPS such as ROS,
and inhibits inflammatory activation mediated by NF-«kB,
Erk-MAPK, and p38(MAPK) signaling pathways [53].
The mRNA levels of proinflammatory factors including
IL-6, TNF-q, IL-8, TLR-2, TLR-4, and other proinflam-
matory markers decreased in response to PEP-B in the
differentiation microenvironment of dental pulp stem
cells [52].

When the inflammatory response is prolonged, the
anti-inflammatory M2 phenotype is primarily acti-
vated. M2 macrophages are capable of secreting IL-10,
C chemokine ligand (CCL) 13, TGF-, PDGF, VEGE,
and IGF to promote tissue repair [136, 137, 141]. BAPPs
that induce M2 macrophage polarization mainly include
cytokines such as IL-4, IL-10, IL-13, and stromal cell-
derived factor-1a (SDF-1«) [54], as well as immunomod-
ulatory proteins like CD200 [55]. Among these factors,
IL-4 and IL-10 serve as fundamental pro-M2 polarizing
factors and act endogenously through the JAK1/2-STAT6
pathway [142, 143]. CD200 is a biomolecule expressed on
the surface of neutrophils, macrophages, and dendritic
cells that regulates cell activation. It promotes M2 polari-
zation by enhancing the secretion of the anti-inflamma-
tory cytokine IL-10 and also impedes the secretion of M2
polarization inhibitory factors such as TNF-a and IL-6
[55]. However, the effect of M2 macrophages in tissue
repair is a double-edged sword, excessive M2 polariza-
tion may lead to tissue hyperfibrosis [144]. Therefore, a
sequential activation of M1 and M2 macrophages to an
appropriate extent is essential for immune modulation
during tissue repair [145].

Adaptive immune cells

Thl and Th17 cells secrete proinflammatory cytokines
such as IFN-y, TNF-«, and IL-17, which facilitate M1
macrophage polarization, leading to tissue damage repair
[146]. Conversely, Th2 cells release cytokines including
IL-4, IL-5, and IL-13that regulate M2 macrophage activ-
ity to suppress inflammatory responses mediated by Th1
and Th17 cells [147, 148]. However, overactivation of
Th2 cells may lead to allergies and pathological fibrosis
due to their direct stimulation of M2 macrophages [144].
The interplay between Th1 and Th2 cells involves mutual
regulation; thus, transitioning from a Th1 phenotype to
a Th2 phenotype promotes inflammation reduction and
tissue regeneration. Vasoactive intestinal peptide (VIP),
a neurotransmitter of 28 amino acids found in the cen-
tral and enteric nervous systems, plays a crucial role in
regulating the balance between Thl and Th2 balance.
VIP decreases the secretion of IL-12 and inhibits the
expression of transcription factors associated with the
differentiation of Th1 cells. Moreover, VIP promoted the
expression of C-MAF, GATA-3, and JUN-B, which are
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key regulators for promoting Th2 cell function It also
induces the expression of chemokine CCL2 while sup-
pressing CXCL-10 production [56]. Additionally, MLIF
not only influences monocytes but also participates in
Th2 polarization by elevating levels of the anti-inflam-
matory factor IL-10 while concurrently inhibiting the
synthesis of proinflammatory factors such as IL-1p and
TNEs [57].

Regulatory T (Treg) cells are an essential component of
the adaptive immune system, and they maintain immune
homeostasis by suppressing autoreactive and hyperac-
tive immune responses [149]. Treg cells are indispen-
sable for the repair of various tissues, capable of being
recruited from lymphoid organs to injury sites where
inflammation has subsided through a variety of inhibi-
tory mechanisms, including neutrophil regulation [150],
Th2 cell regulation [151], and M2 macrophage polariza-
tion [152]. Furthermore, Treg cells can directly promote
tissue regeneration by activating tissue-specific stem and
progenitor cells [153]. Given their pivotal role in tissue
repair, understanding how to induce Treg cell activation
is an essential topic for the application of immunomod-
ulatory peptides and proteins. Both IL-2 and TGF-p are
integral to the induction and regulation of Treg cells. The
majority of Treg cells express the CD25 molecule (IL-
2R receptor), which exhibits a high affinity for IL-2 and
initiates CD25-mediated signaling through activation of
the transcription factor STAT5 [154]. Previous studies
have demonstrated that Treg cell differentiation requires
a “two-step” model wherein robust stimulation via the
T-cell antigen receptor (TCR) induces CD25 expression
in precursor cells, which is subsequently enhanced by
IL-2 stimulation, ultimately leading to Foxp3 expression
[155-157]. Ogawa et al. [158] argued that Foxp3 expres-
sion is induced by the transcription factors Smad3, Stat5,
and c-Rel, each facilitating distinct signaling pathways.
Smad3 is activated by the TGF-p signaling pathway, Stat5
responds to signals from IL-2Ry, TCR, and TGEF- signal-
ing pathway, while c-Rel activation occurs via TCR signal-
ing pathway [159]. Notably, both Smad3 and Stat5 can be
regulated by TGF-f to promote Foxp3 gene expression.

Repair cells

Following tissue injury, repair cells such as stem cells
or tissue-specific precursor cells are essential for main-
taining cell viability and optimal functionality. These
cells are subsequently recruited to the injury site, where
their adhesive state plays a crucial role in facilitating
tissue repair. The ensuing proliferation and differentia-
tion of these repair cells further contribute to the repair
process. Throughout these mechanisms, BAPPs exert
critical effects on tissue repair by sustaining the sur-
vival of repair cells, modulating cellular senescence, and
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promoting their recruitment, adhesion, proliferation, and
differentiation.

Cell survival

After being recruited and localized to injury sites, repair
cells endure various detrimental conditions, including
ischemia, oxidative stress, and inflammatory factors. The
precise and rational regulation of these distinct cell death
processes is important for tissue repair.

Apoptosis was the first identified form of programmed
cell death and is thought to play a major role in the
development and progression of various diseases such
as myocardial infarction. Certain BAPPs exhibit poten-
tial for targeting apoptosis to facilitate tissue repair. The
anti-apoptotic protein B-cell lymphoma-2 (Bcl-2) inhib-
its cardiomyocyte apoptosis in infarcted hearts. The BH4
domain is a distinctive structural feature of this class of
anti-apoptotic proteins [58]. Monocyte chemotactic
protein-1 (MCP-1), also referred to as CCL2 exerts anti-
apoptotic effects by decreasing the activity of caspase-3/7
in H9C2 myofibroblasts [59]. Furthermore, members of
the histone deacetylase (HDAC) family, particularly the
phosphorylated HDAC7-derived peptide 7A family(7Ap),
are crucial in promoting chromatin compression and
regulating gene transcription, thereby influencing multi-
ple facets of cardiovascular disease, including myocardial
infarction [60, 61] (Fig. 5a). Pyroptosis is another type of
programmed cell death accompanied by the release of
large amounts of proinflammatory factors such as IL-1p
and IL-18. The effector protein OspC3 secreted by Shi-
gella has been shown to inhibit LPS-induced cellular
pyroptosis [62] (Fig. 5b). Additionally, ferroptosis is an
iron-dependent pathway that leads to increased lipid per-
oxidation, and may significantly contribute to degenera-
tive diseases across various organs while being associated
with oxidative damage [160]. Doll et al. [63] reported that
ferroptosis suppressor protein 1 (FSP1) can suppress fer-
roptosis by eliminating lipid peroxidation through the
reduction of COQ10 and vitamin K, thus working syn-
ergistically with glutathione peroxidase 4 and glutathione
to effectively inhibit phospholipid peroxidation and fer-
roptosis [63] (Fig. 5¢). Moreover, necroptosis, a type of
programmed cell death characterized by cellular swelling
and rupture, is highly proinflammatory and often consid-
ered deleterious (Fig. 5d). Therefore, the use of BAPPs to
block programmed cell death may be a potential strategy
for tissue repair.

Autophagy is essential for maintaining energy home-
ostasis by regulating the degradation of cellular mol-
ecules and organelles. Dysregulation of autophagy
has been implicated in the development of various
human diseases, including neurodegenerative dis-
eases, cystic fibrosis, cardiomyopathy, osteoarthritis,
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and osteoporosis [161, 162]. Consequently, modulat-
ing autophagy with specific BAPPs holds great poten-
tial for tissue repair (Fig. 5e). Li et al. [64] demonstrated
that the AnkB-LIR peptide binds to all Atg8 family
members with high affinity; thus, this peptide serves
as a nonselective inhibitor of autophagy targeting all
Atg8 proteins. Furthermore, Li et al. [64] developed a
GABARAP-selective AnkG-ER peptide that may selec-
tively inhibit GABARAP-mediated autophagy while
minimally interfering with LC3-mediated autophagy.
Neurodegenerative lesions are frequently associated
with excessive autophagy. Thus, these two peptides
could be potential therapeutic agents for neurodegen-
erative diseases. However, treatments aimed at osteo-
porosis and osteoarthritis require the promotion of
autophagy. Research indicates that parathyroid hor-
mone (PTH) inhibits the senescence of rat nucleus pul-
posus cells by activating autophagy through the mTOR
pathway [65]. Animal experiments have also shown
that PTH improves knee osteoarthritis in rats through
autophagy [66].

Cell senescence

Cellular senescence is a stable and irreversible state
of growth arrest caused by physiological insult, oxida-
tive stress, radiation, nutrient deprivation, and other
factors, wherein prolonged senescence reduces the
regenerative capacity of tissues and leads to tissue
degeneration [121]. BAPPs have been shown potential
to inhibit the senescence process, indicating promis-
ing application in regenerative medicine. TGF-f signal
transduction has been implicated in cell senescence
and stem cell senescence (Fig. 5f). Specifically, TGF-
promotes senescence by upregulating the expression
of p15, p21, and p27 while downregulating several pro-
liferation factors, including c-Myc [67]. Furthermore,
TGE-P1 induces Smad2/3 phosphorylation through
activation of Smadl/5/9, thereby inhibiting the TGF
signaling pathway [68]. In an investigation by Guan
et al. [68] BMP-4 was administered to lung fibroblasts,
and the results revealed a reduction in the expression
level of senescence markers (pl6 and p53), corrobo-
rated by similar findings in vivo using murine models.
Additionally, IGF binding protein-7 (IGFBP-7) can
metabolically activate the bioactivity of SIRT1 dea-
cetylase, resulting in decreased transcription of p21
[69]. IGFBP-7 inhibits the senescence process of den-
tal pulp-derived mesenchymal stem cells (MSCs) while
promoting osteogenic differentiation [69]. Therefore,
utilizing BAPPs to inhibit cellular senescence is advan-
tageous for regulating the tissue microenvironment and
improving the efficacy of tissue repair.
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ous tissues, including bone marrow MSCs (BMSCs), sat-  cells. Research has demonstrated that SDF-1 promotes
ellite cells, fibroblasts, and neural stem cells (NSCs), to  the recruitment of monocytes during the early stages of
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tissue repair via its anti-inflammatory properties. Addi-  progenitor cells to injury sites [70]. The activation of the
tionally, SDF-1 inhibits GSK3p activation by binding to = PI3K-Akt pathway via the SDF-1-CXCR4 complex also
the specific receptor CXCR4 and activating the PI3K-Akt  plays a vital role in recruiting other stem cell peptides. In
pathway, thereby enhancing S-catenin gene expression addition to SDF-1, several bioactive peptides have been
and facilitating the recruitment of MSCs and endothelial  identified as capable of recruiting stem cells. For example,



Hao et al. Military Medical Research (2024) 11:75

EPLQLKM (E7) is a newly discovered peptide with a spe-
cific affinity for endogenous BMSCs [71]. The E7 peptide
efficiently recruits BMSCs both in vitro and in vivo, but
the mechanism of action remains unclear. The current
hypothesis suggests that upon recruiting BMSCs, E7 first
activates the binding of SDF-1 to the C-X-C chemokine
receptor type 4 (CXCR4) receptor before regulating the
proliferation, differentiation, and migration of BMSCs
through the p38(MAPK), Ras-Erk1/2, and the PI3K-Akt
signaling pathways [72]. Furthermore, bone marrow-
homing peptides identified by phage display screening
are enriched in the amino acids K, P, F, S, and T, show-
ing high affinity for stem cells. BMHP1 (PFSSTKT) and
BMHP2 (SKPPGTSS) have been widely used [73, 74]. In
bone tissue and cartilage regeneration, substance P pref-
erentially binds to NK-1Rs and activates the G protein-
coupled signaling pathway along with the Ras-Erk1/2
signaling pathway in MSCs, contributing significantly to
their recruitment [75].

Cell adhesion

Cell adhesion mainly depends on cell adhesion proteins
(Fig. 6b). Fibronectin (EN) is an adhesion protein found
in the extracellular matrix (ECM) that mediates the adhe-
sion and spreading of various cell types by organizing
homologous repeat modules into functional domains
[78]. The most widely studied peptide derived from FNs
is the tripeptide arginine-glycine-aspartic acid (RGD)
[76]. However, it has been argued that RGD alone does
not accurately represent the affinity of FN for integrins
[163]. This limitation arises because FN possesses a sec-
ond epitope, proline-histidine-serine-arginine-aspartic
acid (PHSRN), which acts synergistically with RGD to
enhance the ability of repair cells to adhere, migrate,
and spread through activation of the a531 receptor [164,
165]. In addition to RGD and PHSRN, several peptides/
proteins target specific cells. For example, neural cell
adhesion molecule (NCAM) is a membrane-bound gly-
coprotein that is specifically expressed throughout the
nervous system and facilitates adhesion and intercon-
nection between neurons by forming a highly adher-
ent meshwork on the cell surface via a transmembrane
structure dependent on numerous fine membrane num-
bers [79]. Furthermore, DGEA, GFOGER, and GTPG-
PQGIAGQRGVV mediate the selective adhesion of
osteoblasts to integrin a2f1, while REDV and SVVYGLR
facilitate selective vascular ECs adherence to integrin
a4p1 [80].

Cell proliferation

Cell proliferation, primarily mediated by the PI3K-Akt
and Ras-Erk1/2 pathways, represents a crucial aspect
of tissue repair. These two pathways act as fundamental
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mechanisms that respond to the binding of BAPPs to
their respective receptors, thereby promoting cell pro-
liferation. Cell proliferation-promoting peptides/pro-
teins predominantly serve on various repair cells during
tissue repair by activating specific upstream pathways
through binding to first the corresponding receptors and
then activating two common downstream pathways such
as the PIBK-Akt pathway and the Ras-Erk1/2 pathway.
The PI3K-Akt pathway regulates cell growth primarily
through its influence on the TSC1/TSC2 complex and
mammalian target of rapamycin (mTOR) signaling [166].
BAPPs associated with cell proliferation include TGF-$
along with its related peptide LIANNK; IGF-1 and its
related peptide; hepatocyte growth factor (HGF), fibro-
blast growth factor (FGF), and epidermal growth factor
(EGF), brain-derived neurotrophic factor (BDNF), nerve
growth factor (NGF), and calcitonin gene-related peptide
(CGRP) [102]. These BAPPs can activate the PI3K-Akt
and RAS-ERK1/2 pathways, which subsequently upregu-
late the expression of transcription factors ETS-1, ATE-
1, and ELK-1 to induce cell proliferation as well as cyclin
D1 protein to regulate the cell cycle, ultimately promot-
ing the proliferation of stem cells and specific repair cells
(Fig. 6¢).

Cell differentiation

Cell differentiation-promoting peptides/proteins typi-
cally interact with their specific receptors to induce the
differentiation of repair cells, typically stem cells or pre-
cursor cells, into specific tissue cells for tissue repair
through unique signaling pathways (Fig. 6d). For exam-
ple, TGE-PBs, bone morphometric proteins (BMPs) and
their related peptides, such as P24 and P20, mediate
the differentiation of osteoblasts and chondrocyte line-
ages via both Smad-dependent and Smad-independent
signaling pathways, but they recruit distinct receptor
heterotetramers and R-Smad complexes, thus exerting
different biological effects on osteogenesis, osteoclas-
togenesis, and chondrogenesis [167]. A strong connec-
tion between osteogenic growth peptide (OGP) and OGP
(10—14) along with its cellular receptor during bone
formation can promote the osteogenic-like differentia-
tion of MSCs in multiple ways [93]. Additionally, NGF
interacts with two primary receptors, TrkA and p75NTR,
and neurorestorative effects are mediated by two recep-
tor-mediated signaling pathways to promote neuronal
differentiation and axon growth, repair damaged neu-
rons, maintain the survival of mature neurons, and
facilitate the regeneration of axons [110]. BDNF binds
to its specific receptor, tropomyosin receptor kinase, to
activate the PI3K-Akt, Ras-Erk1/2, and phospholipase C
yl/protein kinase C (PLCyl/PKC) pathways, thus pro-
moting the directional differentiation of NSCs, neuronal
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migration, as well as further axon and dendrite regenera-
tion [168].

Cell differentiation-promoting peptides/proteins can
also exert distinct functions in tissue repair by interact-
ing with receptors on various tissue-specific cells. For
example, the BIF peptides BIFP and BIFY bind to RANK
and RANKL, effectively blocking the RANK-RANKL
interaction, and further attenuating osteoclast activity
to promote bone regeneration [94]. The pentapeptide
PHTrP107-111 (osteostatin), which includes the Thr-
Arg-Ser-Ala-Trp sequence from the C-terminal fragment
of PTH-related proteins, promotes osteogenic differen-
tiation of MSCs, inhibits senescence and inflammation
in osteoarthritic osteoblasts, reverses skeletal alterations
associated with IGF-1 deficiency, and improves bone
regeneration in animal models of bone defects [95, 96].
Platelet-derived growth factor-BB (PDGEF-BB) is a pleio-
tropic bioactive protein exhibiting chemotactic, mito-
genic, differentiating, and angiogenic properties, and
it interacts with its receptors across multiple cells, such
as mesangial cells, MSCs, fibroblasts, and smooth mus-
cle cells, for tissue regeneration [169]. Heparin-binding
epidermal growth factor-like growth factor (HB-EGF) is
another versatile bioactive protein involved in various tis-
sue repair processes such as wound healing, periodontal
regeneration, and neurogenesis following ischemic injury
by functioning on numerous cell types [170]. FGFs con-
stitute a large family of secretory molecules that interact
with tyrosine kinase receptors to direct diverse cell types,
including ECs, chondrocytes, neurons, and smooth mus-
cle cells, for specific tissue repair outcomes [171].

Moreover, cell differentiation-promoting peptides/
proteins can mediate the directional differentiation of
multipotential cells for specific tissue repair by promot-
ing one pathway while inhibiting another. For instance,
PTH and PTH-related peptides/proteins bind to PTHIR
to enhance the expression of BMP-2, VEGF, and the anti-
apoptotic gene Bcl-2 through the cAMP-PKA pathway,
which also phosphorylates the S358 site of salt-inducible
kinase 2 (SIK2), thereby inhibiting the activity of SIK2
and subsequently downregulating the MEF2C expres-
sion as well as reducing the expression of the sclerotin-
encoding gene SOST, ultimately leading to upregulation
of Wnt4 ligand for osteogenesis [172]. Furthermore, PTH
and its derivatives increase SETDB1 expression to inhibit
the expression of the peroxisome proliferator-activated
receptor gamma gene through the NLK pathway within
the MAPK signaling cascade, thereby suppressing the
adipogenic differentiation of MSCs [173, 174]. The pro-
motion of osteogenesis alongside inhibition of adipo-
genesis by MSCs significantly contributes to bone tissue
repair, particularly in osteoporotic bone regeneration
within a microenvironment where MSCs are predisposed
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toward adipogenic differentiation rather than osteogenic
differentiation.

Delivery platforms for BAPPs

Various delivery platforms have been developed to incor-
porate BAPPs for tissue repair (Fig. 7), including scaf-
folds, hydrogels, electrospun fibers, surface coatings,
assisted carriers, nanotubes, two-dimensional nanoma-
terials, and nanoparticles engineered cells. Furthermore,
appropriate modifications to these delivery platforms
improve the incorporation efficiencies and facilitate fast,
controlled, sustained, or heterogeneous release.

Scaffolds and hydrogels

Scaffolds and hydrogels are commonly used in tissue
repair, with BAPPs being directly incorporated into their
matrix [175, 176]. These materials not only provide struc-
tural support and facilitate cell adhesion and growth but
also serve as an interconnected porous network that
regulates the release of BAPPs. Additionally, hydrogels
can be employed as coatings to modify porous scaffolds,
thus increasing the loading capacity and retention of
BAPPs [177]. Although controlled release of BAPPs can
be achieved by steric hindrance within the scaffold or
hydrogel matrix, the release kinetics may be optimized
utilizing various binding systems, including glycosamino-
glycans (GAGs), binding proteins and peptides, as well as
aptamers.

GAGs and sulfated polymers

GAGs are linear ECM polysaccharides composed of
amino sugars and aldehydes, including heparin, hep-
aran sulfate, chondroitin sulfate, and HA. GAGs exhibit
potent affinity for BAPPs via nonspecific or specific inter-
actions. Specifically, GAGs possess numerous sulfate
and carboxylic acid groups that confer highly electron-
egative properties, facilitating the nonspecific adsorption
of positively charged BAPPs. Furthermore, BAPPs can
specifically bind to designated binding domains in GAG
molecules via hydrogen bonds, van der Waals forces, and
hydrophobic interactions [178].

Heparin, heparan sulfate, and chondroitin sulfate are
rich in sulfate and carboxylic acid groups, enabling them
to bind positively charged BAPPs. These compounds
have been used to regulate the release of BAPPs for tis-
sue engineering and regeneration, incorporated into scaf-
folds or hydrogels achieved through physical interactions
or chemical grafting. Conversely, the negatively charged
properties of GAGs facilitate their introduction to scaf-
folds or hydrogels containing cationic components via
electrostatic interactions. For example, Ding et al. [179]
simultaneously coupled monocarboxylic acid-terminated
polyethylene glycol (PEG) with arginine to polyethylene
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Fig. 7 Distinctive delivery platforms coupled with modification strategies for tissue repair. a Scaffolds and hydrogels; Strategies to improve affinity
for bioactive peptides and proteins (BAPPs), including glycosaminoglycans (GAGs) and sulfated polymers, fibronectin and derivatives, affinity
peptides and affibodies, and aptamers. b Types of electrospun fibers (blending, coaxial, and emulsion) and delivery strategies by encapsulation

and adsorption. ¢ Distinctive surface coatings for delivery, including polydopamine coatings, metal-phenolic network coatings, extracellular matrix
(ECM) coatings, layer-by-layer self-assembly coatings, electrophoretic deposition coatings, mineral coatings, and engineered functional coatings.

d Delivery strategies for assisted particles, including surface adsorption, covalent grafting, coprecipitation during synthesis, inner capsulation,
binding molecules, surface coatings, and electrospraying. e Delivery strategies for nanotubes by surface adsorption, inner capsulation, and covalent
grafting; delivery strategies for TiO, nanotubes include surface adsorption, microsphere capsulation, surface coating, and surface sealing. f Delivery
strategies for two-dimensional nanomaterials, including surface adsorption, covalent grafting, surface coatings, and layered encapsulation. g
Nanoparticles engineered cells for delivery by encapsulation and adsorption. FN fibronectin

aspartic acid diglyceride, thus developing a biodegradable
polycationic polymer. Researchers then combined nega-
tively charged heparin with a positively charged poly-
mer to fabricate a hydrogel by electrostatic interactions,
achieving a stable release of FGF-2 for up to 16 d [179].
In another study, researchers integrated heparin and chi-
tosan to develop hydrogels for BMP-2 delivery aimed at

osteogenesis [180]. To enhance the local anchoring of
GAGs, binding peptides exhibiting high affinity for GAGs
can be introduced to scaffolds or hydrogels. For instance,
heparin-binding peptides were incorporated into self-
assembling peptides that interact with heparan sulfate
to control the release of bioactive proteins [181]. On the
contrary, GAGs can be covalently coupled to scaffolds
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or hydrogels due to their abundant functional groups,
including amine groups, carboxyl groups, and sulfhy-
dryl groups. Heparin was first thiolated before cova-
lently introduced to chitosan-based hydrogels containing
poly(ethylene glycol-B-caprolactone-B-ethylene glycol)
via Michael’s addition reaction [182]. Thiolated heparin
exhibits a high affinity for basic FGF (bFGEF), allowing
its content adjustment to modulate bFGF release [182].
Moreover, the carboxyl groups of heparin can undergo
amide coupling reactions with other amine-containing
groups, thereby being incorporated into the hydrogel.
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC)/
N-hydroxy succinimide (NHS) chemistry has been
employed to couple these carboxyl groups from heparin
with star-shaped PEG end-functionalized amine groups
to fabricate hydrogels designed for delivering BMP-2 and
VEGE [183].

HA is a linear, non-sulfonated glycosaminoglycan com-
posed of alternating p-1,4-D-glucuronic acid and -1,3-
N-acetyl-D-glucosamine [184]. The presence of carboxyl
groups in the glucuronic acid sugar units enables HA
to bind and interact with BAPPs for sustained release.
For example, Deng et al. [185] incorporated HA into a
PDLLA-PEG hydrogel to regulate the release of TGF-p3.
Their results indicated that the addition of HA reduced
the burst release of TGF-B3 while prolonging its release
over 21 d. To enhance the binding properties of HA, sul-
fate groups can be utilized for modification. Specifically,
researchers synthesized sulfated HA (sHA) and further
constructed sHA/collagen hydrogels for delivering HB-
EGF in skin wound repair, and the findings demonstrated
that sHA had an enhanced binding ability for HB-EGF
without any burst release occurring [186].

Given that the sulfate group is the key heparin mimetic
moiety contributing to binding affinity, various polymers
generally employed in the construction of scaffolds or
hydrogels, such as alginate, chitosan, dextran, and cellu-
lose, can be sulfated to enhance noncovalent interactions
with BAPPs. For example, sulfated alginate can be syn-
thesized through the esterification of hydroxyl groups;
however, this process reduces the viscosity of alginate,
necessitating additional materials for scaffolds or hydro-
gel formation [187]. Wang et al. [188] synthesized sul-
fated alginate and combined it with gelatin methacryloyl
(GelMA) to fabricate bio-inks featuring an interpenetrat-
ing network. The resulting sulfated alginate was capa-
ble of adsorbing TGF-B3 via electrostatic interactions
to promote cartilage formation. These findings showed
that the release of TGF-f3 from the sulfated bio-inks
reached (42.2+5.8)% on day 7 and continued through-
out 21 d [188]. Additionally, sulfated alginate has been
added to bind specific BAPPs, such as FGF-2, HGF, IGF-
1, and TGF-B1. Furthermore, other polymers, including
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cellulose, glucan, and chitosan, can be sulfated to opti-
mize the delivery of BAPPs for tissue regeneration.

FN and its derivatives

EN is a glycoprotein abundantly present in the ECM that
consists of three types of subunits (EN I-III). The FN III
subunit features a binding domain known as EN IIl;, 14,
which contains positively charged amino acids, lysine,
and arginine, facilitating interactions with multiple bio-
active proteins, including TGF-f3, BMP-2, BMP-6, BMP-
7, PDGE-BB, and HGF. The binding domain adjacent to
the integrin binding site (FN III 4_,,) in FN molecules
can trigger cooperative signaling between integrins and
protein receptors to amplify the effects of bioactive pro-
teins for tissue regeneration. Therefore, fibronectin is a
potent molecule for the delivery of BAPPs to scaffolds
and hydrogels.

ENs can be incorporated into scaffolds or hydrogels
through physical adsorption or chemical coupling. Typi-
cally, FN physically adsorbs on polymers in a globular
conformation, but ethyl polyacrylate (PEA) can promote
the assembly of FN into a network on its surface, thus
exposing the integrin binding region (EN IIl, ;) and the
growth factor binding region (EN III;, ;,) to repair cells
[189]. Taking advantage of this property, Cheng et al.
[190] developed a polyPEA-coated three-dimensional
(3D) polycaprolactone (PCL) scaffold and then physically
immobilized FN on its surface to fabricate a nanocoating
for delivering BMP-2 via adsorption. The results revealed
that 90% of the loaded BMP-2 remained adsorbed on the
coating after 14 d, greatly reducing the treatment dosage
of BMP-2 [190]. Furthermore, FN can be covalently con-
jugated to scaffolds or hydrogels due to disulfide bonds
present in the FN I and FN II domains, while the FN III
domain lacks such bonds. Consequently, these disulfide
bonds enable the covalent coupling of FN molecules to
substrates without affecting the functional site on FN
III. For instance, researchers covalently conjugated FN
to 4-arm PEG using a Michael-type addition reaction to
fabricate hydrogels for delivering VEGF and BMP-2, and
the findings demonstrated sustained release of BMP-2
and VEGEF for osteogenesis and angiogenesis [191].

The utilization of short recombinant FN fragments
as substitutes for full-length FNs is more conducive to
clinical translation due to their lower production costs.
Martino et al. [192] engineered the FN IIl,;;, and FN
1,5 ,, fragments through genetic manipulation, result-
ing in the development of a recombinant FN fragment,
EN IIlg_;/19-14 Which was subsequently covalently con-
jugated to the fibrin scaffold. This functionalized scaffold
was used to deliver distinct bioactive proteins, including
VEGE, PDGEF, and BMP, thereby promoting cooperative
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signaling between GF receptors and integrins simultane-
ously [192].

The development of FN mimetics is another ideal
strategy for substituting FN in binding BAPPs, owing to
their low cost and ease of synthesis. Zhang et al. [193]
synthesized amphiphilic amino acid copolymers that
are positively charged, designed to mimic the FN III;, ;,
domain for binding bioactive proteins. These copoly-
mers were formulated as a mixture of a cationic residue
[lysine (Lys)] and hydrophobic residues [norleucine (Nle),
norvalin, aminobutyric acid, or alanine], followed by
covalent conjugation to a gelatin sponge scaffold for the
delivery of bioactive proteins. The results showed that the
copolymer Lys0.4-Nle0.6 exhibited the strongest binding
affinity for bioactive protein when the ratio of Lys to Nle
was 2:3 [193].

Affibodies and affinity peptides

Affibodies and affinity peptides are peptide-based mole-
cules developed and screened through display techniques
such as yeast surface display and phage display, resulting
in their relatively high affinity for specific BAPPs. These
affibodies and affinity peptides can be incorporated into
scaffolds or hydrogels to bind BAPPs and regulate their
release profiles.

Affibodies are a class of small antibody-mimetic pro-
teins characterized by three a-helical structures, derived
from one of the immunoglobulin binding domains of
staphylococcal protein A [194]. The binding affinity can
be readily adjusted by modifying the surface-exposed
amino acid sequences on two of three helices, thus ena-
bling the fabrication of highly diverse protein libraries for
screening via display techniques. Distinct affinities have
been developed and screened to optimize the release of
BAPPs. For example, Bostock et al. [194] identified an
affibody exhibiting moderate affinity with high specific-
ity for FGF-2 through yeast surface display, subsequently
covalently coupling this affibody to an HA hydrogel to
control and prolong FGF-2 release. In another study,
affibodies with moderate affinity for BMP-2 were gener-
ated using yeast surface display and conjugated to PEG-
maleimide hydrogels to modulate BMP-2 release [195].
Furthermore, distinct affibodies can independently
regulate the release of multiple BAPPs due to their high
specificity. For instance, two types of affibodies targeting
IGF-1 and PEDF were developed and coupled to hydro-
gels, and their release rates could be adjusted by chang-
ing the strength of interaction between the affibodies and
their respective target proteins [196].

Affinity peptides can be screened from peptide librar-
ies using display techniques to selectively bind specific
BAPPs. For example, neurotrophin-3 (NT-3)-binding
peptides were identified from a Ph.D.-7 peptide library
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(New England Biolabs) through the phage display tech-
nique and subsequently covalently conjugated to PEG
hydrogels [197]. The results unveiled that the hydro-
gel modified with NT-3-binding peptides significantly
reduced the burst release while prolonging the release of
NT-3 [197].

Aptamers

Aptamers, which are single-stranded oligonucleotides
consisting of 20 —60 nucleotides, are selected from syn-
thetic RNA/DNA libraries via the systematic evolu-
tion of ligands by exponential enrichment and can bind
specifically to target molecules with high affinity. These
aptamers can be incorporated into scaffolds or hydrogels
to regulate the release kinetics of BAPPs. For example,
Zhao et al. [198] introduced anti-VEGF aptamers and
anti-PDGEF-BB aptamers to fibrinogen hydrogels to bind
VEGF and PDGF-BB, and the results suggested that the
functionalized hydrogel could simultaneously chelate
VEGF and PDGEF-BB while delaying their release in a
sustained manner. Furthermore, complementary series
of aptamers exhibit greater affinity for other aptamers
than for BAPPs, allowing these complementary series to
modulate the release of BAPPs [199]. Rana et al. [200]
loaded VEGF into a GleMA hydrogel containing anti-
VEGF aptamers and found that the addition of a com-
plementary series accelerated VEGF release. Moreover,
the molar ratio between the complementary series and
aptamers could be adjusted to fine-tune the dose that
triggered VEGF release.

Electrospun fibers

Electrospun fibers are promising delivery platforms char-
acterized by their facile preparation and large surface
area. BAPPs can be loaded into electrospun fibers using
two strategies. The first strategy involves the direct addi-
tion of BAPPs to the polymer solution before electro-
spinning, thereby encapsulating them within electrospun
fibers. The second strategy entails adsorbing BAPPs onto
the surface of pre-prepared electrospun fibers.

Electrospun fibers for encapsulation
BAPPs are directly encapsulated within electrospun fib-
ers, utilizing three electrospinning techniques: blend
electrospinning, emulsion electrospinning, and coaxial
electrospinning, for their delivery.

Blend electrospinning is the most basic strategy for
delivering bioactive peptides or proteins [201]. In this
approach, bioactive peptides or proteins were encap-
sulated in the raw materials to form a homogeneous
electrospinning solution, which was then utilized to
fabricate electrospun fibers. A study dissolved a PTH-
related peptide in cellulose acetate and employed the
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solution to produce electrospun fibers for wound heal-
ing [202]. Another investigation incorporated glial cell
line-derived neurotrophic factor in poly(lactic-co-gly-
colic acid) (PLGA) and NGF into poly(D, L-lactic acid),
which were subsequently used to obtain electrospun fib-
ers aimed at nerve tissue repair [203]. However, due to
their high solubility, bioactive peptides or proteins may
be rapidly released from electrospun fibers. Therefore,
it is necessary to introduce binding components into
these fibers to prolong the release of bioactive peptides
or proteins for long-term tissue regeneration. Addition-
ally, the delayed release could also be achieved through
assisted carriers. For instance, Song et al. [204] integrated
both nanohydroxyapatite and chitosan-based nanopar-
ticles containing Nel-like molecule-1 (NELL-1) proteins
into polycaprolactone (PCL) solutions, which were then
used to construct electrospun fibers for bone regenera-
tion. The results indicated that NELL-1 could be slowly
released from the fibers in vitro over 30 d [204]. Never-
theless, BAPPs are directly exposed to electrospinning
solutions, where organic solvents may lead to reduced
activity or loss of biological function.

Emulsion electrospinning is an advanced strategy for
delivering bioactive peptides or proteins in the core of
electrospun fibers, ensuring a non-random distribution.
Given that BAPPs are generally hydrophilic, water-in-oil
(W/O) emulsion electrospinning has been adopted for
their delivery. The bioactive peptides or proteins were
incorporated into the aqueous phase, which was then
dispersed into the lipophilic phase to obtain electrospin-
ning solutions. As organic solvents in the lipophilic phase
volatilize, the aqueous phase is compressed to the center
of the jet, resulting in electrospun fibers with core—shell
structures that delay the release of bioactive peptides
or proteins. For example, a dextran solution containing
bFGF was used as the aqueous phase, while PLGA solu-
tion containing wool keratin constituted the lipophilic
phase. Following thorough mixing and stirring, these
electrospinning solutions underwent emulsion electro-
spinning to incorporate bFGF into the core of the PLGA/
wool keratin composite fibers for bone regeneration, and
the sustained release of bFGF was maintained over 28 d
[205]. Furthermore, core—shell electrospun fibers pro-
duced via emulsion electrospinning can facilitate the co-
delivery of multiple bioactive peptides or proteins. Xia
et al. [206] fabricated core—shell electrospun fiber scaf-
folds through this technique for peripheral nerve regen-
eration. VEGF was incorporated into the shell to promote
angiogenesis and the invasion of Schwann cells during
the initial days post-release, while NGF was encapsu-
lated in the fiber cores for neuronal differentiation over
1 month. In another study, two-layer vascular grafts were
created using emulsion electrospinning with VEGF in the
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core to enhance endothelialization and bFGF and SDF-1a
in the shell to stabilize the effects of VEGF within vas-
cular grafts [207]. However, it is difficult to obtain stable
and uniform core—shell structures via emulsion electro-
spinning due to the generally low surface tension exhib-
ited by these solutions. Additionally, uncontrolled phase
separation during processing may lead to core—shell
structures.

Compared with blend electrospinning and emulsion
electrospinning, coaxial electrospinning is a superior
strategy for the delivery of BAPPs. In this method, two
different solutions are artificially separated into two nee-
dles, while sharing a common spinneret. A key advantage
of coaxial electrospinning is that one of the solutions can
be non-spinnable, thereby expanding the applications of
electrospinning [21]. To facilitate the delivery of BAPPs,
core solutions can be introduced during electrospin-
ning to mitigate initial burst release. For example, Evrova
et al. [208] incorporated PDGF-BB into the core phase of
coaxial electrospun fibers aimed at tendon rupture heal-
ing and reported that these fibers achieved sustained
release of PDGF-BB over 30 d in vitro and dramatically
improved the tensile strength of treated tendons when
used as implants. Furthermore, coaxial electrospinning
allows for the synthetic delivery of multiple bioactive
peptides or proteins according to different regenera-
tive requirements through core—shell electrospun fibers
similar to those produced by emulsion electrospinning.
A study conducted by Man et al. [209] used polyvinyl
pyrrolidone containing TGF-B1 as the core phase and
poly(e-caprolactone) as the shell phase. After coaxial
electrospinning, a BMSC-affinity peptide E7 was cova-
lently coupled to the fiber shell to promote cell adhesion.
This interaction necessitates relatively long-term effects
rather than rapid release [209]. However, if vasculariza-
tion or immune modulation is considered in the early
stages of tissue regeneration, delivering bioactive pep-
tides or proteins to the shell of fibers occurs more rapidly.
For instance, BMP-2 was introduced into a poly(L-lactic
acid) (PLLA) core solution, while bFGF was loaded into a
PLGA shell solution [210]. These components were then
used to fabricate a core/shell fibrous scaffold via coaxial
electrospinning, and bFGF was integrated into the fiber
shells with approximately 70% released during the first
few days to promote vascularization and M2 macrophage
polarization. In contrast, BMP-2 was incorporated within
fiber cores where only about 4% was released simultane-
ously but continued slow release occurred over 30 d for
bone regeneration [210].

The critical point in designing electrospun fibers with
core—shell structures is ensuring that the bioactive agents
in the inner core are released gradually. Controlling the
properties of the shell serves as a strategy for optimizing
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the release of BAPPs from the core phage. For example,
Chen et al. [211] incorporated BMP-2 in polyvinyl alco-
hol (PVA) as the core material of an electrospun fiber,
utilizing silk fibroin and PCL as the outer shell, regulat-
ing BMP-2 release by adjusting the ratio of silk fibroin
to PCL in the shell. Additionally, the release of growth
factors from the core phase of fibers can be optimized
through other delivery platforms. The study by Liu et al.
[212] embedded TGEF-P1 into silk fibroin nanoparticles
as the core phase, while VEGF was directly dissolved in
a silk fibroin aqueous solution. These two components
underwent coaxial electrospinning to produce elec-
trospun fibers with a core—shell structure, which was
inserted into decellularized small intestinal submucosa
mesh for abdominal wall defect repair [212]. At day 7,
the release of VEGF accounted for approximately 80% of
its total amount, while TGF-p1 release was around 34%
[212]. The rapid release of VEGF coupled with slow TGE-
B1 release facilitates mature vascular network formation,
and the late-stage slow release of TGF-p1 also contrib-
utes to the maturation and remodeling of the extracellu-
lar matrix [212].

Electrospun fibers for adsorption
While direct encapsulation of bioactive peptides or pro-
teins within electrospun fibers can facilitate their sus-
tained release, this approach typically exposes them to
high voltage, which may affect their biological activity. An
alternative strategy involves reconstructing electrospun
fibers and subsequently immersing them in a solution
containing bioactive peptides or proteins for adsorption-
based delivery. The efficacy of this method lies in the
interactions between the electrospun fibers and the bio-
active peptides or proteins. Therefore, it is essential to
appropriately modify the electrospun fibers to enhance
their capacity for adsorbing these biomolecules.
Modifying electrospun fibers with natural sulfated
GAGs such as heparin is a potential strategy for enhanc-
ing the interactions between these fibers and bioac-
tive peptides or proteins for sustained release. Lee et al.
[213] covalently conjugated heparin to electrospun PCL/
gelatin scaffolds, which were employed to immobilize
PDGE-BB. The results showed that PDGF-BB could be
released gradually from the heparin-coupled scaffolds
over 20 d without burst release due to negatively charged
sulfonic groups present in heparins. In contrast, non-
heparinized scaffolds exhibited a burst release within 5
d. Additionally, one study utilized heparin to modify «,
B-poly(N-2-hydroxyethyl)(2-aminoethylcarbamate)-D,
L-aspartamide-graft-polylactic ~acid [PHEA-EDA-g-
polylactic acid (PLA)]/PCL scaffolds for retaining bFGE,
which were subsequently applied as vascular grafts
[214]. In another investigation, PLA/hydroxyapatite fiber
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scaffolds were fabricated via electrospinning and subse-
quently modified with heparin. These heparin-modified
scaffolds were then used to immobilize VEGEF, promoting
bone regeneration [215].

Inspired by sulfated GAGs, other molecules containing
sulfonic groups could also be modified into electrospun
fibers to facilitate the sustained release of bioactive pep-
tides or proteins. For instance, one study initially fabri-
cated sulfated carboxymethylcellulos and then employed
them to modify electrospun poly(hydroxybutyrate)/
gelatin fibers [216]. The modified electrospun fibers were
then utilized to immobilize TGF-p1 through electrostatic
interactions, enabling the gradual release of the bioactive
protein for at least 4 weeks [216]. Another investigation
synthesized 2-N,6-O-sulfated chitosan, which was used
to modify electrospun PCL scaffolds for the sustained
release of BMP-2 aimed at promoting bone regeneration
[217]. Furthermore, modifying raw materials before elec-
trospinning represents an alternative strategy for intro-
ducing molecules with sulfonic groups. Mohammadi
et al. [218] first sulfated alginate using chlorosulfonic acid
(CISO4H) and combined it with PVA as raw materials to
produce electrospun fibers intended for the sustained
release of TGF-B1. In contrast, modifications applied
after the electrospinning process may be more effective
in achieving sustained release of bioactive peptides or
proteins compared to pre-electrospinning modifications.
It is possibly due to a greater exposure of sulfonic groups
on the surface of the electrospun fibers facilitating the
immobilization of active peptides or proteins.

Electrospun fibers designed for the adsorption of
bioactive peptides or proteins have been established
through sulfonic groups, but these binding systems pre-
dominantly target cationic BAPPs. Consequently, there is
potential to develop electrospun fibers utilizing alterna-
tive binding systems to facilitate the delivery of bioactive
peptides or proteins for tissue repair. For example, gra-
phene oxide (GO) has been incorporated into electro-
spun fibers to adsorb IGF-1 and BDNF for spinal cord
repair, with sustained release profiles of IGF-1 and BDNF
confirmed in a model [219]. Further exploration of other
binding systems is necessary to effectively deliver distinct
BAPPs for tissue regeneration.

Surface coatings

Surface coatings are used to modify the surfaces of
solid substrates, including porous scaffolds, orthopedic
implants, and solid carriers. The biophysical or chemi-
cal specificity of these surfaces can be improved, thereby
enhancing the affinity of BAPPs for delivery platforms.
Various surface coatings have been developed to deliver
BAPPs for tissue repair.
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Polydopamine (PDA) coatings

Dopamine undergoes polymerization to form PDA under
alkaline conditions, and PDA serves as a biological coat-
ing due to its exceptional biocompatibility, adhesive
properties, and abundant functional groups, such as car-
boxyl, amino, and imine groups, that facilitate adsorption
onto distinct substrates. Typically, PDA coatings are per-
formed on the surfaces of substrates for the subsequent
adsorption of BAPPs. For example, Yang et al. [220] uti-
lized PDA coatings to modify diverse substrates, which
were then employed to immobilize adhesion peptides
and neurotrophic growth factors. The results suggested
that bioactive peptide- or protein-immobilized substrates
dramatically promote the proliferation and differentia-
tion of NSCs [220]. In another study, Huang et al. [221]
initially fabricated a PDA coating on the surface of a cal-
cium phosphate cement scaffold before covalently graft-
ing chondroitin sulfate onto the PDA layer using adipic
acid dihydrazide to bind BMP-2 for bone regeneration.
Both the unmodified PDA coating and chondroitin
sulfate-functionalized version demonstrated sustained
release of BMP-2, particularly during the initial days, but
incorporating chondroitin sulfate improved the efficacy
of bone regeneration [221]. Additionally, BAPPs can be
added to the dopamine precursor solution, and subse-
quently loaded within PDA coatings through polymeri-
zation processes. Godoy-Gallardo et al. [222] developed
a dual-factor release system utilizing multilayered PDA
coatings. The PCL/HA-based scaffolds were first modi-
fied with a PDA coating containing BMP-2, followed by
a dithiol connecting layer enabling the deposition of an
additional VEGF-containing PDA coat. This design facili-
tated the rapid initial release of VEGF to induce vascu-
larization while ensuring sustained release of BMP-2
contributed to bone repair [222]. However, it remains
unclear whether this approach influences the biological
activity of peptides and proteins.

Metal-phenolic network (MPN) coatings.

MPN coatings are formed through the coordination of
phenolic ligands and metal ions, resulting in organic—
inorganic hybrid networks on various substrates charac-
terized by facile synthesis and excellent biocompatibility.
Owing to their permeable structure with gating proper-
ties, MPN coatings can effectively modulate the release
of BAPPs from modified substrates. Zhang et al. [223]
developed an MSN coating using copper ions (Cu**) and
tannic acid on the surface of porous PLA scaffolds, and
this coating acted as a physical barrier that significantly
delayed the diffusion and release of BMP-2. The results
from the in vitro release experiment showed that the
model drug molecule, rhodamine B, exhibited a burst
release phase in the initial 60 h and then showed a slow
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and stable release from 60 to 500 h. Given that BMP-2
has a higher molecular weight than rhodamine B, its
release rates at various stages were slower compared to
those observed for rhodamine B [223].

Layer-by-layer (LBL) self-assembling coatings

LBL self-assembling coatings are fabricated by the alter-
nating deposition of two oppositely charged polyelec-
trolyte materials, which form coatings for the delivery
of BAPPs by electrostatic interactions. On one hand,
adsorbing BAPPs to pre-prepared LBL self-assembling
coatings is a potential strategy. Typically, polyelectrolytes
with a strong affinity for BAPPs, such as heparin and HA,
are selected for this purpose. Lu et al. [224] used chitosan
as a polycation and heparin as a polyanion to fabricate
LBL self-assembling coatings, which were then cross-
linked by an EDC/EHS system. These coatings were sub-
sequently utilized to adsorb FGF-2, with results revealing
that FGF-2 was released slowly over more than 7 d [224].
In another study, poly(L-lysine) (PLL) and HA were
sequentially deposited on a solid scaffold after several
cycles [225]. Following stabilization via the EDC/NHS
system, LBL self-assembling coatings were employed to
adsorb platelet lysates containing multiple bioactive pro-
teins, results demonstrated sustained release of these
proteins over 2 weeks [225]. PLL/HA-based LBL self-
assembling coatings have also been applied to modify Ti
implants before loading them with PTH-related proteins
[226]. On the other hand, incorporating BAPPs within
multilayer LBL self-assembling coatings presents another
viable strategy for the delivery of bioactive peptides or
proteins. One study constructed LBL self-assembling
coatings using TGF-P2-containing alginate and gelatin
solutions to modify the surface of autologous hair folli-
cular stem cells, the findings unveiled that these coatings
facilitated sustained release of TGF-B2 for hair regenera-
tion [227]. Another investigation involved the sequential
deposition of P-cyclodextrin-grafted chitosan solution
containing calcitriol alongside gelatin and calcitonin
solutions, to fabricate LBL self-assembling coatings on
the surface of Ti-based implants, thus incorporating cal-
citriol and calcitonin within the multilayers [228]. The
results indicated that these composite systems enabled
sustained release of calcitonin while promoting the oste-
ogenic differentiation of osteoblasts and enhancing osse-
ointegration in vivo [228]. Therefore, BAPPs can either
be adsorbed to the surfaces of pre-prepared LBL self-
assembling coatings or loaded into their interior during
polyelectrolyte deposition.

Electrophoretic deposition (EPD) coatings
EPD coatings are produced by the deposition of charged
particles onto the surfaces of substrates immersed in
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an electrolyte solution under the influence of an elec-
tric field. Parameters such as the electric field strength,
solution concentration, and deposition time can be pre-
cisely controlled to achieve accurate regulation of the
thickness, composition, and structure of EPD coatings.
Therefore, EPD coatings can effectively deliver BAPPs
for tissue repair. For example, Wei et al. [229] used EPD
technology to sequentially deposit mesoporous silica
nanoparticles (MSNs) and carbon nanotubes (CNTs) on
the surface of porous titanium (Ti) scaffolds. The outer
MOSN layer provides immobilization sites for chemically
conjugating MGEF, a variant subtype of IGF-1, via EDC/
NHS chemistry. The inner CNT layer serves as a buffer
that mitigates strain between MSNs and Ti scaffolds due
to its superior mechanical properties. The adsorption of
MGF in the external pores of MSNs resulted in an initial
burst release followed by a cumulative release of 20% on
day 3, 50% on day 12, and 70% after 30 d [229].

ECM coatings

ECM coatings are fabricated through the adsorption of
ECM components, such as heparin, chondroitin sulfate,
fibrin, and collagen onto the substrate surface followed
by subsequent immobilization. These ECM coatings not
only improve the biocompatibility and hydrophilicity of
substrates but also exhibit high affinity for BAPPs. For
example, Wang et al. [230] immersed a QHM polyure-
thane scaffold (Q: Quadrol; H: Hexamethylene diiso-
cyanate; M: Methacrylic anhydride) in fibrinogen and
subsequently employed thrombin to create a fibrin coat-
ing for adsorbing GDF-7 aimed at tendon repair. Results
showed that this coating facilitated sustained release of
GDEF-7 for at least 1 week in vitro. In a separate study,
Seong et al. [231] initially adsorbed collagen onto bipha-
sic calcium phosphate microspheres, which were then
cross-linked using EDC/NHS chemistry to form a colla-
gen coating for the adsorption of BMP-2 for bone regen-
eration. The findings indicated that the collagen coating
improved the loading capacity while reducing the initial
release of BMP-2 from 85 to 55% [231]. Moreover, ECM
components can be modified to impact specific proper-
ties. For example, thiolated gelatins were synthesized
through the reaction of Traut’s reagent with gelatins,
which were subsequently utilized to coat nanoceria con-
taining gabapentin for dry eye therapy [232]. The results
demonstrated that thiolated gelatins improved cellu-
lar uptake of nanoceria and binding efficacy to mucin
while also enhancing bioactivity and facilitating the slow
release of gabapentin to restore the tear film.

Mineral coatings
The development of mineral coatings is a straightfor-
ward and effective approach for the sustained release of
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BAPPs, which can preserve their biological activity over
extended periods [233, 234]. Since mineral coatings are
formed through incubation deposition in aqueous solu-
tions, they can be applied to the surfaces of materials
with complex porous geometries [235]. The binding of
BAPPs to the mineral coating relies on electrostatic inter-
actions, while the dissolution of the mineral coating facil-
itates the gradual release of BAPPs. Therefore, controlled
release of BAPPs can be achieved to a certain extent by
changing intrinsic characteristics such as thickness dis-
solution and kinetics of the mineral coating [235]. The
surface of the B-tricalcium phosphate (B-TCP) particles
was coated with hydroxyapatite by Gonzalez et al. [233]
to modify their dissolution rate. The coating served as a
controlled release vector for VEGF, modular VEGF pep-
tide, and modular BMP-2 [233]. The nanostructure of the
mineral coating protects the bioactivity of growth fac-
tors, while an increase in carbonate content accelerates
its degradation rate. Then, Yu et al. [235] accomplished
a two-factor sequential release using a hydroxyapatite
coating. BMP-2 was initially bound to one mineral coat-
ing, followed by VEGF binding to another [235]. VEGF
exhibited a two-stage release, rapid release during the
first 14 d followed by continuous release over the next
36 d. BMP-2 demonstrated continuous release of BMP-2
for 50 d. Notably, both growth factors releases could be
regulated by changing intrinsic properties of the min-
eral coating [235]. Additionally, this calcium phosphate-
based mineral coating has been used for controlled bFGF
release, enhancing its bioactivity and exhibiting certain
heat resistance properties [234].

Engineered functional coatings

In addition to delivering BAPPs via surface coatings,
BAPPs can be directly covalently attached to the surfaces
of solid substrates to create engineered functional coat-
ings. For example, one study covalently linked a trans-
acting activator of transcription (TAT) cell-penetrating
peptide to the surface of PCL nanoparticles, enhancing
retinal permeability and thereby improving the thera-
peutic efficacy of dual cargos, including metformin and
resveratrol, for treating macular degeneration [236].
Another investigation conjugated the prestin-targeting
peptide LS19 onto the surfaces of liposome nanoparti-
cles, facilitating the targeted delivery of forskolin to outer
hair cells for addressing noise-induced hearing loss [237].
Unlike small molecular BAPPs, poly(peptides) not only
impart specific functions to substrates but also enable
sustained release of bioactive drugs. A study by Yang
et al. [238] fabricated poly(l-histidine) coatings on ceria
nanocages using an EDC chemistry procedure, and they
revealed that these coatings could enhance corneal pene-
tration while allowing pH-responsive release of bioactive
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cargos, including acetylcholine chloride and SB431542,
for the treatment of chemical eye injury.

Assisted particles

Assisted particles serve as prevalent delivery platforms,
with sizes ranging from nanometers to micrometers, into
which BAPPs can be incorporated either on their surface
or within their interior. Particles loaded with bioactive
agents are generally integrated into scaffolds or hydrogels
for tissue engineering, and they may also be employed
directly for tissue repair [239]. The main components of
assisted particles can be divided into bioceramic parti-
cles, polymeric particles, liposomes, extracellular vesi-
cles, and metal-organic frameworks (MOFs).

Bioceramic patrticles

Bioceramic particles can be synthesized from a vari-
ety of inorganic components, primarily including silica,
calcium carbonate, and calcium phosphate. BAPPs can
be immobilized on the surfaces of bioceramic parti-
cles through surface adsorption or covalent anchoring.
Furthermore, BAPPs may also be loaded into the inte-
rior of bioceramic particles through coprecipitation or
macropore strategies.

Surface adsorption represents the predominant
method for bioceramic particles to deliver BAPPs.
For example, lactoferrin is adsorbed to the surface of
hydroxyapatite through electrostatic interactions to facil-
itate bone regeneration [240]. Moreover, enhancing non-
covalent interactions via binding systems can augment
the ability of bioceramic particles to deliver BAPPs. Sta-
ble CaCO; microspheres modified with casein were sub-
sequently functionalized with heparin to adsorb BMP-2
for bone regeneration [241]. Additionally, BAPPs may be
first encapsulated within secondary carriers before being
adsorbed onto the surfaces of inorganic microspheres
or nanoparticles. Xue et al. [242] initially incorporated
BMP-2 within soy lecithin and then adsorbed this system
onto calcium phosphate silicate microspheres for appli-
cations in bone tissue engineering. The results showed
that the release of BMP-2 from the microspheres was
significantly delayed due to the presence of soy lecithin
[242].

Covalent anchoring represents an alternative strategy
for delivering BAPPs to the surfaces of bioceramic par-
ticles. Functional groups are typically modified on inor-
ganic carriers to serve as coupling sites for anchoring
BAPPs. For example, the surface of MSNs was initially
functionalized with amine groups using APTES, which
were subsequently employed to couple a BMP-2 deriva-
tive peptide for bone tissue regeneration via the EDC/
NHS system [243]. Another study applied the same
method to covalently graft TGF-B3 onto the surface of
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MSNss for annulus fibrosus repair [244]. However, cova-
lent conjugation through the EDC/NHS system is non-
specific. Therefore, specific coupling strategies need to
be developed. Additionally, covalent conjugation may
reduce the biological activity of peptides and proteins,
potentially limiting their applications.

Coprecipitation, which involves blending bioactive
agents with precursor solutions before the formation
of microspheres, serves as a strategy for incorporating
BAPPs inside bioceramic particles. Compared to surface
adsorption, coprecipitation improves the delivery effi-
ciency, ensuring the release of sufficient doses of bioac-
tive factors necessary for tissue repair [245]. However,
direct contact between bioactive peptides or proteins
and reagents may affect their biological activity in this
approach. Furthermore, regulating the non-covalent
interactions between bioactive peptides or proteins and
inorganic carriers is the key to controlled release.

Macropore strategies involve the fabrication of
macroporous bioceramic particles that facilitate the
incorporation of BAPPs into their interior. The mesopore
diameters of mesoporous bioceramic particles are gen-
erally less than 7 nm, but the dimensions of bioactive
proteins such as BMPs, IGFs, VEGF, and PDGF exceed
10 nm. Therefore, enlarging the size of pores is essen-
tial for enabling these bioactive proteins to penetrate
the interior of the particles [246]. Zhang et al. [246]
developed large-pore mesoporous silica particles with
mesopore diameters exceeding 15 nm and utilized bovine
serum albumin (BSA) as a model protein to assess load-
ing capacities and release profiles. The results revealed
that BSA could be successfully introduced into the par-
ticle and released in a sustained manner [246]. Another
study produced enlarged-pored MSNs with mesopore
diameters measuring 12.2 nm and incorporated acidic
FGF (aFGF) into these nanoparticles [247]. Measuring
nanoparticles containing aFGF were blended in polymer
solutions to create polymer-shelled particles via electro-
spraying, and the results showed that this shell structure
also promoted sustained protein release [247].

Polymeric particles
Polymeric microspheres and nanoparticles are generally
fabricated from natural degradable polymers such as col-
lagen, gelatin, alginate, and chitosan, as well as synthetic
degradable polymers like PLGA, PCL, and PLA [248].
Utilizing various fabrication methods, BAPPs can be
loaded on the surfaces or within carriers for tissue repair.
Adsorbing or coupling BAPPs to pre-prepared micro-
spheres or nanoparticles constitutes one of the strategies
employed for their delivery. On one hand, BAPPs can
be directly loaded into microspheres or nanoparticles
through immersion followed by desiccation, allowing
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them to penetrate carriers due to swelling [239, 249].
To enhance the interactions between carriers and bio-
active peptides or proteins, binding molecules can be
modified on the surfaces of microspheres and nanopar-
ticles. Consequently, BAPPs tend to accumulate on the
surfaces of these structures following surface modifica-
tion. For instance, Chen et al. [250] developed GelMA
microspheres using a microfluidic technique and modi-
fied their surfaces with fibronectin to immobilize PDGF-
BB via this heparin-binding domain. Another study
used laponite to modify the surface of microspheres
for adsorbing BMP-2 aimed at bone induction [251].
On the other hand, covalently coupling bioactive pep-
tides or proteins is an alternative method for delivering
them onto organic microspheres and nanoparticles. For
instance, vanillin methacrylate was employed to modify
GelMA microspheres through copolymerization. Sub-
sequently, TGF-f3 was immobilized on these micro-
spheres via dynamic covalent bonds formed between
the aldehyde groups of vanillin methacrylate and amino
groups of bioactive proteins [252]. The results indicated
that the release of TGF-B3 from modified microspheres
occurred at a relatively slower rate compared to unmodi-
fied GeIMA counterparts while maintaining the bioactiv-
ity necessary for the regeneration of intervertebral discs
[252].

BAPPs can be incorporated within organic micro-
spheres and nanoparticles during the fabrication pro-
cess. Emulsification and solvent evaporation are common
strategies employed for integrating BAPPs in tissue repair
applications. Specifically, BAPPs in the aqueous phase
are added to the oil phase containing organic polymers,
which are then emulsified through ultrasonication before
being further mixed with the water phase to form emul-
sion droplets. Following the evaporation of organic sol-
vents, these emulsion droplets solidify into microspheres
or nanoparticles, thereby encapsulating bioactive pep-
tides or proteins in their interior. This method has been
widely utilized to produce PLGA microspheres and nan-
oparticles for delivering BAPPs in various tissue regener-
ation and repair, including cartilage [253], intervertebral
discs [254], tendons [255], and cochlear ribbon synapses
[256]. Additionally, polyelectrolyte complexation can be
used to encapsulate bioactive peptides or proteins during
fabrication, typically utilizing heparin and PLL. Bioac-
tive peptides or proteins were previously adsorbed onto
negatively charged heparin before being added to a posi-
tively charged PLL solution under constant vortexing to
obtain nanoparticles suitable for tissue repair [257]. Fur-
thermore, phase separation and microfluidic techniques
may also be applied to construct microspheres that load
BAPPs [258]. In this approach, bioactive peptides were
added to the water phase containing the polymers before
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incorporation into an oil phase. The introduction of
crosslinkers facilitates particle formation from polymers
while incorporating BAPPs within these structures. How-
ever, direct contact between crosslinkers and BAPPs may
lead to a decrease in biological activity.

Electrospraying can be used to encapsulate BAPPs
within microspheres and nanoparticles. Compared to
other techniques for developing carriers, the size and
charge of the particles can be regulated by adjusting
the flow rate and electric voltage [259]. Before the elec-
trospraying process, bioactive peptides or proteins are
combined with a polymer precursor solution and sub-
sequently transferred into a needle to produce micro-
spheres or nanoparticles. For example, Nagase et al. [260]
mixed an aqueous phase containing bFGF with an oil
phase comprising PLGA, then ultrasonicated the blend
solution to prepare a W/O emulsion, which was utilized
to fabricate bFGF-incorporated nanoparticles via electro-
spraying. The resulting nanoparticles were collected and
placed on prepared hepatocyte sheets to promote vas-
cularization and maintain cell survival in hepatic tissue
engineering [260]. Additionally, modifying electrospray-
ing particles with inorganic components is a simple and
efficient strategy for optimizing the delivery of BAPPs
without complex chemical reactions or expensive equip-
ment. Zhang et al. [261] added VEGF to a laponite solu-
tion before mixing it with an RGD-modified alginate
solution. This mixture was subsequently used to prepare
microspheres through electrospraying for endodon-
tic regeneration. The results indicated that the release
of VEGF from laponite/RGD-modified alginate micro-
spheres dramatically decreased compared to that from
pure RGD-modified alginate microspheres [261]. Since
electrospraying and electrospinning use similar equip-
ment, microspheres or nanoparticles generated by elec-
trospraying can be directly coated onto electrospun
fiber scaffolds. For instance, PLGA microspheres encap-
sulating NGF were sandwiched between two layers of
electrospun fibers by integrating both techniques, facili-
tating long-term controlled release of NGF for spinal
cord injury repair [255].

The capacity of microspheres or nanoparticles to
deliver and release multiple factors can be tailored
to meet the requirements of complex tissue regen-
eration. One potential strategy involves the fabrica-
tion of core—shell particles, where one bioactive agent
is loaded into the core structure while another agent is
incorporated into the shell phase [262]. For example,
researchers encapsulated OGP in PLGA microspheres
and closed the surface pores by treating them with ace-
tonitrile. Subsequently, these microspheres were coated
with a LBL membrane for delivering BMP-2 [263]. The
sequential release of OPG and BMP-2 from multilayered
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microspheres was employed to induce osteogenic dif-
ferentiation and promote bone regeneration [263].
Additionally, encapsulating one factor along with small
carriers containing another agent within larger carriers
slows the simultaneous release of two different bioactive
factors. Xu et al. [264] fabricated relatively small BMP-
2-incorporated alginate microspheres through an initial
electrospraying process followed by coating their surface
with chitosan. These resulting microspheres were then
blended with an alginate solution containing SDF-1 to
create larger microspheres via a second electrospray. The
burst release of SDF-1 contributed to stem cell recruit-
ment, while the sustained release of BMP-2 induced
osteogenic differentiation in stem cells for bone regen-
eration. Another study incorporated kartogenin within
MSNs before adding them to a chitosan solution contain-
ing PDGEF-BB to fabricate composite microspheres aimed
at repairing osteoarticular lesions [258]. This complex
structure enables substantial amounts of PDGF-BB to be
released during early stages while allowing kartogenin in
MSNSs to be released gradually over time [258].

Liposomes

Liposomes are vesicles composed of an aqueous core
enclosed by a lipid bilayer membrane containing phos-
pholipids and cholesterol [265]. BAPPs are generally
incorporated into the aqueous phase for tissue repair
[266]. A study integrated a BMP-2-derived peptide into
maleimide-modified liposomes and chemically linked
these liposomes to electrospun PLLA scaffolds for bone
regeneration [267]. The results showed that approximately
20% of the BMP-2-derived peptide was released after 6 d
[267]. Additionally, the inner section of the lipid layer can
encapsulate hydrophobic drugs, while BAPPs can be fur-
ther loaded into the aqueous phase within liposomes, thus
facilitating multidrug delivery [268]. Given that bioactive
peptides or proteins are released slowly from liposomes,
other bioactive factors may also be directly loaded into
the scaffold matrix to enable sequential release at differ-
ent time points [269]. Furthermore, the composition of
liposomes can be modified to impact specific functions.
For instance, liposomes fused with activated neutrophil
membranes were subsequently utilized to encapsulate
keratinocyte growth factor (KGF) for the treatment of
ulcerative colitis [270]. The addition of an activated neu-
trophil membrane allows these composite carriers to tar-
get inflamed bowel regions, enabling KGF to be released
and exert therapeutic effects at diseased sites [270].

Extracellular vesicles

Extracellular vesicles, including exosomes, microvesicles,
and apoptotic bodies, are lipid bilayer membrane-bound
vesicles that are secreted by cells through paracrine
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mechanisms rather than being artificially synthesized.
They naturally contain a variety of bioactive proteins as
well as other bioactive agents, such as small and long cod-
ing and noncoding RNAs (e.g., mRNA, miRNA, IncRNA)
[271]. Extracellular vesicles, particularly exosomes, have
gained significant attention for tissue repair due to the
valuable cargo they deliver [272]. In recent years, engi-
neered exosomes have been developed by introducing
plasmid DNA encoding bioactive peptides or proteins
to achieve specific functions [273, 274]. Further research
may focus on the direct loading of bioactive peptides or
proteins into extracellular vesicles for tissue repair. More-
over, combining liposomes encapsulating BAPPs with
extracellular vesicles presents a promising strategy for
tissue repair.

MOFs

MOFs are synthesized by bridging metal ions with
organic ligands to form specific structures that exhibit
multiple properties, including high porosities, large sur-
face areas, and flexible designs [275]. BAPPs can be deliv-
ered to MOFs through 4 methods: surface adsorption,
pore entrapment, coprecipitation, and covalent conjuga-
tion [276]. Coprecipitation refers to the process in which
bioactive peptides or proteins are loaded in situ within
MOFs during synthesis, thereby forming a shell that
inhibits the release of these bioactive agents. Compared
to surface adsorption and pore encapsulation, both rely-
ing solely on noncovalent interactions for delivery, copre-
cipitation may be a better strategy as MOFs act as shells
that effectively block the release of bioactive peptides or
proteins. Although covalent conjugation can also facili-
tate long-term delivery, it may compromise the biological
activity of BAPPs.

Among various MOFs, zeolitic imidazolate frame-
work-8 (ZIF-8) has been extensively utilized for drug
delivery in tissue regeneration [277, 278]. ZIF-8 is typi-
cally synthesized by mixing zinc salt with 2-methylimi-
dazole at room temperature. In recent years, ZIF-8 has
been employed to deliver bioactive peptides or proteins
for tissue engineering. For example, BMP-2 was loaded
into ZIF-8 through a one-pot rapid coprecipitation
method, which was subsequently blended with PCL to
fabricate electrospun fiber scaffolds for bone tissue engi-
neering [279]. During the initial 4 h, approximately 12%
of BMP-6 was released, however, this increased to about
35% after 30 d [279]. Furthermore, ZIF-8 can be modi-
fied with other molecules to improve sustained release
or drug loading. For instance, Jiang et al. [280] devel-
oped PDA-modified ZIF-8 for delivering BMP-2 in bone
regeneration and observed a significant improvement in
encapsulation efficiency compared to unmodified ZIF-8.
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Therefore, ZIF-8 and its derivatives are ideal carriers for
BAPPs after coprecipitation for tissue repair.

Nanotubes

Nanotubes possess a hollow tubular structure, with their
surfaces suitable for the adsorption of BAPPs, while the
interior facilitates encapsulation. Commonly utilized
nanotubes BAPPs delivery include halloysite nanotubes
(HNTs), CNTs, TiO, nanotubes (TNTs), and self-assem-
bling nanotubes.

HNTs

HNTs are natural nanoclusters characterized by a nega-
tively charged outer surface due to the presence of
SiOH groups, while their inner surface exhibits a posi-
tive charge attributed to AIOH groups. Consequently,
HNTs can be employed for the delivery of BAPPs in tis-
sue regeneration via noncovalent interactions, including
electrostatic forces and hydrogen bonding. Abdulma-
lik et al. [281] introduced exendin-4 (Ex-4), a negatively
charged analog of glucagon-like peptide-1, into the open
lumen of HNTs, which were subsequently blended with
PCL/CA spinning solution to fabricate nanofiber scaf-
folds for tendon regeneration. The bilateral ends of HNTs
containing Ex-4 were sealed with polymer solution dur-
ing electrospinning. Results showed that the encapsula-
tion efficiency improved from 34.4 to 86.58% when using
HNTs-based methods compared to directly loading Ex-4
into electrospun fibers. Additionally, the initial release of
Ex-4 was dramatically optimized from 75 to 40% with the
aid of HBTs [281]. Furthermore, both the inner and outer
surfaces of HNTs may be functionalized or modified to
enhance BAPP efficacy in promoting tissue regeneration.

CNTs

CNTs are composed of graphene arranged in a cylindri-
cal structure and are predominantly utilized for intra-
cellular drug delivery due to their capacity for cellular
internalization[282]. Although BAPPs usually interact
with cell membrane receptors to exert their effects, CNTs
have been less extensively investigated as secondary car-
riers for BAPPs. However, they can be directly used to
fabricate scaffolds that deliver peptides and proteins for
tissue regeneration. Tanaka et al. [283] employed CNT
porous blocks as scaffolds to incorporate BMP-2 for bone
regeneration. The results revealed that the CNT porous
block adsorbed and released more BMP-2 compared to
interconnected porous HA ceramics [283]. Further modi-
fications of CNT-based scaffolds may improve their effi-
cacy in delivering BAPPs for tissue repair.
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TiO, nanotubes

Titanium-based implants are widely utilized for the
repair of bone and dental structures [284]. The titanium
surface can be modified through an electrochemical ano-
dizing process to create TNTs, which serve as delivery
platforms for bioactive peptides or proteins. For exam-
ple, researchers introduced BMP-2 or a BMP-2-derived
peptide into TN'Ts and subsequently implanted the scaf-
folds in vivo [285, 286]. Compared to basic pure scaffolds,
those loaded with BMP-2 or BMP-2-derived peptides sig-
nificantly promoted bone tissue regeneration [285, 286].
Another study incorporated BMP-2 into bone-shaped
TNTs, sealing the upper surface with a VEGF-loaded
hydrogel [287]. The simultaneous release of BMP-2 and
VEGF markedly facilitated bone regeneration [287].
Moreover, TNTs can be optimized as fundamental car-
riers by changing their physical characteristics (such as
diameter and length) and employing alternative delivery
methods to enhance their delivery capacities [288, 289].
For instance, TNTs were modified with PDA coatings,
which were then used to incorporate IL-4 for improved
bone regeneration [286]. Additionally, secondary carriers
containing bioactive agents may be encapsulated within
TNTs to optimize their release.

Self-assembling nanotubes

Self-assembling nanotubes are formed through the self-
assembling of small molecules via noncovalent interac-
tions, which possess the ability to deliver BAPPs. Zhou
et al. [290] fabricated Janus base nanotubes (JBNTSs) by
assembling DNA-based monomers utilizing hydrogen
bonding, m-m stacking, and hydrophobic interactions.
These JBN'Ts were then used to create JBNT nano matri-
ces with TGF-B1 or matrilin-3 sandwiched among mul-
tiple JBNTs. Using a layer-by-layer method, TGF-B1 was
encapsulated within the inner layer of the JBNT nano
matrix for chondrogenic differentiation, while marine-3
was loaded onto the outer layer to stimulate the cartilage
microenvironment [290]. The results revealed that the
JNBT nano matrix effectively prevented the leakage of
TGE-P1 after 15 d of incubation in vitro, thus localizing
the bioactive protein to exert its effects [290]. In addition
to nucleic acid-based nanotubes, peptide- or protein-
based nanotubes can also be utilized for drug delivery
[291, 292]. Furthermore, peptide- or protein-based nano-
tubes demonstrate potential for delivering BAPPs in tis-
sue repair.

Two-dimensional nanomaterials

Two-dimensional nanomaterials generally possess
large surface areas that facilitate the immobilization of
bioactive peptides or proteins on their surface. These
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nanomaterials are primarily composed of inorganic
materials, including two-dimensional nanoclays, two-
dimensional graphene family materials, black phos-
phorus nanosheets (BPNTs), and MXene nanosheets.
Additionally, organic polymers can be engineered into
nanosheets, which are predominantly utilized for encap-
sulating BAPPs.

Two-dimensional nanoclays

Two-dimensional nanoclays consist of alternating tetra-
hedral and octahedral sheets, characterized by large sur-
face areas and favorable adsorption properties for drug
delivery [293]. Sheet-based nanoclays can be divided
into natural nanocalys and synthetic varieties. Although
natural nanoclays such as montmorillonite and kaolinite
have been employed for the delivery of bioactive peptides
or proteins, synthetic nanoclays exhibit more uniform
morphologies and properties compared to their natu-
ral counterparts [294, 295]. Laponite is one of the most
extensively utilized synthetic nanoclays for delivering
bioactive peptides or proteins. It features a sheet silicate
crystal structure in which a central octahedral sheet con-
taining Mg?* is inserted into two tetrahedral silica sheets.
These materials exhibit positive charges on the edges and
negative charges on the surfaces, enabling them to load
various bioactive peptides or proteins for tissue regen-
eration, including bone [296], wounds [297], and skel-
etal muscle [298]. For example, Quint et al. [299] loaded
IGF-1 to laponite, which was subsequently incorporated
into GelMA hydrogels for skeletal muscle tissue engi-
neering. The pure GelMA hydrogel released nearly all the
IGF-1 within 7 d, whereas the GeIMA hydrogel contain-
ing laponite with IGF-1 exhibited a sustained release over
15 d. Additionally, laponite releases several ions, includ-
ing magnesium, lithium, and silicate ions, which are ben-
eficial for tissue regeneration [300].

Two-dimensional graphene family materials

The two-dimensional graphene family primarily com-
prises graphene, GO, and reduced graphene oxide (rGO),
all of which possess large surface areas and then free m
electrons. Additionally, BAPPs with low solubility, partial
hydrophobicity, or a positive charge tend to adsorb onto
their surface [301]. Compared to graphene and rGO, GO
exhibits multiple functional groups, including carboxyl,
hydroxyl, and epoxide groups, resulting from oxida-
tion. Therefore, it shows greater potential for delivering
BAPPs through various noncovalent interactions, such
as hydrogen bonding, n-m interactions, and ionic interac-
tions [302]. GO has been widely used to deliver BAPPs
for tissue regeneration [303, 304]. For example, TGF-$3
was physically loaded onto GO before being incorpo-
rated into a photopolymerizable poly-D, L-lactic acid/
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polyethylene glycol (PDLLA) hydrogel for chondrogenic
differentiation [305]. GO significantly delayed the release
of TGF-B3 over several weeks. Furthermore, the func-
tional groups on GO enable covalent conjugation with
BAPPs. Wu et al. [306] chemically coupled a BMP-2-de-
rived peptide, P24 to GO using the EDC/NHS method
and then introduced the GO-P24 complex to silk fibroin
electrospun fiber scaffolds modified with chitosan for
bone regeneration. The results showed that these scaf-
folds did not release more than 50% of the material even
after 21 d [306].

BPNTs

BPNTs are potential candidates for the delivery of bioac-
tive peptides or proteins due to their strong surface and
noncovalent interactions, including m-m stacking, elec-
trostatic interactions, and hydrophobicity. In one study,
VEGEF was initially incorporated into BPNTs before being
integrated into DNA hydrogels [307]. These hydrogels
were subsequently injected into 3D-printed PCL scaf-
folds for bone regeneration, and the results demonstrated
that the composite scaffolds containing VEGF-loaded
BPNTs exhibited sustained release without burst release
[307]. Currently, BPNTs are primarily utilized for deliv-
ering small molecule non-amino acid drugs for tissue
regeneration, such as deferoxamine [308, 309] and dexa-
methasone [310]. Research on the delivery of bioactive
peptides or proteins by BPNTs remains limited. Consid-
ering their excellent biocompatibility and photothermal
conversion capacity, BPNTs have shown great potential
for tissue repair. Rational surface modifications, such as
surface coatings to BPNTs, may serve as effective strate-
gies to improve the capacity for loading content or sus-
tained release.

MXene nanosheets

MXene nanosheets also exhibit biocompatibility and
high efficiency in near-infrared (NIR)-thermal conver-
sion. They have a large surface area suitable for loading
bioactive agents; however, their low drug loading limits
their potential as a delivery platform [311]. Therefore, the
surfaces of MXene nanosheets are typically modified to
enhance the delivery of bioactive peptides or proteins.
Yang et al. [312] ultrasonicated MXene bulks to fabricate
MXene nanosheets and then modified these with MoS2
for antibacterial activity and PDA coatings to function-
alize FGF-21. The results suggested that the FGF-21-
loaded nanosheets effectively promoted wound healing
in vivo. As emerging biomedical delivery platforms for
tissue repair, further research is essential for the optimal
modification of MXene nanosheets for delivering BAPPs
in tissue regeneration.
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Layered double hydroxide (LDH) nanosheets

LDH nanosheets are biocompatible and degradable,
exhibiting unique properties, including large surfaces and
controllable metal components and structures, which
have been used in tissue repair. Lv et al. [313] fabricated a
MgFe-LDH nanosheet modified with chondroitin sulfate
to load BMP-2, subsequently incorporating the BMP-2-
loaded nanosheet along with PDGE-BB into chitosan/
silk fibroin hydrogels for bone regeneration. The results
showed that 80.03% of the PDGEF-BB in the hydrogel
matrix was released within the first 7 d, while the BMP-2
adsorbed onto the nanosheet was released more slowly,
with 74.51% of the loaded BMP-2 being released after 35
d [313].

Polymer-based nanosheets

While two-dimensional carriers are mainly fabricated
from inorganic substances, polymers can also be used to
develop nanosheets for the delivery of bioactive peptides
or proteins. For example, researchers have created PLLA
nanosheets via a simple fabrication process involving
spin-coating and peeling techniques, subsequently sand-
wiching BMP-2 between two layers of PLLA nanosheets
for bone regeneration [314]. BMP-2 was released slowly
in vitro over 2 months, and the sandwich-like nanosheets
containing BMP-2 dramatically promoted bone repair
in vivo [314]. Furthermore, multilayer PLLA nanosheets
were developed to deliver FGF-2 for the repair of femo-
ral defects, and the findings indicated that these scaffolds
gradually released FGF-2 over 2 weeks when implanted
subcutaneously in vivo [315]. Therefore, polymer-based
nanosheets hold considerable promise for the delivery of
BAPPs, warranting further investigation into nanosheets
derived from other polymers.

Nanoparticle engineered cells

Recent advancements in drug delivery have increasingly
focused on nanoparticle-engineered cells. Among vari-
ous cell types, neutrophils are emerging as promising
carriers for drug delivery due to their unique response
to inflammation, chemotaxis, and transmigration [316].
Nanoparticles containing bioactive peptides or proteins
are directly internalized by live neutrophils and subse-
quently used for tissue regeneration. For example, PTH
1-34 was preloaded on PLGA nanoparticles, which were
then internalized by neutrophils that highly expressed
CXCRA4 after 1 h of incubation [317]. Under the influence
of CXCR4/CXCL12 signaling, neutrophils carrying PTH
1-34-loaded nanoparticles migrate to the bone marrow to
promote bone regeneration [317]. However, the internali-
zation of nanoparticles may affect neutrophil function,
and the activity of BAPPs may also be impacted dur-
ing this process. Strategies have been developed to load
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drugs onto the surfaces of neutrophils [318, 319], making
it a viable approach to couple particles containing bioac-
tive peptides or proteins on the surface of neutrophils for
tissue repair via targeted delivery.

Stimuli-responsive delivery of BAPPs

On-demand release through stimuli-responsive delivery
represents a promising strategy for BAPPs, as it addresses
the requirements of tissue regeneration while minimiz-
ing adverse effects associated with high doses of BAPPs.
Both endogenous and exogenous stimuli can be exploited
to precisely control the release of BAPPs (Fig. 8). Endoge-
nous stimuli in organisms are mediated by factors such as
glucose, ROS, enzymes, and pH, while exogenous stimuli
are influenced by ultrasound, heat, light, magnetic fields,
electric fields. In the absence of external stimuli, BAPPs
can be preserved in delivery platforms to avoid off-target
effects and side effects caused by inappropriate release
timing [4]. Conversely, upon exposure to specific stimuli,
BAPPs can be released due to the disintegration of deliv-
ery platform materials via various mechanisms, including
protonation, hydrolytic cleavage, and molecular/supra-
molecular conformational changes [320].

Endogenous stimuli from the microenvironment

The tissue microenvironment has significant character-
istics in some special diseases like diabetes, and patho-
logical changes such as changes in or the appearance of
pH, ROS, and specific enzymes, occur in the microen-
vironment. Therefore, developing delivery strategies to
respond to these endogenous stimuli will help promote
tissue regeneration.

Glucose

Glucose-responsive materials exhibit widespread applica-
tion prospects due to the prevalence of diabetes, and they
can be categorized into 2 types based on phenylboronic
acid (PBA) or glucose oxidase (GOx) [321]. Elevated
glucose levels lead to an increase in advanced glycation
end products and promote the generation of excessive
ROS, which adversely affects tissue repair. Consequently,
responsive modulation of the microenvironment with
high glucose at the injury site positively influences tissue
regeneration. Furthermore, insulin plays a crucial role
in regulating the function of epidermal and dermal skin
cells, as well as blood vessels and immune cells, thereby
further promoting repair [322, 323].

PBA can covalently bind to polymers and react with
polyhydroxy substances to form glucose-responsive PBA
ester bonds, while the catechol structure of the PBA
ester impacts glucose responsiveness to the materials. In
microenvironments characterized by high glucose levels,
glucose competitively binds to borate anions through its
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Fig. 8 Stimuli-responsive delivery of bioactive peptides and proteins (BAPPs) for tissue repair. a Endogenous stimuli from the microenvironment
(glucose, ROS, the MMP, and pH) and the corresponding chemical bond breaks in response. b The coordination bond between calcium and alginate
is broken under ultrasonic stimulation; ultrasound stimulates PFC droplets to vaporize into microbubbles, which triggers response release. ¢

When the temperature is higher than the lower critical solution temperature (LCST), the volume of the thermosensitive polymers decreases.

Then, the micromolecular agents are squeezed out, while the macromolecular agents are fixed by contracted thermosensitive polymers. d The
photosensitive group is broken under ultraviolet and visible light stimulation; near-infrared light produces photothermal effects that trigger volume
shrinkage of thermosensitive polymers. @ AMF triggers magnetic nanoparticles to generate heat; SMF triggers magnetic nanoparticles to move

and induces hydrogel deformation. f When an electric current is applied, the drug-loaded conjugated polymer undergoes a redox reaction, which
changes its properties, leading to the release of BAPPs. ROS reactive oxygen species, MMP matrix metalloproteinases, US ultrasound, SMF stationary

magnetic field, PFC perfluorocarbon, AMF alternating magnetic field

diol functional groups, leading to the decomposition of
covalent borate esters [324]. PBA-based materials have
been widely used to fabricate delivery platforms for
BAPPs [325]. For example, Zhao et al. [326] developed
a glucose-responsive film via LBL self-assembling by

alternately depositing PBA-grafted y-PGA and PVA, ena-
bling the delivery of lysine-proline-valine (KPV) peptide
for inflammation inhibition and EGF for tissue repair.
The KPV peptide was incorporated into the bottom layer,
while EGF was loaded into both the middle and upper
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layers [326]. Upon exposure to a gradient of glucose in
PBS, the film exhibited glucose-dependent degradation,
resulting in a controlled release of KPV peptide and EGF
in response to glucose levels [326]. The KPV peptide
from the bottom layer was rapidly released within 1—-3
d to exert an anti-inflammatory effect during the early
stages of wound healing, while the EGF from the middle
and upper layers was continuously released over 7 d to
promote subsequent production of collagen [326]. Addi-
tionally, Li et al. [325] synthesized a glucose-responsive
crosslinker, N'-(4-boronobenzyl)-N>-(4-boronophe
nyl)-N!,N',N? N3-tetramethylpropane-1,3-diaminium
(TSPBA), by using 4-bromomethyl PBA and N, N, N; N’-
tetramethyl-1,3-propanediamine. TSPBA reacted with
PVA to form PBA ester bonds. Therefore, IL-4 loaded
within this matrix could be released in response to ele-
vated glucose levels, thereby modulating the immune
microenvironment for bone regeneration [325].

The introduction of GOx is another strategy for the
development of glucose-responsive materials, as GOx
catalyzes the conversion of glucose into gluconic acid,
which generates electrostatic repulsions through proto-
nation and causes the matrix to swell, thereby facilitating
drug release [327, 328]. For example, Chen et al. [328].
Added GOx and insulin to the MOFs, where glucose
triggered the degradation of the MOFs and subsequent
release of insulin to manage diabetes or macular disease.
Additionally, catalase was incorporated into the MOFs to
mitigate the toxicity associated with H,O, produced by
the reaction between Gox and glucose [328].

ROS

ROS participate in many physiological processes and
immune responses in the human body, and their levels
are often elevated in various pathological conditions,
such as tumors, chronic wounds, myocardial infarction,
postoperative tissue adhesion, and other diseases [329].
In comparison to other stimulus-responsive systems,
ROS-responsive materials can effectively protect cells
from oxidative stress by eliminating excessive ROS while
responding to stimuli [330, 331].

ROS can influence the solubility of poly(propylene
sulfide) (PPS), sulfide-containing polymers, and tellu-
rium- and selenium-containing polymers. In oxidative
stress microenvironments, hydrophobic sulfides can
be converted into hydrophilic sulfoxides and sulfones,
thus facilitating the release of bioactive drugs [332]. For
example, Martin et al. [333] used poly (thioketal f-amino
amide) as the polycation and poly(acrylic acid) as the
polyanion to fabricate a LBL multilayer system for deliv-
ering BMP-2 in bone regeneration. This multilayer con-
tains the ROS-sensitive thioketal units in the polycation,
allowing for BMP-2 release following the oxidation of
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thioester-based polymers by ROS [333]. In another study,
Yuan et al. [334] utilized diselenide bonds to conjugate
NGF to ruthenium nanoparticles while combing NGF
with the brain-targeting peptide RVG to form nano-
clusters aimed at brain-targeted delivery. The diselenide
bonds undergo cleavage upon exposure to elevated lev-
els of ROS at the lesion site, thus releasing NGF for nerve
tissue repair [334].

ROS can also directly cleave the chemical linkages of
poly(thioester) (TK), PBA ester poly(proline), and other
ester-containing polymers, leading to their degradation
in a ROS-rich environment [332]. For instance, research-
ers developed a ROS-responsive injectable PEG-TK
hydrogel containing thioester bonds for the delivery of
EGF aimed at wound repair [335]. The TK bonds in the
PEG-TK hydrogel not only removed excessive ROS in
the microenvironment but also facilitated EGF release in
response to ROS levels, thereby promoting tissue regen-
eration [335]. Additionally, TSPBA cross-linked hydro-
gels exhibit responsiveness to both ROS and glucose
[336]. Researchers have utilized TSPBA to react with
PVA, resulting in an injectable hydrogel designed for
delivering bFGF, which can be released upon exposure to
elevated concentrations of ROS surrounding ischemia—
reperfusion myocardium [337]. Higher concentrations of
ROS accelerated the release of bFGF from the hydrogel
in vitro, and the therapeutic effects of the ROS-respon-
sive hydrogel loaded with bFGF were validated using
mouse and pig models of ischemia-reperfusion injury
[337].

The application of ROS-responsive release materials
still faces several technical challenges and limitations.
Since low levels of ROS are essential for normal meta-
bolic activity, uncontrolled removal of ROS may lead to
adverse effects. Therefore, an effective release system
must ensure that normal concentrations of ROS do not
trigger the release of therapeutic drugs while allowing
for drug release or enhancing the ability of materials to
regulate ROS under pathological conditions [338]. Fur-
thermore, the specific species and concentration of ROS
in various pathological states remain largely unknown,
making it challenging to align the degradation rate of
materials with ROS level in vivo.

Enzyme

Some enzymes, such as matrix metalloproteinases
(MMPs), cysteine proteases, and hyaluronidase, are
generally overexpressed in the microenvironment dur-
ing the process of tissue damage and regeneration [339,
340]. Among these, MMPs, extracellular matrix remod-
eling endopeptidases capable of cleaving various matrix
polymers such as collagen, elastin, gelatin, and casein,
are most frequently utilized as triggers for stimulus
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responses [341]. Therefore, polymers containing natu-
ral cleavage sites for MMPs can be employed to develop
MMP-responsive delivery systems. Yang et al. [342]
synthesized hydrogels using GelMA and poly(sodium
4-styrene sulfonate) (PSS), synthetic analogs of hepa-
rin, to fabricate VEGF delivery. GelMA is degradable
in response to elevated levels of MMPs within inflam-
matory environments. Additionally, negatively charged
PSS effectively adsorbs positively charged VEGF [342].
In vitro, release experiments demonstrated that VEGF
was released through an initial burst release followed
by a slow sustained release regardless of the presence or
absence of MMPs, but the release accelerated upon the
addition of MMPs [342].

The incorporation of an MMP-clearable sequence into
BAPPs, along with the immobilization of fusion peptides
onto delivery platforms, are also potential strategies for
the fabrication of MMP-responsive systems. For exam-
ple, Fan et al. [343] introduced the MMP-2/9-clearable
sequence PLGLAG and glutathione-S-transferase (GST)
into bFGE, thereby developing a recombinant fusion pro-
tein designated GST-TIMP-bFGE. This fusion protein
was then covalently conjugated to glutathione-grafted
collagen hydrogels through the action of GST [343]. In
regions affected by cardiac infarction, overexpressed
MMP-2/9 can cleave the TIMP peptide like bFGF and
GST, facilitating the on-demand release of bFGF [343].
Moreover, the TIMP peptide serves as a competitive sub-
strate of MMPs and can inhibit excessive degradation of
the cardiac matrix following myocardial infarction [343].
Another study introduced an MMP-clearable sequence
at both ends of a bioactive peptide while additionally
incorporating thiol-functionalized crosslinkers at each
end, thus developing C-IPESLRAG-bioactive peptide-
IPESLRAG-C-G to enable conjugation with norbornene-
functionalized PEG [344]. The PEG hydrogels exhibited
degradation and subsequent releases of bioactive pep-
tides in response to MMPs presence, with release kinetics
aligning closely with the degradation kinetics of hydro-
gels [344].

pH

The release of BAPPs can be precisely regulated by the
local pH fluctuations that occur in the microenvironment
during tissue regeneration. For example, acute wounds
exhibit a decrease in pH due to temporary acidosis, while
chronic wounds demonstrate an increase in pH result-
ing from persistent inflammation and bacterial infection
[345]. Furthermore, certain diseases such as fractures,
osteoarthritis, and osteomyelitis, are characterized by
localized pH alternations, thereby presenting significant
application prospects for pH-responsive materials.
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pH changes can induce the protonation of acid-sen-
sitive chemical groups, such as amino groups and car-
boxyl groups, which undergo structural and hydrophobic
transformations in a pH-dependent manner to release
bioactive drugs on demand [320, 346]. For example,
alginate possesses a large number of carboxyl groups in
its polymer framework, which are converted into nega-
tively charged carboxylate ions in alkaline conditions,
leading to pH-responsive expansion that accelerates
drug release [345]. Researchers used alginate hydrogels
cross-linked with calcium ions for the delivery of IGF-1
aimed at tendon regeneration and found that the hydro-
gel swelled under low pH, thereby promoting the release
of IGF-1. Additionally, pH changes can trigger the cleav-
age of acid-sensitive bonds, including ortho-esters, Schiff
bases, acetal/ketal moieties, hydrazone/oxime bonds,
silyl ethers, and vinyl ethers [346, 347]. Zhao et al. [348]
developed a chitosan-PVA hydrogel based on low pH-
responsive benzamide (Schiff base) for insulin delivery
in wound healing, indicating that a low pH environment
promoted insulin release.

Different tissues may exhibit distinct optimal heal-
ing pH values, and the pH at the injured site can
undergo multiple stages of change throughout vari-
ous healing periods, posing challenges for the applica-
tion of pH-responsive release systems. The utilization of
implant materials carpetable of real-time monitoring of
dynamic pH changes in the wound microenvironment
and responding with drug release represents a promis-
ing strategy. Several approaches have been developed to
access pH at injury sites, including materials integrated
with pH sensors [349], wound dressings mixed with
pH-indicating dyes [350], and pH-sensitive fluorescent
probes [351].

Exogenous stimuli by artificial control

Delivery strategies that rely on endogenous stimuli are
limited due to a lack of disease-specific cues and large
variability among individuals. Therefore, methods involv-
ing exogenous stimuli are important supplements for
the precise delivery of BAPPs. Various exogenous stim-
uli, including ultrasound, heat, light, magnetic field, and
electric field, can be employed to noninvasively regulate
the release of BAPPs for tissue repair.

Ultrasound

Ultrasound is a well-established and promising medical
technology that has been extensively used in biomedi-
cal therapy and diagnosis. It effectively penetrates com-
plex media, allowing for precise localization in targeted
areas [352]. Drug release can be accurately regulated
through ultrasound-induced thermal and nonther-
mal effects [353]. High-intensity focused ultrasound is
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employed to generate thermal effects for drug delivery
in tumor treatment [354]. However, the application of
high-intensity focused ultrasound often results in tis-
sue damage, limiting its use in the field of tissue repair.
The nonthermal effects of ultrasound are mediated by
ultrasonic pressure, acoustic flow, shock waves, liquid
microjets, and oscillation or cavitation, which can be
adapted to control the release of BAPPs.

Ultrasound can induce the cleavage of ultrasound-
responsive bonds, thereby leading to the release of
BAPPs. For example, ultrasound can disrupt the coor-
dination between calcium ions and carboxyl groups.
Consequently, researchers have used ultrasound-
responsive calcium cross-linked alginate hydrogels
to deliver ultrashort peptides containing SESSE for
M2 macrophage polarization [355]. In another study,
Shan et al. [356] encapsulated PLGA nanoparticles
pre-loaded with NGF into alginate microspheres and
subsequently introduced vitamin B12 along with these
microspheres into a matrix of a calcium cross-linked
alginate hydrogel. The results showed that ultrasonic
treatment significantly accelerated the release rates of
both drugs, while multilevel encapsulation enabled sus-
tained release of NGF over one month[356]. Addition-
ally, ultrasound could trigger a reversal reaction in the
Diels—Alder linker; thus, the chitosan hydrogel formed
via this cross-linking could release BSA under ultra-
sound stimulation [357].

Ultrasound can induce perfluorocarbon (PFC) drop-
lets to vaporize into microbubbles through a process
known as acoustic droplet vaporization [358]. Based on
this property, Dong et al. [359] developed an acoustically
responsive scaffold composed of a fibrin hydrogel infused
with a bFGF-loaded, sonosensitive emulsion featuring a
water-in-PFC-in-water (W1/PFC/W2) structure. In this
configuration, bFGF was encapsulated with the W1 phase
and could be released via PFC vaporization induced by
ultrasound. The same research group also fabricated
acoustically responsive scaffolds for bFGF delivery by
incorporating perfluorohexane or perflurooctane into the
phase-shift emulsion [358].

Although ultrasound offers the advantages of high pen-
etration and noninvasiveness, it can also produce exces-
sive ROS during the release process and may heat tissues,
potentially causing damage [360]. Therefore, optimizing
ultrasonic parameters remains a critical concern. High-
frequency ultrasound is often used for diagnostic pur-
poses, while frequencies below 1 MHz are utilized for
drug delivery. To mitigate thermal effects and prevent
tissue damage, the Food and Drug Administration (FDA)
mandates that the mechanical index ratio, defined as the
peak negative pressure divided by the center frequency,
should be less than 1.9 [361].
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Heat

Thermosensitive polymers can undergo phase transi-
tions in response to temperature changes and are divided
into two groups: polymers with lower critical solution
temperature (LCST) and those with upper critical solu-
tion temperature (UCST). The solubility of LCST-type
polymers decreases as the temperature rises, whereas the
solubility of UCST-type polymers increases with elevated
temperature. Polymers exhibiting LCST behavior are
commonly utilized to fabricate heat-responsive delivery
platforms. Below their LCST, these hydrophilic poly-
mers exist in an expanded state due to hydrogen bond-
ing between water molecules and the polymers. However,
when the temperature exceeds the LCST, they become
hydrophobic and contract [362]. Therefore, the shrinking
or swelling of thermosensitive delivery platforms facili-
tates the release of BAPPs.

BAPPs can be preloaded onto thermosensitive plat-
forms in a swollen state, and an increase in temperature
beyond the LCST induces shrinkage of the thermo-
sensitive platform, facilitating accelerated release. For
example, Chen et al. [363] used a thermosensitive
poly(N-isopropyl acrylamide) (pNIPAM) hydrogel loaded
with FGF-2 to modify porous inverse opals, which was
then introduced to a chitosan hydrogel for infectious
wound healing. The temperature at the site of infec-
tion exceeded the LCST, leading to the contraction of
the pNIPAM hydrogel and subsequent release of FGF-2.
Additionally, both the structural color and characteris-
tic reflection peak of the composite inverse opal parti-
cles exhibited blueshift upon shrinkage of the pNIPAM
hydrogel, enabling real-time monitoring of FGF release
[363]. In another study, researchers combined inverse
opals with pNIPAM hydrogel containing VEGF for dia-
betic wound healing. The release rate of VEGF served as
an indicator for monitoring pH changes and infections
surrounding diabetic wounds [364]. Given that pNI-
PAM is intrinsically non-biodegradable, it can be modi-
fied through copolymerization with degradable polymers
such as gelatin and chitosan, and these thermosensitive
platforms may also facilitate the incorporation of bioac-
tive agents for tissue repair [365, 366].

The interactions between biomacromolecules and
pNIPAM hydrogels are significantly influenced by pH
and temperature due to electrostatic interactions, seiz-
ing actions, and hydrophobic forces [367]. Therefore,
small-molecule drugs and BAPPs exhibit distinct delivery
mechanisms in thermosensitive hydrogels [368]. Lin et al.
[368] developed a composite hydrogel in which calcium
ion crosslinked sodium alginate served as the continu-
ous phase. pNIPAM nanogels loaded with bFGF (with an
LCST of 1-33 °C) and p(N-isopropylacrylamide-coacr-
ylic acid) nanogels [p(NIPAM-co-AA), with an LCST of
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2 —40 °C] were incorporated as the dispersed phase along
with diclofenac sodium. When the temperature is main-
tained between LCST1 and LCST?2, diclofenac sodium
can be released from swollen p(NIPAM-co-AA) nano-
gels, while bFGF remains immobilized within contracted
pNIPAM nanogels. Conversely, when the temperature
falls below LCST1, swelling of the pNIPAM nanogels
facilitates the release of bFGF [368].

Light

Light-responsive delivery platforms hold significant
promise for applications in tissue repair due to their pre-
cise control over exposure time and location, as well as
their non-damaging nature. The photosensitive groups
within light-responsive materials can undergo isomeri-
zation, cleavage, or dimerization when exposed to light
of specific wavelengths. Three distinct wavelength
ranges can be utilized to regulate the release of bioac-
tive agents: ultraviolet light (200 —400 nm), visible light
(400 — 700 nm), and NIR light (700 — 1300 nm) [369].

Ultraviolet light provides sufficient energy to trigger the
cleavage, isomerization, or rearrangement of photosensi-
tive polymers, thereby regulating the release of BAPPs.
Acrylic or coumarin bonds serve as photosensitive
groups that can be cleaved under ultraviolet light irra-
diation, making them suitable for controlling drug release
[370]. Azagarsamy et al. [371] covalently modified BMP-2
and BMP-7 with two distinct photocleavable azides
(nitrobenzyl azide and coumarin azide, respectively)
and conjugated these to PEG hydrogels via click chem-
istry. Nitrobenzyl azide exhibits high cleavage efficiency
under 405 nm illumination for BMP-2 release, while
coumarin azide demonstrates high cleavage efficiency
under 365 nm illumination for BMP-7 release [371].
Additionally, azo bonds readily converted from the trans
orientation to the cis orientation when irradiated with
ultraviolet or visible light. Zhao et al. [372] constructed
a supramolecular hydrogel based on host—guest inter-
actions between trans-azobenzene and [-cyclodextrin
groups coupled with HA chains, which could release EGF
under simulated light to promote wound healing. The
release rate of EGF from hydrogels treated with ultravio-
let light was approximately 2 —3 times greater than that
from those treated with visible light, allowing for regula-
tion of EGF through alternating irradiation with ultravio-
let and visible light [372].

Visible light can be used to regulate the release of
BAPPs when combined with photosensitive materials,
thereby avoiding the tissue-damaging side effects asso-
ciated with ultraviolet light. For example, Sieber et al.
[373] incorporated VEGF-modified tetrapod zinc oxide
(t-ZnO) particles into GelMA hydrogels to create a light-
responsive delivery system. When illuminated by blue
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or green light, charges propagated to the surface of the
t-ZnO particles and accumulated, resulting in altered
surface polarity that facilitated VEGF release from the
surface of ZnO particles due to electrostatic repul-
sion. Conversely, ultraviolet light does not trigger VEGF
release; however, it remains effective for cross-linking
GelMA hydrogels [373].

Compared with ultraviolet and visible light, NIR light
can penetrate deeper into tissues. BAPPs and NIR-
responsive particles are simultaneously introduced into
polymers that exhibit thermal phase changes, enabling
NIR-responsive release through the phase transitions
of thermosensitive polymers induced by heat gener-
ated from the particles. Several natural thermosensitive
polymers with phase change properties, such as gelatin
[374], agarose [375], and chitosan [376], can be combined
with NIR-responsive particles to regulate the release of
BAPPs. For example, Wan et al. [376] used PDA-coated
magnesium-calcium carbonate microspheres as NIR-
responsive carriers for BMP-2 delivery. These BMP-
2-loaded microspheres and aspirin were subsequently
incorporated into a thermosensitive hydroxybutyl chi-
tosan hydrogel to achieve a sequential release of aspirin
and BMP-2. The results revealed that BMP-2 release in
the NIR-treated group dramatically increased compared
to the untreated group, demonstrating a sustained release
model [376]. Additionally, certain synthetic thermosensi-
tive polymers can be utilized to fabricate NIR-responsive
delivery platforms in conjunction with NIR-responsive
particles [377]. For example, Zhao et al. [378] embedded
GO into a hydrogel composed of pNIPAM and GelMA,
and GO was induced to undergo photothermal conver-
sion under NIR irradiation, triggering the contraction of
pNIPAM chains and resulting in the responsive release of
VEGE. In another study, Liu et al. [379] designed a ther-
moresponsive hydrogel featuring an LCST above body
temperature using n-isopropyl acrylamide along with
carbon dots as photothermal converters. This hydrogel
was then coated with a PTHrP-2-loaded mesoporous
bioactive glass scaffold, allowing for controlled sustained
and pulsatile release of PTHrP-2 via NIR irradiation
[379].

Nonpolymer thermosensitive systems can also be inte-
grated with NIR-responsive components to regulate the
release of BAPPs in response to NIR. For instance, Che
et al. [380] constructed a thermosensitive liposome for
loading PTH 1-34, which was coated with PDA as a pho-
tothermal conversion component. The release of PTH
1-34 could be modulated through NIR-mediated heat-
ing, enhancing the extravasation of thermosensitive
liposomes and facilitating the release of PTH 1-34. Upon
temperature reduction, the liposomes rapidly reverted
to a dense structure, thereby hindering further release of
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PTH 1-34 [380]. Additionally, Donsante et al. [381] incor-
porated NT-3 into a phase change material derived from
a eutectic mixture of lauric acid and stearic acid, which
was subsequently added between 2 layers of PCL elec-
trospun fibers. The results showed that the photothermal
effect induced by NIR stimulation led to the melting of
fatty acids, thereby enabling controlled pulse release of
NT-3 [381].

Light-responsive delivery platforms continue to
encounter several challenges and limitations. The high
energy of ultraviolet light can drive numerous photo-
chemical and photoisomerization reactions, rendering
many photosensitive groups less sensitive to visible light
and NIR light, or capable of responding solely to ultra-
violet light [382]. However, the use of ultraviolet light
poses a greater risk of cellular and tissue damage. While
NIR exhibits significantly enhanced tissue penetra-
tion compared to ultraviolet or visible light, it still falls
short in meeting the requirements for deep noninvasive
trigger-response release. Additionally, the biosafety of
photoreactive materials and their products under light
stimulation must also be thoroughly evaluated.

Magnetic field

Magnetic fields can deeply penetrate human tissue with-
out harmful ionization effects [346]. Superparamag-
netic nanoparticles, such as iron oxide (Fe;O,, Fe,O,),
cobalt, and nickel oxide particles, are commonly utilized
as delivery platforms that respond to magnetic fields.
Among these, superparamagnetic iron oxide nanoparti-
cles are particularly advantageous due to their favorable
magnetic properties, excellent biocompatibility, and high
specific surface area [269, 383]. Two types of magnetic
fields can be applied to activate the magnetic response:
alternating magnetic field (AMF) and stationary mag-
netic field (SMF).

AMFs are often used for heat generation to facilitate
cargo release [361]. For example, researchers cross-linked
TGE-B to the surface of SPION particles through carbo-
diimide and applied an external AMF to generate a ther-
mal effect, thus achieving AMF-responsive release [384].
However, the release of TGF-p induced by AMF does
not occur until the heating temperature reaches 55 °C,
and substantial amounts of TGF-p are only released
after heating the material to 80 °C [384]. Elevated tem-
peratures often lead to the inactivation of BAPPs and
potential tissue damage; therefore, temperature-sensitive
delivery platforms can be integrated to respond to AMEF-
mediated heating for controlled release of BAPPs.

When SMFs are applied to magnetic nanoparti-
cles, they induce the deformation of hydrogels, sub-
sequently extruding BAPPs. For example, Kim et al.
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[385] developed an alginate iron hydrogel using hepa-
rin-grafted alginate and iron oxide nanoparticles, and
the incorporated TGF-B1 could be extruded through
hydrogel deformation induced by the movement of
iron oxide nanoparticles following SMF application.
Additionally, Tolouei et al. [386] fabricated a magneti-
cally responsive biomaterial system comprising two
compartments, an outer gelatin scaffold and an inner
biphasic ferrogel. The upper layer of the biphasic fer-
rogel contains Fe;O,, while the lower layer consists of
a porous and deformable region devoid of Fe;O, [386].
Proinflammatory cytokines (MCP-1 and IFN-y) loaded
into the outer gelatin scaffold were initially released to
promote proinflammatory macrophage phenotypes,
whereas anti-inflammatory cytokines (IL-4 and IL-10)
incorporated into the lower biphasic ferrogel could be
precisely released via the deformation of inner com-
partment controlled by SMF to promote healing mac-
rophage phenotypes [386]. Therefore, the release of
BAPPs can be accurately regulated by the deformation
of delivery platforms, such as hydrogels, induced by
SMFs. Furthermore, release profiles correlated with the
mechanical properties of the hydrogels, the number of
magnetic nanoparticles, and the strength of the mag-
netic field.

The combination of AMF and SMFs can facilitate the
spatiotemporal release of BAPPs. Specifically, an SMF
can be initially applied to induce directional movement
and accumulation of magnetic particles, followed by
the application of an AMF to generate a magnetocaloric
effect that promotes drug release. For example, Huang
et al. [387] incorporated NGF into magnetic PLGA
microcapsules containing iron oxide nanoparticles,
subsequently introducing these microcapsules into a
gelatin/silk hydrogel. The hydrogel underwent a revers-
ible sol-to-gel phase transition due to gelatin dissolu-
tion above 20 °C, enabling the microcapsules to migrate
within the aqueous phase of the hydrogel under SMF
influence, resulting in a micropatterned hydrogel with
corrugated topography. Micropatterned hydrogels can
spatially and longitudinally guide neurite growth, while
NGF release can be regulated through AMF-induced
thermal effects on iron oxide nanoparticles [387].

In general, magnetic fields are regarded as safe, but
the ions in the medium can generate eddy currents
within the magnetic field, resulting in an increase in
temperature at the site of action, which may damage
healthy tissue. It is widely accepted that in biomedi-
cal applications, the product of magnetic field fre-
quency and magnetic field strength should range from
1.8x10° to 5x10° Am™" s7' [361]. Another critical
concern regarding magnetically responsive materials
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is the biosafety of implanted magnetic particles, whose
in vivo toxicity is dose-dependent and time-dependent.

Electric field

Electric fields can be effectively utilized to control the
release of BAPPs with high precision through the incor-
poration of conjugated polymers. Conjugated polymers,
such as polypyrrole (PPy), polyaniline, and polythio-
phene (PTh), possess alternating single and double bonds
that facilitate electron mobility along the polymer skel-
eton [388]. Upon application of electrical stimulation,
drug-loaded conjugated polymers undergo redox reac-
tions, resulting in changes to the polymer’s charge that
influence its conductivity, volume, and permeability,
ultimately leading to the release of BAPPs [389]. For
example, Miar et al. [390] deposited a conductive PPy
coating onto the surface of polyvinylidene fluoride elec-
trospun fibers doped with biotin at binding sites for bio-
active proteins (bFGF and NGF), showing that t electrical
stimulation could accelerate the release of these bioac-
tive proteins. However, the loading capacity of delivery
platforms based on conjugated polymers is limited when
incorporating large molecular weight molecules [391].
Combining conjugated polymers with other biomateri-
als to fabricate delivery platforms such as hydrogels can
overcome these limitations. For instance, Chen et al.
[392] developed a conducting polymer hydrogel by inte-
grating conductive poly(3,4-ethylenedioxythiophene)
into GelMA hydrogel and employed BSA as a model for
bioactive proteins to explore its release under electrical
stimulation. The findings demonstrated that the hydrogel
retained a high degree of charge transfer properties, and
its release rate further increased approximately threefold
after each electrical stimulation compared to the non-
stimulation group [392].

Conductive particles can also be used for the electric
field-responsive delivery of BAPPs, with common exam-
ples including metallic nanoparticles and carbon-based
particles. For example, researchers developed an electri-
cally responsive biohybrid composite film based on silk
fibroin and rGO to deliver NGF, where rGO served as a
conductive component [393]. NGF is released through
passive diffusion in the absence of electrical stimulation,
while its release is significantly improved by electrical
stimulation [393]. In further conversion applications, it is
necessary to consider the long-term performance stabil-
ity of implanted conductive materials under physiological
conditions, along with their biocompatibility and changes
in conductivity. The safe voltage range is generally con-
sidered to be from—0.6 V to+0.8 V. Excessively high
voltages may lead to tissue redox reactions, ROS pro-
duction, and alterations in local pH levels [394]. There-
fore, careful consideration should be given to the timing,

Page 38 of 62

frequency, and strength of electrical stimulation during
in vivo application.

Clinical potential of BAPPs

BAPPs show great clinical potential due to their diverse
functions and high therapeutic efficiency. The process of
clinical translation typically involves several critical steps:
basic scientific studies for identification, design and func-
tional analysis; preclinical studies utilizing cell culture
and animal models; clinical trials encompassing phase
I pharmacology trials, phase II exploratory trials, phase
III confirmatory trials and phase IV post-marketing tri-
als; as well as institutional approvals and clinical supervi-
sion (Fig. 9). Currently, several BAPPs, including BMP-2,
PDGEF-BB, PTH 1-34 and abaloparatide, have received
FDA approval for use in clinical tissue regeneration. Fur-
thermore, numerous BAPPs are undergoing clinical tri-
als and preclinical evaluations to assess their efficacy and
safety for specific tissue repair. A summary of the repre-
sentative BAPPs evaluated in clinical trials is presented in
Table 2.

Bone tissue repair

While bone tissue possesses a self-healing capacity, criti-
cal defects or fractures resulting from trauma or surgical
resection are difficult to repair autonomously, particu-
larly in patients with metabolic diseases such as osteopo-
rosis and diabetes. BAPPs exhibit significant potential to
enhance the repair of bone tissue.

BMP-2 has potent osteoinductive properties and has
been approved by the FDA for the induction of bone
regeneration [395]. Clinically, BMP-2 is generally used
for posterolateral fusion when combined with a colla-
gen sponge or hydroxyapatite carrier [396]. A systematic
review included 6 randomized clinical trials between
2002 and 2017, encompassing a total of 908 patients to
compare the effects of BMP-2-loaded implants versus
autologous iliac crest bone grafts in lumbar spine pos-
terolateral fusion [397]. The results showed that healing
rates at 24 months were 94% in the BMP-2 group com-
pared to 83% in the iliac crest bone graft group, with the
BMP-2 cohort demonstrating improvements in angio-
genesis, operation duration, intraoperative blood loss,
and length of hospital stay [397]. Additionally, BMP-2
has been employed for treating open tibia fractures [398],
maxillary sinus fractures [399], and localized alveolar
ridge augmentation [400]. A meta-analysis involving 10
studies with a total of 653 participants from 2007 to 2017
assessed the use of BMP-2 against iliac crest bone grafts
for cleft lip and palate repair [401]. Overall analyses
revealed that outcomes related to bone formation volume
and filling percentage were comparable between BMP-2
and iliac crest bone grafts; however, complications risk
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Fig. 9 Clinical potential of bioactive peptides and proteins (BAPPs) for various tissue repair and critical steps for their clinical translation. BAPPs
demonstrate significant potential for the clinical repair of a wide range of tissue, including bone, cartilage, intervertebral discs, muscle, tendons,
periodontal tissue, skin, myocardial tissue, nervous system tissue, endometrium tissue, as well as ear and ocular tissue. In alignment with the critical
steps necessary for their clinical translation, BAPPs are typically evaluated in preclinical studies through sequential cell culture followed by testing
in small and large animals after the initial identification, design and functional analysis. Subsequently, they undergo evaluation via clinical trials

from phase | to phase IV until receiving approval for market entry

and treatment costs associated with iliac crest grafting
were higher [401]. In another meta-analysis compris-
ing 6 randomized controlled trials from January 1990 to
February 2015, researchers evaluated the efficacy of con-
ventional bone grafting relative to that of BMP-2 during
maxillary sinus floor elevation, reporting similar clinical
and histological outcomes [402]. Nevertheless, challenges
associated with BMP-2 include its short half-life, complex
production equipment and preparation process, as well as
supraphysiological doses, which may lead to side effects
such as inflammation, pain, heterotopic ossification, or
even osteolysis [403]. Consequently, BMP-2 mimetic
peptides have been developed as potential substitutes for
bone regeneration due to their advantages including low
cost and feasibility for large-scale synthesis. For example,
a BMP-2 mimetic peptide known as P20 (KIPKASSVP-
TELSAISTLYL) was derived from the knuckle antigenic
epitope, which represents the core functional region
essential for osteogenesis [81]. To enhance its osteogenic
activity and affinity for calcium phosphorus materials,
P20 was modified by incorporating a serine at one end

and three aspartic acids at the opposite end, resulting in a
novel BMP-2 mimetic peptide designated as P24 (SpKIP-
KASSVPTELSAISTLYLDDD) [82].

BMP-7, also referred to as osteogenic protein-1 (OP-1),
is another bioactive peptide from the BMP family that
has received FDA approval for clinical applications in
bone regeneration. In clinical trials, BMP-7 has been
utilized for posterolateral fusion, with results indicating
that patients treated with OP-1 exhibited comparable
efficacy and few implant-related adverse effects com-
pared to those receiving autografts [404, 405]. Addition-
ally, BMP-7 has been employed in the treatment of tibial
or femoral nonunion in clinical settings, demonstrating
its effectiveness in enhancing healing rates for nonun-
ions [406, 407]. Furthermore, a BMP-7 mimetic peptide
(GQGFSYPYKAVESTQ) has been developed through
preclinical studies aimed at facilitating bone tissue regen-
eration while addressing the limitations associated with
macromolecular forms of BMP-7 [408].

PTH is a bioactive peptide hormone composed of 84
amino acids, synthesized and secreted by the parathyroid
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Table 2 Clinical trials of bioactive peptides and proteins (BAPPs) in tissue regeneration
Clinical trials Conditions Participants (age/ BAPPs Overcome Phase Study time
gender)
EudraCT 2008- Newly formed bone 16 (25 +/both) PTH 1-34 Teriparatide treatment - 2009-2013
000592-24 after tibia distraction doubled bone regen-
osteogenesis eration when com-
pared to no treatment
NCT01279187 Craniofacial osseous 27 (30-85/both) Teriparatide - Phase Il 2011-2015
regeneration in bone
NCT00533793 Tibial shaft fractures 201 (adults, elder/ TGpIPTH 1-34 Phase Il 2007-2011
both)
NCT04294004 Degenerative disc 50 (25-75/both) TGpIPTH 1-34 Phase Il 2020-2025
disease
NCT01033994 Knee osteoarthritis 192 (40 +/adults, Sprifermin Phase | 2008-2010
elder/both)
NCT01066871 Acute cartilage injury 74 (18-45/both) Sprifermin (AS902330) Phase Il 2010-2013
of the knee
NCT01689337 Grade 3 degen- 102 (18-70 adults, Sprifermin Phase ll 2011-2014
erative joint disease elder/both)
of the knee
NCT05276011 Hip osteoarthritis 255 (18-80 adults, Sprifermin Phase Il 2024-2025
elder/both)
NCT02491281 Cartilage repair in pri- 28 (50-75 adults, LNA043 Phase | 2015-2018
mary osteoarthritis elder/both)
NCT03275064 Articular cartilage 142 (18-75 adults, LNA043 Phase Il 2017-2022
lesions elder/both)
NCT04864392 Knee osteoarthritis 581 (40-75 adults, LNA043 Phase Il 2021-2027
elder/both)
NCT04814368 Knee osteoarthritis 24 (40-80 adults, LNA043 Phase Il 2021-2024
elder/both)
NCT01124006 Early lumbar disc 24 (adults, elder/both) RhGDF-5 Phase Il 2010-2014
degeneration
NCT01158924 Early lumbar disc 40 (adults, elder/both) RhGDF-5 Phase | 2010-2016
degeneration Phase Il
NCT00813813 Early lumbar disc 32 (adults, elder/both) RhGDF-5 Phase | 2008-2013
degeneration Phase ll
NCT01182337 Early lumbar disc 31 (adults, elder/both) RhGDF-5 Phase | 2010-2014
degeneration Phase Il
NCT03708926 Lumbar disc degen- - (adults, elder/both)  Abaloparatide Phase Il 2021-2024
eration
NCT01207908 Duchenne muscular 44 (5+adults, elder/  IGF-1 Phase | 2010-2013
dystrophy both) Phase I
NCT00577577 Myotonic dystrophy 69 (21-65 adults, rhiGF-| Phase I 2007-2008
type 1 elder/both) rhIGFBP-3
NCT00233519 Myotonic dystrophy 17 (21-60 adults/ rhiGF-I Phase | 2005-2008
type 1 both) rhIGFBP-3 Phase Il
NCT01834989 Patellar tendinopathy 40 (18-50 adults/ IGF-1 Early phase!l  2013-2020
both)
NCT00936559 Rotator cuff repair 13 (25-75 adults, BMP-12 Phase | 2010-2012
elder/both)
NCT01122498 Gingival recession 30 (20-55 adults/ BMP-12 Phase | 2019-2021
defects both)
NCT04375618 Gingival recession 30 (20-55 adults/ RhEGF Phase | 2019-2021
defects both)
NCT02236793 Chronic diabetic foot 252 (adults, elder/ PDGF-BB Phase Ill 2014-2016
ulcer both)
NCT01098357 Chronic diabetic foot 192 (18-75 adults, PDGF-BB Phase | 2010-2011
ulcer elder/both) Phase Il
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Clinical trials Conditions Participants (age/ BAPPs Overcome Phase Study time
gender)
NCT03037970 Chronic diabetic foot 40 (30-75 adults, RhPDGF-BB - Phase Il 2017
ulcer elder/both)
NCT00740922 Chronic diabetic foot 563 (adults, elder/ RhPDGF-BB - Observational  1999-2001
ulcer both)
NCT00812513 Healing wounds 120 (18-75 adults, R-Pdf/Gbb - Phase Il 2011-2012
caused by third- elder/both)
degree thermal
and electrical burns
NCT00847925 Wound healing 103 (18-45 adults/ Juvista - Phase | 2001-2003
male) Phase Il
NCT00629811 Wound healing 78 (18-85 adults, Juvista - Phase Il 2006-2007
elders/both)
NCT00847795 Wound healing 42 (60+adults, elders/ Juvista - Phase | 2002-2003
both) Phase Il
NCT00430326 Wound healing 156 (18-85 adults, Juvista - Phase I 2006-2009
elders/both)
NCT00594581 Wound healing 71 (18-85 adults, Juvista - Phase Il 2003-2005
elders/both)
NCT00432211 Scar appearance 60 (18-85 adults, Juvista - Phase | 2006-2012
following scar revision  elder/both) Phase Il
surgery
NCT00117936 Coronary heart 150 (2575 adults, FGF1-141 - Phase Il 2020-2023
disease elder/both)
NCT03686163 Acute ischemic stroke 106 (adults, elder/ NGF - Phase IV 2016-2020
both)
NCT04041349 Cerebral small vessel 510 (50-80 adults, mNGF - Phase IV 2019-2021
disease elder/both)
NCT02490501 Traumatic spinal cord 27 (18-65 adults, FGF-1 - Phase | 2015-2020
injury elder/both) Phase Il
NCT06328166 Carpal tunnel syn- 28 (18-80 adults, ES135 - Not applicable 2024
drome elder/both) (RhFGF-T1)
NCT02193334 Acute spinal cord 45 (18-75 adults, KP-100IT - Phase | 2014-2018
injury elder/both) (HGF) Phase Il
NCT04475224 Acute spinal cord 25 (18-89 adults, KP-100IT - Phase lll 2020-2023
Injury elder/both) (HGF)
NCT04100655 Endometrial thickness 96 (18-40 adults/ GM-CSF - Not applicable 2019-2020
in infertile women both)
NCT03023774 Recurrent Ivf/Icsi 20 (child, adults/ GM-CSF - Not applicable 2016
failure female)
NCT01202643 Poor endometrial 12 (21-45 adults/ GM-CSF - Phase | 2010-2013
development dur- female) Phase Il

ing IVF

GM-CSF granulocyte-macrophage colony-stimulating factor, RhBMP recombinant human bone morphometric proteins, PTH 1-34 parathyroid hormone 1-34, IGFBP-3
recombinant human IGF binding protein-3, IGF-T1 insulin-like growth factor-1, HGF hepatocyte growth factor, RhPDGF-BB recombinant human platelet-derived growth

factor-BB, FGF-1 fibroblast growth factor-1, NGF nerve growth Factor, RhEGF recombinant human epidermal growth factor, RhGDF-5 recombinant human growth

differentiation factor-5

gland, playing a crucial role in bone remodeling. PTH
1-34, commonly known as teriparatide in the clinic, is
the first 34 amino acids at the N-terminal end of PTH
and exhibits similar osteogenic effects [88]. The FDA has
approved PTH 1-34 for the treatment of osteoporosis via
intermittent subcutaneous injection. Intermittent admin-
istration of PTH 1-34 has also been used to promote
bone tissue regeneration for bone defect healing. For

example, in a clinical trial (EudraCT 2008-000592-24),
intermittent PTH 1-34 was administered for patients
undergoing bone segment transport due to tibial defects
following infection, and the results showed that the treat-
ment group receiving PTH 1-34 improved BMD com-
pared with the control group [409]. In another clinical
trial (NCT01279187), intermittent administration of PTH
1-34 was utilized for craniofacial osseous regeneration.
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However, topical application of PTH 1-34 may lead to
overactivation of osteoclasts, potentially resulting in
compromised bone healing outcomes. Sustained release
of PTH 1-34 could mitigate this challenge. A trans-
glutaminase substrate along with a plasmin-clearable
sequence was incorporated into PTH 1-34 to construct
a prodrug named TGpIPTH 1-34 [379]. The transglu-
taminase substrate facilitates conjugation between PTH
1-34 and fibrin through factor XIIIa activity while allow-
ing endogenous plasmin-mediated release via its clear-
able sequence [379]. Implants containing TGpIPTH 1-34
have been evaluated in a clinical trial (NCT00533793)
aimed at treating acute open tibial shaft fracture, and it
was found that this prodrug effectively promotes bone
regeneration [410]. Furthermore, TGplPTH 1-34 is cur-
rently under investigation for single-level transforaminal
lumbar interbody fusion (NCT04294004). In preclinical
studies, distinctive peptides related to PTH, including
PTHrP-1 [411], PTHrP-2 [412], and P1R16 [413], have
been developed for topical applications in bone regenera-
tion and exhibit promising potential for further clinical
use.

PTH-related proteins are naturally occurring bioactive
proteins that facilitate bone regeneration via paracrine
or autocrine secretion [89, 90]. PTHrP 1-37 represents
the first 37 amino acids at the N-terminus of PTH-related
proteins and exhibits bioactive effects on bone tissue
regeneration [89]. Abaloparatide is a PTHrP 1-34 analog
with 76% similarity to PTHrP 1-34 and 41% similarity to
PTH 1-34, enhancing osteogenesis while reducing osteo-
clastogenesis compared to both PTHrP 1-37 and PTH
1-34. Since its approval by the FDA in 2017 for treat-
ing osteoporosis in postmenopausal women [92, 414],
abaloparatide has been utilized in recent clinical trials
aimed at inducing bone regeneration for spinal fusions
(NCT03841058), odontoid fractures, supracondylar dis-
tal femur fractures (NCT04626141), and pelvic fractures
(NCT04249232). Furthermore, topical administration of
abaloparatide also shows great potential for promoting
the healing of bone defects.

PDGE-BB is a multifunctional bioactive protein that
promotes bone tissue regeneration through mechanisms
of osteogenesis and angiogenesis. This systematic review
included 3 randomized controlled trials involving 634
patients up to July 2015, aimed at evaluating the safety
and efficacy of rhPDGF-BB compared to autogenous
bone grafts for foot and ankle fusion [415]. No significant
differences were observed in radiological efficacy or clini-
cal outcomes between the two groups, with rhPDGF-BB
demonstrating comparable safety profiles to autogenous
bone graft [415]. Moreover, the rhPDGF-BB group can
mitigate several issues associated with autogenous bone
grafts, such as blood loss, scarring, extra surgical time,
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and donor pain [415]. In clinical trials, PDGF-BB has
been combined with a B-TCP matrix (NCT00583375)
[416] or a B-TCP-collagen matrix (NCT01008891) [417]
for foot and ankle fusion. Additionally, PDGE-BB is
being incorporated into a resorbable barrier membrane
along with bone particulate allogenic graft for the treat-
ment of deficient bone ridges in an ongoing clinical trial
(NCT04954664).

P-15 is a bioactive peptide that mimics the cell-bind-
ing domain of type I collagen, thereby enhancing the
attachment and activity of osteoblasts [418]. In a clini-
cal trial (NCT00310440), P-15 was adsorbed onto an
organic bone mineral and subsequently introduced to an
inert biocompatible hydrogel to fabricate an i-Factor "
bone graft for single-level anterior cervical discectomy
and fusion. The results revealed that bone regenera-
tion induced by i-Factor = was similar to that induced
by autografts two years post-surgery [419]. This system-
atic analysis included 5 studies including 388 patients
up to August 2023, assessing overall outcomes following
lumbar surgery using the iFactor. Findings showed that
patients treated with the i-Factor during lumbar surgery
experienced outcomes similar to those receiving alterna-
tive transplant methods but demonstrated significantly
faster fusion. Additionally, the i-Factor"" has received
FDA approval for use in single-level anterior cervical dis-
cectomy and fusion from C3 to C7 [419]. A subsequent
study confirmed both the efficacy and safety of this pro-
cedure after 6 years of follow-up [420].

In addition to the aforementioned BAPPs that have
been evaluated in the clinic, several agents have under-
gone testing in preclinical studies. For example, OGP
(ALKRQGRTLYGFGQG) is the naturally occurring pep-
tide derived from human serum that promotes osteo-
genesis, and its C-terminal pentapeptide named OGP
(10-14) represents the physiologically active form of
OGP [93, 421]. Both OGP and OPG (10-14) have been
utilized in preclinical investigations for bone regenera-
tion [422], demonstrating significant potential for future
clinical applications. Additionally, NELL-1 is a bone-
inducing protein that promotes bone differentiation by
mediating key downstream effects of the osteogenic reg-
ulator RUNX 2 [423]. Moreover, NELL-1 has been shown
to enhance BMP-2-induced bone formation while inhib-
iting BMP-2-induced lipogenesis via the Wnt signaling
pathway [423]. Reports indicate that NELL-1 exhibits
bone-inducing effects in vivo across various preclinical
models. Collectively, these findings suggest that NELL-1
holds considerable promise for broad clinical application.

In recent years, there has been a growing emphasis
on multifunctional materials for bone tissue repair. For
example, sensory nerve fibers are predominantly located
in metabolically active regions and play a direct role in
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bone formation through the secretion of neuropeptides
such as calcitonin gene-related peptide, substance P, and
semaphorin 3A. The localized delivery of these neuro-
peptides by vectors or the stimulation of their production
to promote bone regeneration has shown clinical poten-
tial in animal experiments [424]. Additionally, antimi-
crobial peptides (AMPs) exhibit significant promise for
bone tissue repair due to their bactericidal, antibiofilm,
immunomodulatory, and regenerative properties [425].
Furthermore, the immune microenvironment at the site
of bone injury is important for bone tissue regenera-
tion. Macrophage polarization toward the M2 phenotype
under stimuli can facilitate this process by promoting
stem cell differentiation and extracellular matrix remod-
eling [426]. Immunomodulatory cytokines such as IL-4
combined with nanostructured scaffolds have been
employed in osteogenic studies involving rats [426].

Cartilage tissue repair

Cartilage regeneration is commonly related to the repair
of articular cartilage, a critical component of joints that
provides cushioning and reduces friction. However, the
intrinsic capacity for articular cartilage repair is limited
due to the absence of essential blood vessels and the
restricted proliferative capacity of chondrocytes. Follow-
ing cartilage injuries, there is often a progression to oste-
oarthritis, which imposes a significant health burden on
individuals and society.

The TGE-P superfamily is widely recognized for its role
in cartilage tissue repair [97]. TGF-B1 plays a vital role
in inducing chondrocyte differentiation and regulating
ECM synthesis [427]. In a clinical trial (NCT01221441),
human chondrocytes expressing TGF-p1 (TG-C) were
utilized to treat patients with knee osteoarthritis, dem-
onstrating that intra-articular administration of TG-C
improved the function of the knee joint and reduced
pain severity [428]. Furthermore, TG-C is currently
being investigated in ongoing clinical trials for patients
with Kellgren and Lawrence Grade 2 or 3 Osteoarthritis
(NCT03291470) and symptomatic early hip osteoarthritis
(NCT05276011). However, existing clinical studies have
primarily focused on the direct application of TGF-f1
for cartilage tissue repair. In preclinical studies, sustained
release of TGF-B1 has been used to promote cartilage
regeneration [429]. To overcome the challenges associ-
ated with the poor stability and short half-life of TGF-p1,
distinctive TGF-P1 mimetic peptides such as LIANAK
[98] and YYVGRKPK [97] have been developed for carti-
lage tissue repair. Additionally, intra-articular BMP-7 has
also been evaluated in clinical trials involving patients
with osteoarthritis (NCT01111045 and NCT01133613).
In a phase I clinical trial (NCT00456157), patients treated
with 0.1 mg and 0.3 mg doses of BMP-7 exhibited greater
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symptomatic improvement compared with those receiv-
ing placebo, and no ectopic bone formation or dose-lim-
iting toxicity was observed among patients treated with
BMP-7 [107].

FGEF-18, commonly referred to as sprifermin, is a
promising candidate for cartilage tissue repair and
has been widely used in this context. In a clinical trial
(NCTO01919164), intra-articular administration of spri-
fermin every 6 or 12 months resulted in significant
improvements in total femorotibial cartilage thickness
after 2 years compared to placebo [430]. A subsequent
study further confirmed that intra-articular sprifermin
not only reduces cartilage loss but also increases carti-
lage gain [431]. When administered via intra-articular
injection to patients with knee osteoarthritis, the 5-year
efficacy and safety results showed that sprifermin effec-
tively modified cartilage, leading to reductions in patient
pain and the rate of knee replacement surgeries [431].
In another clinical trial (NCT01033994), sprifermin was
investigated for its effects on patients with knee osteo-
arthritis who did not require surgical intervention. The
results confirmed its efficacy through structural second-
ary endpoints alongside high safety [432, 433]. It was
also shown that sprifermin increases cartilage thick-
ness while simultaneously reducing cartilage loss [434].
Moreover, intra-articular administration of sprifermin
has been applied for patients with acute cartilage injury
of the knee (NCT01066871), where treatment outcomes
revealed reductions in both defect volume and cartilage
defect thickness. Another clinical trial (NCT01689337)
also evaluated the efficacy and safety of sprifermin in
patients following microfracture surgery for knee carti-
lage injury; however, the study was terminated due to low
recruitment.

LNAO043 is a derivative of the C-terminal portion of
angiopoietin-like 3, recognized as a potent inducer of
chondrogenesis for cartilage tissue repair. In a first-
in-human clinical trial (NCT02491281), LNA043 was
administered via intra-articular injection before total
knee replacement, and results showed that LNA043
could reverse the transcriptome signature associated
with osteoarthritis by promoting the expression of hya-
line cartilage matrix components and anabolic signaling
pathways [435]. Moreover, LNA043 is currently being
investigated in clinical trials for the treatment of articular
cartilage lesions (NCT03275064) and knee osteoarthritis
(NCT04864392, NCT04814368).

In preclinical studies, some BAPPs have been evaluated
for their efficacy in cartilage repair. For example, recent
investigation has focused on the endogenous recruitment
of stem cells for cartilage regeneration, with BMHP1 and
BMHP2 being conjugated to RADA16 to fabricate func-
tional hydrogels [73]. Additionally, the inflammatory
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microenvironment is an important factor influencing the
regeneration of cartilage tissue, which can inhibit the dif-
ferentiation of MSCs such as chondrocytes, leading to
chondrocyte death and hypertrophy, extracellular matrix
decomposition, and even promoting the progression
of osteoarthritis [436]. Therefore, modulating the local
inflammatory environment is another strategy to enhance
cartilage regeneration. Researchers have explored the
effects of local delivery of IL-4 on cartilage regeneration
in rat models [437]. Sneaking ligand construct (SLC1) is
a ligand fusion protein that effectively inhibits the NF-«xB
signaling pathway and transcription of proinflammatory
cytokines after selective endocytosis [438]. Although not
yet utilized in clinical trials, SLC1 shows promising appli-
cations in cartilage regeneration.

Intervertebral disc tissue repair

The intervertebral disc is a complex and specialized joint
comprising the nucleus pulposus in the central region,
the peripheral annulus fibrosus, and cartilaginous end-
plates on the upper and lower sides. Regeneration of the
intervertebral disc is generally difficult due to its avas-
cular structure. Recent studies have demonstrated that
degenerated disc tissues can recruit endogenous stem
cells by releasing chemotactic cytokines such as IGF-1,
TGF-B, SDF-1, and CCL-5 [99-101]. Additionally, GDF-5
plays a crucial role in intervertebral disc degeneration by
inhibiting apoptosis of nucleus pulposus cells, promoting
the synthesis of key ECM components, and downregulat-
ing the expression of proinflammatory factors, thus alle-
viating intervertebral disc degeneration [439]. In clinical
trials (NCT01124006, NCT01158924, NCT00813813,
and NCTO01182337), intradiscal GDF-5 has been used
to evaluate the safety, tolerability, and preliminary effec-
tiveness in patients with early-stage lumbar disc degen-
eration. Results indicated that GDF-5 provided effective
treatment outcomes for function improvement and pain
relief while demonstrating high safety. Furthermore,
PTH, PTH-related proteins, and their derivatives iden-
tified in preclinical studies are promising candidates for
attenuating intervertebral disc degeneration [440]. In a
clinical trial (NCT03708926), daily administration of aba-
loparatide via injection improved pain levels, functional
capacity, and overall disc health in subjects experiencing
low back pain secondary to lumbar disc degeneration.
Preclinical investigations have also designed a bionic pep-
tide, octadecadienoic acid (CIS-9,12)-FFVLK-FKPHFPK-
SYTKICQ (OAFF), for treating disc degeneration [441].
Subsequent animal experiments confirmed that OAFF
could inhibit CXCL8 to maintain resting NPSCs through
the PI3K-Akt-mammalian target of rapamycin (mTOR)
signaling pathway, thereby inhibiting disease progression
in a rat tail disc puncture model [441].
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Muscle tissue repair

Muscle tissue repair is correlated with muscular dystro-
phy or defects resulting from damage or excision, pri-
marily involving satellite cells (or skeletal muscle stem
cells). IGF-1 is a potent bioactive protein that induces
the proliferation and differentiation of satellite cells,
demonstrating significant potential for clinical appli-
cations in muscle tissue repair. IGF-1 has been inves-
tigated in clinical trials for the treatment of Duchenne
muscular dystrophy (NCT01207908) and myotonic dys-
trophy type 1 (NCT00577577 and NCT00233519). In
one published clinical trial (NCT00233519) involving
15 participants, SomatoKine (Iplex), a combination of
IGF-1 and IGF-1 binding protein-3, was administered
to patients with myotonic dystrophy type 1, indicat-
ing that SomatoKine could enhance lean body muscle
mass and metabolism without significantly improving
muscle strength or function [442]. Further randomized
controlled clinical trials are needed to assess the safety
and efficacy of these treatments. In preclinical stud-
ies, IGF-1 has been applied for repairing muscle loss
or defects through topical sustained release, showing
promising potential for further clinical applications
[443].

Tendon tissue repair

The tendon is a uniquely mechanosensitive tissue that
transmits forces from muscle to bone, with common
injuries including rotator cuff injuries, finger flexor ten-
don injuries, patellar tendon injuries, and Achilles ten-
don injuries [102]. In a clinical trial (NCT01834989),
IGF-1 was locally infused to improve the tendon struc-
ture in patients with patellar tendinopathy, but the over-
all results indicated no therapeutic benefit for tendon
healing associated with local IGF-1 injection [444]. Fur-
ther clinical trials are warranted, and delivery strategies
should be optimized. Additionally, BMP-12 serves as
another bioactive protein for tendon tissue repair, and it
was loaded into absorbable collagen sponges as adjuvant
therapy for patients undergoing open rotator cuff repair
in clinical trials (NCT00936559 and NCT01122498)
[445]. Results demonstrated that the addition of BMP-12
to absorbable collagen sponges was both feasible and safe
while promoting functional recovery [445]. Beyond these
growth factors, an extracellular matrix-associated protein
periostin expressed in tendon but not limited to bone
contributes to the repair of tendon tissue. A preclinical
study revealed that recombinant POSTN promotes the
stemness, proliferation, and tenogenic differentiation of
tendon stem/progenitor cells while facilitating the heal-
ing of total excision Achilles tendon defects when deliv-
ered via a bionic scaffold [446].
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Periodontal tissue repair

The repair of periodontal tissue encompasses a variety
of complex structures and multiple tissue types, includ-
ing the formation of alveolar bone, osteoid regenera-
tion on exposed root surfaces, and the orderly insertion
of Sharpey’s fibers into both intrinsic alveolar bone and
newly formed bone. Each tissue exhibits distinct struc-
tural characteristics and functions while interacting in
a coordinated manner, thereby complicating the recon-
struction of the physiologic periodontal structure.

PDGEF-BB, FGF-2, and BMP-2 have been extensively
utilized in clinical settings for periodontal tissue repair
[105, 106, 447]. PDGE-BB has received FDA approval
for this purpose. A systematic review encompassing 63
human clinical studies up to June 2019 demonstrated
that PDGF-BB is advantageous for treating periodontal
defects and gingival recession when used in conjunc-
tion with bone allografts, xenografts, or p-TCP [105].
Furthermore, a systematic review of 34 clinical tri-
als conducted from January 2000 to November 2022
evaluated the clinical potential of FGF-2 in promoting
periodontal regeneration through radiographic bone
filling, secondary probing pocket depth, and probing
attachment levels. The findings indicated that FGF-2
enhances radiographic bone filling, particularly when
combined with bone substitutes, although it did not
yield additional benefits regarding secondary prob-
ing pocket depth or probing attachment levels [106].
For BMP-2, a systematic review including 2 clinical
studies with a total of 48 samples from January 1980
to December 2017 investigated its potential for peri-
odontitis patients with intrabony defects by analyzing
radiographic bone fill, gain in clinical attachment level,
and reduction in pocket depth [447]. Compared to
open-flap debridement procedures, BMP-2 promoted
defect healing while reducing both the gain in clinical
attachment levels and reduced pocket depth, making
it a promising alternative to traditional grafts [447].
However, after 6 months compared to platelet-rich
fibrin treatment outcomes, only radiographic bone fill-
ing showed significant improvement following BMP-2
application [447]. In addition to these bioactive pro-
teins mentioned above, EGF is currently undergoing
clinical assessment for patients suffering from gingival
recession defects (NCT04375618).

The cell-binding peptide P-15 has also been used
for periodontal tissue repair. A systematic review and
meta-analysis included clinical trials investigating the
application of an organic bovine-derived hydroxyapatite
matrix combined with P-15 for the healing of periodon-
tal defects up to December 2019. The findings indicated
that, compared to open flap debridement, the P-15-
loaded organic bovine-derived hydroxyapatite matrix
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significantly enhanced clinical attachment levels while
reducing the probing depth and gingival recession.
Certain odontoblast-specific proteins, such as dentin-
derived growth factor, cementum attachment protein,
and cementum osteoprotegerin-1, have been shown to
promote neodentin and bone formation in damaged peri-
odontal tissues [448]. Although they have not yet under-
gone clinical trials, they possess the ability to induce a
mineralized extracellular matrix similar to that of dental
bone, showing their potential for further clinical applica-
tions. Moreover, the inflammatory response surrounding
dental implants is a prevalent factor that impedes repair.
Given the broad-spectrum activity of AMPs and their
low risk for inducing bacterial resistance, AMPs present
promising prospects for application in periodontal tissue
repair [449]. Numerous animal experiments have verified
the effect of AMP coatings on dental implant surfaces in
enhancing periodontal tissue repair. However, considera-
tions regarding the reliability of AMPs, their long-term
effects on microorganisms in the body, as well as biocom-
patibility and toxicity must also be addressed [450].

Skin tissue repair
Skin tissue repair is crucial for the restoration of barrier
function and can be categorized into 4 stages: inflam-
mation, angiogenesis, extracellular matrix synthesis, and
tissue remodeling. ECM synthesis, re-epithelialization,
and angiogenesis collectively contribute to skin tissue
repair. EGF, FGF, PDGF, and GM-CSF are the three bio-
active proteins most frequently utilized in clinical trials
for skin tissue repair [107, 108]. In a systematic review
and meta-analysis, 229 papers with a total of 281 stud-
ies were conducted to evaluate the efficacy and safety of
EGEF, FGEF, and GM-CSF in treating acute skin wounds.
The findings indicated that the administration of these
bioactive proteins significantly shortens the healing time
for various wound types, including superficial burns,
deep burns, trauma, and surgical wounds [451]. Addi-
tionally, treatment with these bioactive proteins resulted
in decreased scar scores with high safety [451]. Another
systematic review and meta-analysis that included 13
studies involving 1924 participants across 2130 wounds
further confirmed that EGF, FGF, and GM-CSF could
promote healing in partial-thickness burns [452]. In
terms of chronic diabetic foot ulcer management, a sys-
tematic review comprising 26 randomized controlled tri-
als revealed that FGF exhibited substantial effectiveness
in enhancing healing outcomes for diabetic ulcers [453].
PDGE-BB is another potent bioactive protein utilized
in skin tissue repair. In a phase III clinical trial, PDGF-
BB was administered to patients with chronic neuro-
pathic diabetic ulcers of the lower extremities, and the
results showed that 100 pg/g PDGEF-BB significantly
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enhanced complete wound healing while reducing heal-
ing time [108]. Additionally, a combined analysis that
included 4 randomized studies further confirmed the
efficacy of PDGF-BB in treating chronic full-thick-
ness diabetic ulcers of the lower extremities [454]. In
another phase clinical trial, PDGF-BB exhibited effec-
tive outcomes in managing pressure ulcers [455].
Moreover, PDGF-BB has been evaluated in clinical tri-
als for diabetic foot ulcer treatment (NCT02236793,
NCT01098357, NCT03037970, and NCT00740922) as
well as for third-degree thermal and electrical burns
(NCT00812513). TGF-P3 is also a potent protein for skin
tissue regeneration. Several randomized phase I/1I clini-
cal trials (NCT00847925, NCT00847795, NCT00629811,
NCT00432211, NCTO00430326, and NCT00594581)
investigated Juvista (Avotermin), known as TGF-p3,
for treating scarring following skin injury. The results
showed that this treatment improved scar appearance
compared to placebo [456-458]. However, Juvista did
not meet its primary endpoints in phase III clinical trials
[459].

With the emergence of drug-resistant microorganisms
and the misuse of antibiotics, AMPs present significant
potential as therapeutic agents for combating bacterial
infections and promoting skin regeneration. The LL37
peptide is an endogenous antimicrobial peptide found
in human skin, exhibiting antimicrobial, angiogenic, and
immunomodulatory properties [460]. In a phase II clini-
cal trial focused on treating venous ulcers in the lower
extremities, LL37 demonstrated its capacity to enhance
wound healing compared to placebo at specific concen-
trations, with no adverse effects reported [460]. Fur-
thermore, a clinical trial (NCT04098562) is currently
underway to investigate the efficacy of LL-37 in patients
with diabetic foot ulcers. Additionally, various AMPs,
such as melittin [461], P5 S9 K [462], and Chol-37 [463],
have been shown to facilitate wound healing in murine
models.

Myocardial tissue repair

Myocardial tissue repair primarily refers to the restora-
tion of ischemic heart disease, which is correlated with
insufficient oxygen supply and detrimental excessive
fibrosis. The positive induction of ECs is dedicated to the
formation of new blood capillaries to alleviate hypoxia
and prevent cardiomyocyte death. Current trials have
mainly focused on angiogenesis therapy. Increased lev-
els of programmed cell death 5 (PDCD5) subsequently
ameliorated progressive fibrosis and cardiac dysfunc-
tion by inhibiting histone deacetylase 3 (HDAC3), sug-
gesting that PDCD5 serves as an endogenous negative
feedback regulator in progressive cardiac fibrosis [109].
FGEF-1 is currently under investigation in a clinical trial
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(NCTO00117936) for patients with coronary heart dis-
ease. In preclinical studies, sustained release of VEGEF,
PDGEF, HGF, and IGF-1 from hydrogels has demonstrated
promising potential for myocardial tissue repair, indicat-
ing their applicability in clinical settings [4]. Additionally,
mitochondrial-derived peptide-c (MOTS-c) has been
shown to reverse mitochondrial dysfunction and reduce
oxidative stress, thereby alleviating metabolic repro-
gramming, decreasing beta-oxidation, and increasing
glycolytic flux influenced by abnormal metabolism dur-
ing myocardial infarction [464]. Local delivery of MOTS-
¢ has been found to promote cardiac remodeling in rat
models of myocardial infarction [464]. Furthermore,
death-domain associated protein 6 (DAXX) regulates Fas
protein-dependent apoptotic signaling during myocar-
dial ischemia-reperfusion injury [465]. The interference
peptide Tat-DAXXp, derived from DAXX coupled with a
cell-penetrating peptide and a short transmembrane pep-
tide, has exhibited anti-apoptotic effects and improved
recovery of myocardial function in mouse models of
myocardial infarction [465].

Nervous system tissue repair
Nervous system tissue repair in the brain, spinal cord,
and peripheral nerves mainly involves neurons, neuro-
glial cells, and NSCs. The survival and functionality of
these cells, along with the neurogenesis of NSCs, con-
tribute to nervous system tissue repair [102]. Brain tissue
repair is typically associated with acute diseases such as
stroke and traumatic injury or chronic diseases such as
Alzheimer’s disease. Conversely, the repair processes for
the spinal cord and peripheral nerves are linked to trau-
matic injuries resulting from external forces.
Neurotrophins, including NGF, BDNF, and NT-3,
are essential bioactive proteins involved in neural
development and regeneration. NGF has been used in
clinical trials for brain tissue repair. In a clinical trial
(NCT03686163), intranasal NGF was administered to
treat acute ischemic stroke, with normal saline serving
as a control. Treatment commenced between 24 and 72
h post-stroke and continued for 2 weeks. Another clini-
cal trial (NCT04041349) randomized 510 patients with
cognitive impairment due to cerebral small-vessel dis-
ease into two groups: the standard treatment group and
the NGF-treated group. Researchers have investigated
the clinical efficacy of mouse NGF on cognitive deficits
by evaluating patient imaging performance. Addition-
ally, NGF has been employed via intracerebroventricular
infusion for patients with Alzheimer’s disease; however,
notable side effects were observed despite these patients
exhibiting normal EEG patterns, upregulated nicotinic
receptor expression, and increased glucose metabolism
[466, 467]. Therefore, optimized strategies for delivering
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NGF across the blood-brain barrier should be devel-
oped and tested in future clinical trials. Moreover, NGF
can facilitate peripheral nerve repair. A systematic review
encompassing 41 clinical studies revealed that NGF ther-
apy effectively improved outcomes related to peripheral
nerve injury while maintaining limited adverse reactions
[468]. Although BDNF is not currently used directly in
clinical trials for nervous system tissue repair, other phar-
macological drugs such as memantine, donepezil, and
atorvastatin, are being investigated to enhance BDNF
levels for stroke treatment [469]. Preclinical studies have
also led to the development of NGF mimetic peptides
and BDNF mimetic peptides for nervous system tissue
repair, showing promising potential for further clinical
applications. Furthermore, localized release of NT-3 has
been explored in animal models, and the results demon-
strated effective neuroregeneration [470, 471] and synap-
tic restoration [113, 472].

In addition to neurotrophins, other bioactive proteins
are also available for nerve tissue repair. FGF-1 and FGF-2
are versatile proteins that promote both neurogenesis
and angiogenesis. Currently, FGF-1 is being evaluated in
a clinical trial (NCT02490501) aimed at repairing spinal
cord injuries. This trial seeks to assess the safety, toler-
ability, and efficacy of heparin-activated FGF1 delivered
via a biodegradable device in patients with complete trau-
matic spinal cord injury. The intervention group received
SC0806, a biodegradable device containing heparin-acti-
vated FGF1 along with nerve implants, combined with
rehabilitation, while the control group underwent reha-
bilitation alone. Additionally, FGF1 has been utilized in
another clinical trial (NCT06328166) to demonstrate the
therapeutic efficacy and safety of ES135 (a recombinant
human FGF1) for patients suffering from carpal tunnel
syndrome. Participants diagnosed with mild to moder-
ate CTS were randomly assigned to receive either ES135
or a placebo. Injections were administered between the
median nerve and transcarpal ligament under ultrasound
guidance. Outcomes were assessed using the Boston
Carpal Tunnel Syndrome Questionnaire, electrophysi-
ological studies, and measurement of the cross-sectional
area of the median nerve at 1-, 2-, 3-, 4-, and 6-months
post-injection. Moreover, HGF is currently under investi-
gation for its potential role in repairing acute spinal cord
injuries through ongoing clinical trials (NCT02193334
and NCT04475224).

Several bioactive peptides exhibit promising potential
for nervous system tissue repair. For example, neuro-
peptides such as CGRP play a critical role in the repair
of peripheral nerves due to their bioactivity in Schwann
cells. Following injury, CGRP interacts with its receptors
CGRP receptor (CRLR) and receptor modifying pro-
tein (RAMP-1), which are expressed on Schwann cells,
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thereby activating the downstream PI3K-Akt pathway
and the RAS-Erk1/2 pathway to promote cell prolifera-
tion and dedifferentiation essential for peripheral nerve
regeneration [111]. Additionally, chondroitin sulfate pro-
teoglycans (CSPGs) are highly expressed at sites of nerve
injury, and scar tissue rich in CSPGs inhibits axonal ger-
mination and growth [112]. In rat models of traumatic
spinal cord injury, membrane-permeable intracellular ¢
peptide and intracellular LAR peptide have been shown
to specifically inhibit CSPG expression, promoting both
axon regeneration and functional recovery [112]. Moreo-
ver, Ily lys-val-Ala-Val (IKVAV), one of the main bioactive
peptides found in laminin, facilitates the differentiation
of neural precursor cells into neurons. IKVAV has been
combined with other supramolecules to construct active
peptide scaffolds, and its ability to promote nerve regen-
eration was demonstrated in a rat model of traumatic spi-
nal cord injury [113, 473].

Endometrial tissue repair

The endometrium is the only human tissue that under-
goes periodic breakdown and regeneration, necessitat-
ing a transition of tissue cells between mesenchymal
and epithelial phenotypes, a process known as mes-
enchymal-epithelial transition and epithelial-mesen-
chymal transition [470, 471]. Repair and regeneration
of the endometrium are essential for reestablishing
anatomical conditions conducive to embryo implanta-
tion and maintaining pregnancy following endometrial
injury. Granulocyte colony-stimulating factor (G-CSF)
is a multifunctional cytokine with immunomodulatory,
vasoprotective, and angiogenesis-promoting proper-
ties. It has been evaluated for its efficacy in endometrial
repair through several clinical trials (NCT04100655,
NCT03023774, NCT01202643, IRCT201012272576N4
[474], and ChiCTR-IPR-17011242 [475]). A system-
atic review encompassing 10 studies involving patients
with thin endometrium indicated that treatment with
G-CSF via transvaginal perfusion significantly increased
the endometrial thickness and improved gestation rates
[476]. Moreover, KGF plays multiple important roles
in regulating epithelial cell migration and proliferation
as well as mediating epithelial-mesenchymal interac-
tions. KGF treatment was shown to enhance the prolif-
eration of both endometrial glandular epithelial cells and
luminal epithelial cells during the healing process of
endometrial injury in a preclinical study [114]. There-
fore, KGF demonstrates promising potential for clinical
applications in endometrial tissue repair. Additionally,
SDF-1a can recruit multiple MSCs to promote tissue
repair. E7 peptide-modified scaffolds have been devel-
oped to selectively capture MSCs [477]. A previous study
has confirmed the feasibility of using collagen scaffolds
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co-modified with SDF-1 and E7 in rat models of endome-
trial injury [477].

Ear tissue repair

The tympanic membrane is a common site of clinical ear
disease, and growth factors have been used in tympanic
myringoplasty to facilitate the healing of chronic non-
healing tympanic membrane perforations. FGF-2, bFGF,
EGEF, and other growth factors can promote the regenera-
tion of epithelial cells and fibroblasts, leading to numer-
ous clinical applications for the tympanic membrane. A
meta-analysis that included 14 studies involving a total
of 1072 patients from 2003 to 2018 analyzed the thera-
peutic effects of bFGF on the tympanic membrane [478].
The findings indicated that bFGF significantly improves
the rate of tympanic membrane regeneration and reduces
healing time. However, there is no evidence supporting
a significant effect on hearing improvement [478]. In
another systematic review assessing FGF-2 and EGF for
tympanic membrane repair, 47 studies were included as
of January 30, 2021 [479]. The results demonstrated that
both FGF-2 and EGF could safely and effectively regener-
ate the tympanic membrane [479]. Notably, EGF exhib-
ited a superior regenerative effect on acute perforation,
while the combination of FGF-2 with a biological scaffold
showed enhanced reparative outcomes for chronic perfo-
ration [479].

Ocular tissue repair
Corneal wounds caused by trauma, surgery, or disease
are quite prevalent, and bFGF has been shown to stimu-
late the proliferation of corneal epithelial cells, stromal
fibroblasts, and ECs. Consequently, numerous clinical
applications of bFGF in corneal repair have been car-
ried out. In a clinical study investigating corneal epithe-
lial healing after photorefractive keratectomy with bFGF
eye drops, 100 patients were enrolled in a control group
supplemented with saline [480]. The results showed that
the healing time in bFGF group was significantly shorter
than that in control group, with no observed side effects
or toxic reactions [480]. In another study comparing
sodium hyaluronate to bFGF for treating corneal epithe-
lial abrasions caused by mechanical injury, 30 patients
participated [481]. The findings revealed that both
wound closure rates and reduction in wound size were
greater in bFGF group compared with those in HA group
[481]. Corneal tissue is rich in nerve endings. Infection
due to herpesvirus, surgery, or damage to ocular nerves
can impair corneal innervation and lead to neurotrophic
keratitis [482].

NGF promotes neuronal differentiation, survival,
and the growth of axons and dendrites in the nervous
system, playing a crucial role in corneal homeostasis.
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In a phase II trial assessing NGF for the treatment of
neurotrophic keratitis, 156 patients were enrolled, with
a control group receiving vehicle treatment [482]. The
rate of corneal healing in bFGF group was significantly
higher than that in control group after 4 or 8 weeks of
treatment [482]. NGF treatment was well tolerated,
with adverse reactions being mild or transient [482].
In another multicenter randomized controlled trial
focused on neurotrophic keratitis, NGF group demon-
strated greater lesion size reduction and disease inhibi-
tion compared with vehicle-treated control group [483].
Additionally, NGF targets retinal ganglion cells, pro-
tecting retinal ganglion cells is vital for the treatment of
retinal injury diseases. Multiple preclinical studies have
shown that NGF protects against damage to retinal
ganglion cells in animal studies [484]. A randomized
controlled study involving 60 patients with open-angle
glaucoma investigated the efficacy of short-term, high-
dose rhNGF eye drops [485]. The results indicated
that local application of rhNGF was safe and well tol-
erated; however, no statistically significant short-term
neuroenhancement was observed [485]. Furthermore,
a phase II trial evaluating rhNGF eye drops for the
treatment of RP and CME (NCT02609165) is currently
ongoing.

Pigment epithelium-derived factor (PEDF) is a multi-
functional protein with antioxidant, antiangiogenic, neu-
roprotective, and neurotrophic functions. It can inhibit
pathological neovascularization in the choroidal epithe-
lium and exert a neuroprotective effect on photoreceptor
cells [486]. Therefore, PEDF has good application pros-
pects for retina protection. Numerous preclinical stud-
ies have been conducted to evaluate the efficacy of PEDF
in animal models of diabetic retinopathy [487] and age-
related macular degeneration [488]. Furthermore, due
to their small size, low immunogenicity, and cost-effec-
tiveness in production, PEDF fragments have been devel-
oped and exhibit certain clinical potential [489].

Current studies have focused on the application of
multiple bioactive factors to address various risk factors
associated with ocular tissue repair [490]. For example,
spermine was conjugated to HA using carbodiimide
chemistry based on its ability to enhance permeability,
while HA serves to inhibit corneal fibrosis-induced alkali
burn. The resulting spermine-modified HA was subse-
quently employed to functionalize nanoceria, which can
inhibit oxidative stress, inflammation, apoptosis, and
angiogenesis [491]. This functionalized nanoceria was
further utilized for loading IGF-1 to promote cell prolif-
eration and migration, and the results showed that the
synthetic effects of spermine-modified HA, nanoceria,
and IFG-1 significantly facilitated the repair of corneal
alkali burns [491].
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Conclusions and prospects

BAPPs are highly versatile agents for tissue repair due to
their ability to modulate the microenvironment through
multiple mechanisms, and a range of delivery platforms
have been developed to effectively incorporate BAPPs.
Furthermore, they can be precisely released in response
to endogenous stimuli from the microenvironment as
well as exogenous stimuli under artificial control. Taking
into account the functions of BAPPs, the characteristics
of the tissue microenvironment, and suitable delivery
strategies, BAPPs hold great promise in tissue repair.

When utilizing BAPPs for targeted tissue repair, several
critical factors should be comprehensively considered:
1) the risk factors present in the tissue microenviron-
ment that impede tissue repair, such as excessive ROS
and harmful inflammation, 2) the types of repair cells
in the microenvironment and their directional fate, 3)
the natural physiology processes involved in specific tis-
sue repair following damage, and 4) the function roles of
BAPPs. The demand for BAPPs to promote tissue repair
catalyzed advancements in microenvironment modula-
tion; however, specific molecular mechanisms and cor-
responding novel or combined strategies require further
investigation. For rational delivery of BAPPs, key consid-
erations include: 1) biocompatibility, 2) degradability, 3)
modifications to delivery platforms, 4) combinations of
distinctive delivery platforms, 5) release profiles, and 6)
the need for stimuli-responsive release. Although BAPPs
coupled with their delivery platforms exhibit significant
potential for tissue repair, there are still some limita-
tions. Enhancing the resistance of BAPPs to proteases
while preserving their biological activity remains a chal-
lenge due to their relatively short half-lives. Alternatively,
chemical reagents may reduce the functionality of BAPPs
during incorporation into delivery platforms, necessitat-
ing protective measures to safeguard their bioactivity.
Moreover, identifying active sites on BAPPs is essential
for enabling rational modification or coupling with deliv-
ery platforms.

Given the complexity of tissue repair requirements,
current research is progressively evolving from single-
factor incorporation to multifactor delivery systems. A
variety of two-factor systems have been extensively inves-
tigated, but these systems are insufficient to fully meet
complex needs. Therefore, robust delivery platforms and
reasonable combinations of various delivery platforms
need to be established for the delivery of multiple BAPPs.
Additionally, on-demand release mechanisms of BAPPs
can be developed to accommodate intricate repair needs.
Novel stimuli-responsive release strategies still need fur-
ther exploration, and synergistic response systems that
utilize multiple stimuli should be designed to facilitate
the on-demand release of distinct BAPPs. Moreover,
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co-delivery of multiple BAPPs can be achieved through a
combination of sustained release and stimuli-responsive
mechanisms. Furthermore, improving the targeted deliv-
ery of BAPPs as opposed to relying on free diffusion may
be a potential direction for advancing tissue repair.

BAPPs can be delivered in conjunction with other com-
ponents, such as active ions and small molecule drugs, to
enhance tissue repair. Additionally, biophysical stimuli,
including temperature, low-intensity pulsed ultrasound,
and electric field, can regulate cellular behavior and
facilitate tissue repair. These stimuli can also be precisely
controlled on demand at different times. The synergistic
administration of BAPPs alongside biophysical stimuli
demonstrates significant potential for tissue repair. Fur-
thermore, BAPPs can collaborate with exogenous stem
cells for tissue repair while also recruiting endogenous
stem cells.

Further investigations should prioritize the clinical
translation of BAPPs in conjunction with their delivery
platforms. Bioactive peptides comprising 5—50 amino
acids may offer greater promise than bioactive proteins
for tissue repair, owing to advantages such as simplified
synthesis and purification, cost-effectiveness, enhanced
stability, and high selectivity. Consequently, there is a
pressing need for the clinical translation of bioactive
peptides along with their development, design, screen-
ing, and optimization for tissue repair. Standardized pro-
tocols and large animal models should be established to
evaluate their biosafety and efficacy comprehensively.
The mass production of BAPPs alongside their delivery
platforms is essential to reduce medical costs. This neces-
sitates advancements in corresponding preparation tech-
nologies. Personalized and precision treatment strategies
utilizing BAPPs can enhance therapeutic effectiveness
while minimizing adverse effects. Ultimately, BAPPs are
potential and robust agents for tissue repair in the future,
with an increasing number likely to gain approval for use
in clinical tissue regeneration.

Abbreviations

AMF Alternating magnetic field
AMPs Antimicrobial peptides
AOPs Antioxidant peptides
ASIC Acid-sensing ion channel

BAPPs Bioactive peptides and proteins
BDNF Brain-derived neurotrophic factor
BMPs Bone morphogenetic proteins
BMSCs Bone marrow mesenchymal stem cells
BPNTs Black phosphorus nanosheets

BSA Bovine serum albumin

CCL C chemokine ligand

CGRP Calcitonin gene-related peptide
CNTs Carbon nanotubes

DAXX Death-domain associated protein 6
E7 EPLQLKM

ECM Extracellular matrix

ECs Endothelial cells

EPD Electrophoretic deposition



Hao et al. Military Medical Research (2024) 11:75

ET-1
ETBR
Ex-4
FGFs
FN
FSP1
GM-CSF
GO
GOx
GST
HA
HBD
HB-EGF
HDAC
HNTs
IFN-y
IGF
IGFBP7
IL

KGF
LBL
LCST
LDH
LPS
MAPK
MCP-1
MLIF
MMPs
MOFs
MSNs
mTOR
NELL-1
NGF
NIR
NSCs
NT-3
OGP
PBA
PCL
PDA
PDGF
PEDF
PEG
PFC
PHSRN
PI3K
PLA
PLGA
PLL
pNIPAM
PTh
PVA
PPy
RGD
rGO
ROS
SDF-1
sHA
SMF
TCR
TGF-B
Ti

TK
TNF
TNTs
t-ZnO
VEGF
VIP
VSMCs

Endothelin-1

Endothelin B receptor
Exendin-4

Fibroblast growth factors
Fibronectin

Ferroptosis suppressor protein 1

Granulocyte-macrophage colony-stimulating factor

Graphene oxide

Glucose oxidase
Glutathione-S-transferase
Hyaluronic acid

Human B-defense

Heparin-binding epidermal growth factor-like growth factor

Histone deacetylase

Halloysite nanotubes

Interferon-y

Insulin-like growth factor

IGF binding protein 7

Interleukin

Keratinocyte growth factor
Layer-by-layer

Lower critical solution temperature
Layered double hydroxide
Lipopolysaccharide
Mitogen-activated protein kinase
Monocyte chemotactic protein-1
Monocyte locomotion inhibitory factor
Matrix metalloproteinases
Metal-organic frameworks
Mesoporous silica nanoparticles
Mammalian target of rapamycin
Nel-like molecule-1

Nerve growth factor

Near-infrared ray

Neural stem cells

Neurotrophin-3

Osteogenic growth peptide
Phenylboronic acid
Poly(e-caprolactone)
Polydopamine

Platelet-derived growth factor
Pigment epithelium-derived factor
Polyethylene glycol
Perfluorocarbon
Proline-histidine-serine-arginine-aspartic acid
Phosphatidylinositol 3-kinase
Poly(lactic acid)
Poly(lactic-co-glycolic acid)
Poly(L-lysine)

Poly(N-isopropyl acrylamide)
Polythiophene

Poly(vinyl alcohol)

Polypyrrole

Tripeptide arginine-glycine-aspartic acid
Reduced GO

Reactive oxygen species

Stromal cell-derived factor-1
Sulfated HA

Stationary magnetic field

T-cell antigen receptor
Transforming growth factor-3
Titanium

Thioester

Tumor necrosis factor

TiO, nanotubes

Tetrapod zinc oxide

Vascular endothelial growth factor
Vasoactive intestinal peptide
Vascular smooth muscle cells

Page 50 of 62

Acknowledgements
Figures were created with BioRender.com.

Authors’ contributions

ZWH, ZYZ, ZPW, and YW collected the data, prepared figures, wrote and
revised the manuscript. JYC, THC, and GS collected the data and revised

the manuscript. HKL, JWW, and MCD revised the manuscript. LH and JFL
conceived and supervised the study. All authors read and approved the final
manuscript.

Funding

This work was supported by the National Natural Science Foundation of
China (82372405, 81871752), the Key Research and Development Program of
Hubei Province (2022BCA052), the Key Research and Development Program
of Wuhan City (2024020702030105), the Fundamental Research Funds for the
Central Universities (2042023kf0199), and the Translational Medicine and Inter-
disciplinary Research Joint Fund of Zhongnan Hospital of Wuhan University
(ZNJC202014).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Orthopedics, Zhongnan Hospital of Wuhan University,
Wuhan 430071, China. 2Department of Obstetrics and Gynecology, Renmin
Hospital of Wuhan University, Wuhan 430060, China.

Received: 12 April 2024 Accepted: 25 October 2024
Published online: 05 December 2024

References

1. Ebrahimi SB, Samanta D. Engineering protein-based therapeutics
through structural and chemical design. Nat Commun. 2023;14(1):2411.

2. Wang L, Wang N, Zhang W, Cheng X, Yan Z, Shao G, et al. Therapeutic
peptides: current applications and future directions. Signal Transduct
Target Ther. 2022;7(1):48.

3. Lingvay |, Asong M, Desouza C, Gourdy P, Kar S, Vianna A, et al. Once-
weekly insulin icodec vs once-daily insulin degludec in adults with
insulin-naive type 2 diabetes: the ONWARDS 3 randomized clinical trial.
JAMA. 2023;330(3):228-37.

4. Shan BH, Wu FG. Hydrogel-based growth factor delivery platforms:
strategies and recent advances. Adv Mater. 2024,36(5):e2210707.

5. WangY, Hao Z, Li B, Tang J, Zhang Z, Wang Z, et al. A novel octa-
arginine-modified injectable self-assembling peptide hydrogel for
multidrug-resistant cancer therapy. Mater Des. 2024,237:112564.

6. Zhang QY, Yan ZB, Meng YM, Hong XY, Shao G, Ma JJ, et al. Antimicro-
bial peptides: mechanism of action, activity and clinical potential. Mil
Med Res. 2021;8(1):48.

7. Jin'S, Cheng J. Insulin-like growth factor-1 (IGF-1) related drugs in pain
management. Pharmaceuticals. 2023;16(5):760.

8. Muttenthaler M, King GF, Adams DJ, Alewood PF. Trends in peptide
drug discovery. Nat Rev Drug Discov. 2021;20(4):309-25.

9. Chung YH, Church D, Koellhoffer EC, Osota E, Shukla S, Rybicki EP, et al.
Integrating plant molecular farming and materials research for next-
generation vaccines. Nat Rev Mater. 2022;7(5):372-88.

10. Hellinger R, Sigurdsson A, Wu W, Romanova EV, Li L, Sweedler JV, et al.
Peptidomics. Nat Rev Methods Primers. 2023;3:25.



Hao et al. Military Medical Research

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

33

34

(2024) 11:75

Davidson TA, McGoldrick SJ, Kohn DH. Phage display to augment
biomaterial function. Int J Mol Sci. 2020;21(17):5994.

Perez JJ, Perez RA, Perez A. Computational modeling as a tool to inves-
tigate PPI: from drug design to tissue engineering. Front Mol Biosci.
2021;8:681617.

Notin P, Rollins N, Gal Y, Sander C, Marks D. Machine learning for func-
tional protein design. Nat Biotechnol. 2024;42(2):216-28.

Wang YX, Guan PP, Tan RY, Shi ZH, Li Q, Lu BT, et al. Fiber-reinforced silk
microneedle patches for improved tissue adhesion in treating diabetic
wound infections. Adv Fiber Mater. 2024;6(5):1596-615.

HanY, WuY,Wang F, Li G, Wang J, Wu X, et al. Heterogeneous DNA
hydrogel loaded with Apt02 modified tetrahedral framework

nucleic acid accelerated critical-size bone defect repair. Bioact Mater.
2024;35:1-16.

Liu CG, Guo LX, Wang Y, Zhang JT, Fu CY. Delivering metal ions by nano-
materials: turning metal ions into drug-like cancer theranostic agents.
Coordin Chem Rev. 2023;494:215332.

Nguyen DD, Lai JY. Synthesis, bioactive properties, and biomedical
applications of intrinsically therapeutic nanoparticles for disease treat-
ment. Chem Eng J. 2022;435(Part 2):134970.

Zhang Z, Ma J, XuT,Wang T, Jia X, Lin J, et al. Transpiration-inspired
fabric dressing for acceleration healing of wound infected with biofilm.
Adv Healthc Mater. 2024;13(23):e2401005.

Leader B, Baca QJ, Golan DE. Protein therapeutics: a summary and
pharmacological classification. Nat Rev Drug Discov. 2008;7(1):21-39.
Klimek K, Ginalska G. Proteins and peptides as important modifiers

of the polymer scaffolds for tissue engineering applications-a review.
Polymers. 2020;12(4):844.

Moreira A, Lawson D, Onyekuru L, Dziemidowicz K, Angkawinitwong U,
Costa PF, et al. Protein encapsulation by electrospinning and electro-
spraying. J Control Release. 2021;329:1172-97.

Bizeau J, Mertz D. Design and applications of protein delivery systems
in nanomedicine and tissue engineering. Adv Colloid Interface Sci.
2021;287:102334.

Caballero Aguilar LM, Silva SM, Moulton SE. Growth factor delivery:
defining the next generation platforms for tissue engineering. J Control
Release. 2019;306:40-58.

Atienza-Roca P, Cui X, Hooper GJ, Woodfield TBF, Lim KS. Growth factor
delivery systems for tissue engineering and regenerative medicine. Adv
Exp Med Biol. 2018;1078:245-69.

Mo C, Luo R, Chen Y. Advances in the stimuli-responsive injectable
hydrogel for controlled release of drugs. Macromol Rapid Commun.
2022;43(10):2200007.

Yang H, Wang X, Liu X, Wu J, Liu C, Gong W, et al. Antioxidant pepti-
domics reveals novel skin antioxidant system. Mol Cell Proteomics.
2009;8(3):571-83.

ZhuY,Wang K, Jia X, Fu C, Yu H, Wang Y. Antioxidant peptides, the
guardian of life from oxidative stress. Med Res Rev. 2024;44(1):275-364.
Chmielewska K, Dzierzbicka K, Inkielewicz-Stepniak |, Przybylowska M.
Therapeutic potential of carnosine and its derivatives in the treatment
of human diseases. Chem Res Toxicol. 2020;33(7):1561-78.

Jin DX, Liu XL, Zheng XQ, Wang XJ, He JF. Preparation of antioxidative
corn protein hydrolysates, purification and evaluation of three novel
corn antioxidant peptides. Food Chem. 2016,204:427-36.

Zhao K, Zhao GM, Wu D, Soong Y, Birk AV, Schiller PW, et al. Cell-perme-
able peptide antioxidants targeted to inner mitochondrial membrane
inhibit mitochondrial swelling, oxidative cell death, and reperfusion
injury. J Biol Chem. 2004;279(33):34682-90.

Vejandla H, Hollander JM, Kothur A, Brock RW. C-Peptide reduces mito-
chondrial superoxide generation by restoring complex | activity in high
glucose-exposed renal microvascular endothelial cells. ISRN Endocrinol.
2012;2012:162802.

Nissen NN, Polverini PJ, Koch AE, Volin MV, Gamelli RL, DiPietro LA. Vas-
cular endothelial growth factor mediates angiogenic activity during the
proliferative phase of wound healing. Am J Pathol. 1998;152(6):1445-52.
Gonzélez-Pérez F, Ibanez-Fonseca A, Alonso M, Rodriguez-Cabello JC.
Combining tunable proteolytic sequences and a VEGF-mimetic peptide
for the spatiotemporal control of angiogenesis within Elastin-Like
Recombinamer scaffolds. Acta Biomater. 2021;130:149-60.
Nakao-Hayashi J, Ito H, Kanayasu T, Morita |, Murota S. Stimula-

tory effects of insulin and insulin-like growth factor | on migration

35.

36.

37.

38.

39.

40.

42.

43.

44,

45,

46.

47.

48.

49.

50.

52.

53.

54.

55.

Page 51 of 62

and tube formation by vascular endothelial cells. Atherosclerosis.
1992,92(2-3):141-9.

Zhang J, Liu M, Huang M, Chen M, Zhang D, Luo L, et al. Ginsenoside
F1 promotes angiogenesis by activating the IGF-1/IGF1R pathway.
Pharmacol Res. 2019;144:292-305.

Wang H, Shang Y, Chen X, Wang Z, Zhu D, Liu Y, et al. Delivery of MSCs
with a hybrid B-sheet peptide hydrogel consisting IGF-1C domain and
D-form peptide for acute kidney injury therapy. Int J Nanomedicine.
2020;15:4311-24.

Shang Y, Zhi D, Feng G, Wang Z, Mao D, Guo S, et al. Supramolecular
nanofibers with superior bioactivity to insulin-like growth factor-I. Nano
Lett. 2019;19(3):1560-9.

Barrientos S, Brem H, Stojadinovic O, Tomic-Canic M. Clinical applica-
tion of growth factors and cytokines in wound healing. Wound Repair
Regen. 2014;22(5):569-78.

Ronca R, Giacomini A, Rusnati M, Presta M. The potential of fibro-

blast growth factor/fibroblast growth factor receptor signaling as a
therapeutic target in tumor angiogenesis. Expert Opin Ther Targets.
2015;19(10):1361-77.

Hellberg C, Ostman A, Heldin CH. PDGF and vessel maturation. Recent
Results Cancer Res. 2010;180:103-14.

Adams RH, Alitalo K. Molecular regulation of angiogenesis and lym-
phangiogenesis. Nat Rev Mol Cell Biol. 2007;8(6):464-78.

Goumans MJ, Valdimarsdottir G, Itoh S, Rosendahl A, Sideras P, ten Dijke
P.Balancing the activation state of the endothelium via two distinct
TGF-beta type | receptors. EMBO J. 2002;21(7):1743-53.

Seay U, Sedding D, Krick S, Hecker M, Seeger W, Eickelberg O. Trans-
forming growth factor-beta-dependent growth inhibition in primary
vascular smooth muscle cells is p38-dependent. J Pharmacol Exp Ther.
2005;315(3):1005-12.

Spinella F, Garrafa E, Di Castro V, Rosano L, Nicotra MR, Caruso A, et al.
Endothelin-1 stimulates lymphatic endothelial cells and lymphatic ves-
sels to grow and invade. Cancer Res. 2009;69(6):2669-76.

Lau A, Rahn JJ, Chappellaz M, Chung H, Benediktsson H, Bihan D, et al.
Dipeptidase-1 governs renal inflammation during ischemia reperfusion
injury. Sci Adv. 2022;8(5):eabm0142.

Godina-Gonzalez S, Furuzawa-Carballeda J, Utrera-Barillas D, Alcocer-
Varela J, Teran LM, Vazquez-del Mercado M, et al. Amebic monocyte
locomotion inhibitory factor peptide ameliorates inflammation in

CIA mouse model by downregulation of cell adhesion, inflamma-
tion/chemotaxis, and matrix metalloproteinases genes. Inflamm Res.
2010,59(12):1041-51.

Chen R, Wang J, Dai X, Wu S, Huang Q, Jiang L, et al. Augmented
PFKFB3-mediated glycolysis by interferon-gamma promotes inflamma-
tory M1 polarization through the JAK2/STAT1 pathway in local vascular
inflammation in Takayasu arteritis. Arthritis Res Ther. 2022;24(1):266.
Xiong Y, Mi BB, Lin Z, Hu YQ, Yu L, Zha KK, et al. The role of the immune
microenvironment in bone, cartilage, and soft tissue regeneration: from
mechanism to therapeutic opportunity. Mil Med Res. 2022;9(1):65.

Liu L, Guo H, Song A, Huang J, Zhang Y, Jin S, et al. Progranulin inhibits
LPS-induced macrophage M1 polarization via NF-kB and MAPK path-
ways. BMC Immunol. 2020;21(1):32.

Li SJ, Qu DL, Wang YH, He Y, Wen M, Guo QX, et al. Facile and efficient
chemical synthesis of APETX2, an ASIC-targeting toxin, via hydrazide-
based native chemical ligation. Tetrahedron. 2015;71(21):3363-6.
Kretschmer RR, Rico G, Giménez JA. A novel anti-inflammatory oligo-
peptide produced by Entamoeba histolytica. Mol Biochem Parasitol.
2001;112(2):201-9.

ShiJ, Hu Z, Zhou'Y, Zuo M, Wu H, Jin W, et al. Therapeutic potential of
synthetic human p-defensin 1 short motif pep-B on lipopolysaccha-
ride-stimulated human dental pulp stem cells. Mediators Inflamm.
2022;2022:6141967.

Yu H, Dong J, GuY, Liu H, Xin A, Shi H, et al. The novel human B-defensin
114 regulates lipopolysaccharide (LPS)-mediated inflammation and
protects sperm from motility loss. J Biol Chem. 2013,;288(17):12270-82.
Julier Z, Park AJ, Briquez PS, Martino MM. Promoting tissue regeneration
by modulating the immune system. Acta Biomater. 2017;53:13-28.
Qian H, Gao F, Wu X, Lin D, Huang Y, Chen A, et al. Activation of the
CD200/CD200R1 axis attenuates neuroinflammation and improves
postoperative cognitive dysfunction via the PI3K/Akt/NF-kB signaling
pathway in aged mice. Inflamm Res. 2023;72(12):2127-44.



Hao et al. Military Medical Research

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

(2024) 11:75

Gonzalez-Rey E, Delgado M. Anti-inflammatory neuropeptide receptors:
new therapeutic targets for immune disorders?. Trends Pharmacol Sci.
2007;28(9):482-91.

Rojas-Dotor S, Pérez-Ramos J, Giménez-Scherer JA, Blanco-Favela F,
Rico-Rosillo G. Effect of the monocyte locomotion inhibitory factor
(MLIF) produced by E. histolityca on cytokines and chemokine receptors
in T CD4* lymphocytes. Biol Res. 2009;42(4):415-25.

Rong YP, Bultynck G, Aromolaran AS, Zhong F, Parys JB, De Smedt H,

et al. The BH4 domain of Bcl-2 inhibits ER calcium release and apoptosis
by binding the regulatory and coupling domain of the IP3 receptor.
Proc Natl Acad Sci U S A. 2009;106(34):14397-402.

Boomsma RA, Geenen DL. Mesenchymal stem cells secrete multiple
cytokines that promote angiogenesis and have contrasting effects on
chemotaxis and apoptosis. PLoS One. 2012;7(4):e35685.

Tang J, Yan H, Zhuang S. Histone deacetylases as targets for treatment
of multiple diseases. Clin Sci. 2013;124(11):651-62.

Zhang Y, Zhu D, Wei Y, Wu'Y, Cui W, Liugin L, et al. A collagen hydrogel
loaded with HDAC7-derived peptide promotes the regeneration of
infarcted myocardium with functional improvement in a rodent model.
Acta Biomater. 2019;86:223-34.

Li Z, LiuW, Fu J,Cheng S, XuY, Wang Z, et al. Shigella evades

pyroptosis by arginine ADP-riboxanation of caspase-11. Nature.
2021;599(7884):290-5.

Doll S, Freitas FP, Shah R, Aldrovandi M, da Silva MC, Ingold |, et al.

FSP1 is a glutathione-independent ferroptosis suppressor. Nature.
2019;575(7784):693-8.

LiJ, Zhu R, Chen K, Zheng H, Zhao H, Yuan C, et al. Potent and specific
Atg8-targeting autophagy inhibitory peptides from giant ankyrins. Nat
Chem Biol. 2018;14(8):778-87.

Wang XY, Jiao LY, He JL, Fu ZA, Guo RJ. Parathyroid hormone 1-34 inhib-
its senescence in rat nucleus pulposus cells by activating autophagy via
the mTOR pathway. Mol Med Rep. 2018;18(3):2681-8.

Chen CH, Ho ML, Chang LH, Kang L, Lin YS, Lin SY, et al. Parathyroid
hormone-(1-34) ameliorated knee osteoarthritis in rats via autophagy. J
Appl Physiol (1985). 2018;124(5):1177-85.

Tominaga K, Suzuki HI. TGF-@ signaling in cellular senescence and
aging-related pathology. Int J Mol Sci. 2019;20(20):5002.

Guan R, Yuan L, Li J,Wang J, Li Z, Cai Z, et al. Bone morphogenetic
protein 4 inhibits pulmonary fibrosis by modulating cellular senescence
and mitophagy in lung fibroblasts. Eur Respir J. 2022;60(6):2102307.

Li X, Feng L, Zhang C, Wang J, Wang S, Hu L. Insulin-like growth factor
binding proteins 7 prevents dental pulp-derived mesenchymal stem
cell senescence via metabolic downregulation of p21. Sci China Life Sci.
2022;65(11):2218-32.

LiM, Sun X, Ma L, Jin L, Zhang W, Xiao M, et al. SDF-1/CXCR4 axis
induces human dental pulp stem cell migration through FAK/PI3K/Akt
and GSK3[3/[-catenin pathways. Sci Rep. 2017;7:40161.

Li Q Xing D, Ma L, Gao C. Synthesis of E7 peptide-modified biodegrad-
able polyester with the improving affinity to mesenchymal stem cells.
Mater Sci Eng C Mater Biol Appl. 2017;73:562-8.

Bai J, Ge G, Wang Q, LiW, Zheng K, Xu Y, et al. Engineering stem cell
recruitment and osteoinduction via bioadhesive molecular mimics to
improve osteoporotic bone-implant integration. Research (Wash D C).
2022;2022:9823784.

Sun X, Yin H,Wang Y, Lu J, Shen X, Lu C, et al. In situ articular cartilage
regeneration through endogenous reparative cell homing using a
functional bone marrow-specific scaffolding system. ACS Appl Mater
Interfaces. 2018;10(45):38715-28.

LuJ, Shen X, Sun X,Yin H,Yang S, Lu C, et al. Increased recruitment of
endogenous stem cells and chondrogenic differentiation by a com-
posite scaffold containing bone marrow homing peptide for cartilage
regeneration. Theranostics. 2018;8(18):5039-58.

Kim SJ, Kim JE, Choe G, Song DH, Kim SJ, Kim TH, et al. Self-assembled
peptide-substance P hydrogels alleviate inflammation and amelio-

rate the cartilage regeneration in knee osteoarthritis. Biomater Res.
2023;27(1):40.

Mizuguchi'Y, Mashimo Y, Mie M, Kobatake E. Temperature-responsive
multifunctional protein hydrogels with elastin-like polypeptides for 3-D
angiogenesis. Biomacromol. 2020;21(3):1126-35.

Horii A, Wang X, Gelain F, Zhang S. Biological designer self-

assembling peptide nanofiber scaffolds significantly enhance

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

Page 52 of 62

osteoblast proliferation, differentiation and 3-D migration. PLoS ONE.
2007;2(2):190.

Aye SSS, Li R, Boyd-Moss M, Long B, Pavuluri S, Bruggeman K, et al. Scaf-
folds formed via the non-equilibrium supramolecular assembly of the
synergistic ECM peptides RGD and PHSRN demonstrate improved cell
attachment in 3D. Polymers (Basel). 2018;10(7):690.

Johnson CP, Fujimoto |, Perrin-Tricaud C, Rutishauser U, Leckband D.
Mechanism of homophilic adhesion by the neural cell adhesion mol-
ecule: use of multiple domains and flexibility. Proc Natl Acad Sci U S A.
2004;101(18):6963-8.

Hao Z, LiH,Wang Y, HuY, ChenT, Zhang S, et al. Supramolecular pep-
tide nanofiber hydrogels for bone tissue tngineering: from multihier-
archical fabrications to comprehensive applications. Adv Sci (Weinh).
2022;9(11):¢2103820.

Lukasova V, Buzgo M, Sovkova V, Dankova J, Rampichova M, Amler E.
Osteogenic differentiation of 3D cultured mesenchymal stem cells
induced by bioactive peptides. Cell Prolif. 2017;50(4):e12357.

Pan H, Zheng Q, Guo X, Wu Y, Wu B. Polydopamine-assisted BMP-
2-derived peptides immobilization on biomimetic copolymer scaffold
for enhanced bone induction in vitro and in vivo. Colloids Surf B Bioint-
erfaces. 2016;142:1-9.

Gentile P, Ferreira AM, Callaghan JT, Miller CA, Atkinson J, Freeman C,
et al. Multilayer nanoscale encapsulation of biofunctional peptides

to enhance bone tissue regeneration in vivo. Adv Healthc Mater.
2017;6(8):201601182.

Liang P, Zheng J, Zhang Z, Hou Y, Wang J, Zhang C, et al. Bioactive 3D
scaffolds self-assembled from phosphorylated mimicking peptide
amphiphiles to enhance osteogenesis. J Biomater Sci Polym Ed.
2019;30(1):34-48.

ChoiYJ, Lee JY, Park JH, Park JB, Suh JS, Choi YS, et al. The identification
of a heparin binding domain peptide from bone morphogenetic pro-
tein-4 and its role on osteogenesis. Biomaterials. 2010;31(28):7226-38.
Kim HK, Kim JH, Park DS, Park KS, Kang SS, Lee JS, et al. Osteogenesis
induced by a bone forming peptide from the prodomain region of
BMP-7. Biomaterials. 2012;33(29):7057-63.

Bergeron E, Leblanc E, Drevelle O, Giguere R, Beauvais S, Grenier G, et al.
The evaluation of ectopic bone formation induced by delivery systems
for bone morphogenetic protein-9 or its derived peptide. Tissue Eng
Part A. 2012;18(3-4):342-52.

ChenT,Wang Y, Hao Z, Hu Y, Li J. Parathyroid hormone and its related
peptides in bone metabolism. Biochem Pharmacol. 2021;192:114669.
Martin TJ. Parathyroid hormone-related protein, its regulation of carti-
lage and bone development, and role in treating bone diseases. Physiol
Rev.2016;96(3):831-71.

Martin TJ, Sims NA, Seeman E. Physiological and pharmacological roles
of PTH and PTHIP in bone using their shared receptor, PTH1R. Endocr
Rev. 2021;42(4):383-406.

Bhattacharyya S, Pal S, Chattopadhyay N. Abaloparatide, the second
generation osteoanabolic drug: molecular mechanisms underlying

its advantages over the first-in-class teriparatide. Biochem Pharmacol.
2019;166:185-91.

Rachner TD, Hofbauer LC, Gobel A, Tsourdi E. Novel therapies in osteo-
porosis: PTH-related peptide analogs and inhibitors of sclerostin. J Mol
Endocrinol. 2019:62(2):R145-54.

Pigossi SC, Medeiros MC, Saska S, Cirelli JA, Scarel-Caminaga RM. Role of
osteogenic growth peptide (OGP) and OGP(10-14) in bone regenera-
tion: a review. Int J Mol Sci. 2016;17(11):171885.

Liang QL, Xu HG, Yu L, Ding MR, Li YT, Qi GF, et al. Binding-induced
fibrillogenesis peptide inhibits RANKL-mediated osteoclast activation
against osteoporosis. Biomaterials. 2023;302:122331.

Wu D, Liu L, Fu S, Zhang J. Osteostatin improves the Osteogenic dif-
ferentiation of mesenchymal stem cells and enhances angiogenesis
through HIF-1a under hypoxia conditions in vitro. Biochem Biophys Res
Commun. 2022,606:100-7.

Platas J, Guillen MI, Gomar F, Guillén MA, Esbrit P, Alcaraz MJ. Anti-
senescence and anti-inflammatory effects of the C-terminal moiety

of PTHrP peptides in OA osteoblasts. J Gerontol A Biol Sci Med Sci.
2017,72(5):624-31.

Mantsou A, Papachristou E, Keramidas P, Lamprou P, Pitou M, Papi RM,
et al. Fabrication of a smart fibrous biomaterial that harbors an active



Hao et al. Military Medical Research

98.

99.

100.

101.

102.

103.

104.

107.

108.

109.

110.

112.

113.

(2024) 11:75

TGF-B1 peptide: a promising approach for cartilage regeneration.
Biomedicines. 2023;11(7):1890.

Wu D, Li J,Wang C, Su Z, Su H, ChenY, et al. Injectable silk fibroin pep-
tide nanofiber hydrogel composite scaffolds for cartilage regeneration.
Mater Today Bio. 2024;25:100962.

Zhang Y, Guo W, Wang M, Hao C, Lu L, Gao S, et al. Co-culture systems-
based strategies for articular cartilage tissue engineering. J Cell Physiol.
2018;233(3):1940-51.

Tsumaki N, Okada M, Yamashita A. iPS cell technologies and cartilage
regeneration. Bone. 2015,70:48-54.

Lee MJ, Kim J, Kim MY, Bae YS, Ryu SH, Lee TG, et al. Proteomic

analysis of tumor necrosis factor-alpha-induced secretome of human
adipose tissue-derived mesenchymal stem cells. J Proteome Res.
2010,9(4):1754-62.

Eugenis |, Wu D, Rando TA. Cells, scaffolds, and bioactive factors:
engineering strategies for improving regeneration following volumetric
muscle loss. Biomaterials. 2021;278:121173.

Zhang C, Zhang E, Yang L, Tu W, Lin J, Yuan C, et al. Histone deacetylase
inhibitor treated cell sheet from mouse tendon stem/progenitor cells
promotes tendon repair. Biomaterials. 2018;172:66-82.

Poplawski GHD, Kawaguchi R, Van Niekerk E, Lu P, Mehta N, Canete P,
et al. Injured adult neurons regress to an embryonic transcriptional
growth state. Nature. 2020;581(7806):77-82.

. Tavelli L, Ravida A, Barootchi S, Chambrone L, Giannobile WV. Recom-

binant human platelet-derived growth factor: a systematic review of
clinical findings in oral regenerative procedures. JDR Clin Trans Res.
2021,6(2):161-73.

Pouliou MM, Fragkioudakis |, Doufexi AE, Batas L. The role of rhFGF-2

in periodontal defect bone fill: a systematic review of the literature. J
Periodontal Res. 2023;58(4):733-44.

Hunter DJ, Pike MC, Jonas BL, Kissin E, Krop J, McAlindonT. Phase 1
safety and tolerability study of BMP-7 in symptomatic knee osteoarthri-
tis. BMC Musculoskelet Disord. 2010;11:232.

Wieman TJ, Smiell JM, Su Y. Efficacy and safety of a topical gel formula-
tion of recombinant human platelet-derived growth factor-BB (beca-
plermin) in patients with chronic neuropathic diabetic ulcers. A phase
Il randomized placebo-controlled double-blind study. Diabetes Care.
1998;21(5):822-7.

Weng L, Ye J,Yang F, Jia S, Leng M, Jia B, et al. TGF-beta1/SMAD3
regulates programmed cell death 5 that suppresses cardiac

fibrosis post-myocardial infarction by inhibiting HDAC3. Circ Res.
2023;133(3):237-51.

Hu X, Li R, WuY, LiY, Zhong X, Zhang G, et al. Thermosensitive heparin-
poloxamer hydrogel encapsulated bFGF and NGF to treat spinal cord
injury. J Cell Mol Med. 2020;24(14):8166-78.

Toth CC, Willis D, Twiss JL, Walsh S, Martinez JA, Liu WQ, et al. Locally
synthesized calcitonin gene-related Peptide has a critical role in periph-
eral nerve regeneration. J Neuropathol Exp Neurol. 2009,68(3):326-37.
Sun X, Liu H,Tan Z, Hou Y, Pang M, Chen S, et al. Remodeling micro-
environment for endogenous repair through precise modulation of
chondroitin sulfate proteoglycans following spinal cord injury. Small.
2023;19(6):22205012.

Feng F, Song X, Tan Z, Tu'Y, Xiao L, Xie P, et al. Cooperative assembly of
a designer peptide and silk fibroin into hybrid nanofiber gels for neural
regeneration after spinal cord injury. Sci Adv. 2023;9(25):.eadg0234.
Werner S. Keratinocyte growth factor: a unique player in epithelial
repair processes. Cytokine Growth Factor Rev. 1998,9(2):153-65.

Dong C, Zhang NJ, Zhang LJ. Oxidative stress in leukemia and antioxi-
dant treatment. Chin Med J (Engl). 2021;134(16):1897-907.

Karmakar U, Chu JY, Sundaram K, Astier AL, Garside H, Hansen CG, et al.
Immune complex-induced apoptosis and concurrent immune com-
plex clearance are anti-inflammatory neutrophil functions. Cell Death
Dis. 2021;12(4):296.

Black SM, DeVol JM, Wedgwood S. Regulation of fibroblast growth
factor-2 expression in pulmonary arterial smooth muscle cells involves
increased reactive oxygen species generation. Am J Physiol Cell Physiol.
2008;294(1):C345-54.

Tan BL, Norhaizan ME, Liew WP, Sulaiman RH. Antioxidant and oxidative
stress: a mutual interplay in age-related diseases. Front Pharmacol.
2018;9:1162.

119.

120.

122.

123.

124.

125.

126.

127.

128.

129.

131.

132.

137.

138.

139.

140.

141.

Page 53 of 62

Gorgug A, Gengdagd E, Yilmaz FM. Bioactive peptides derived from plant
origin by-products: biological activities and techno-functional utiliza-
tions in food developments-a review. Food Res Int. 2020;136:109504.
Boldyrev AA, Aldini G, Derave W. Physiology and pathophysiology of
carnosine. Physiol Rev. 2013;93(4):1803-45.

Di Micco R, Krizhanovsky V, Baker D, d’Adda di Fagagna F. Cellular senes-
cence in ageing: from mechanisms to therapeutic opportunities. Nat
Rev Mol Cell Biol. 2021;22(2):75-95.

Lenney JF, Peppers SC, Kucera-Orallo CM, George RP. Characterization of
human tissue carnosinase. Biochem J. 1985;228(3):653-60.

Bellia F, Calabrese V, Guarino F, Cavallaro M, Cornelius C, De Pinto V, et al.
Carnosinase levels in aging brain: redox state induction and cellular
stress response. Antioxid Redox Signal. 2009;11(11):2759-75.

LanzaV, Greco V, Bocchieri E, Sciuto S, Inturri R, Messina L, et al.
Synergistic effect of L-carnosine and hyaluronic acid in their covalent
conjugates on the antioxidant abilities and the mutual defense against
enzymatic degradation. Antioxidants (Basel). 2022;11(4):664.

Gwirtz JA, Garcia-Casal MN. Processing maize flour and corn meal food
products. Ann N'Y Acad Sci. 2014;1312(1):66-75.

Yang DQ, Zuo ON, Wang T, Xu D, Lian L, Gao LJ, et al. Mitochondrial-
targeting antioxidant SS-31 suppresses airway inflammation and
oxidative stress induced by cigarette smoke. Oxid Med Cell Longev.
2021;2021:6644238.

Liu X, De la Cruz E, Gu X, Balint L, Oxendine-Burns M, Terrones T, et al.
Lymphoangiocrine signals promote cardiac growth and repair. Nature.
2020;588(7839):705-11.

Henri O, Pouehe C, Houssari M, Galas L, Nicol L, Edwards-Levy F, et al.
Selective stimulation of cardiac lymphangiogenesis reduces myocardial
edema and fibrosis leading to improved cardiac function following
myocardial infarction. Circulation. 2016;133(15):1484-97.

Gur-Cohen S, Yang H, Baksh SC, Miao Y, Levorse J, Kataru RP, et al. Stem
cell-driven lymphatic remodeling coordinates tissue regeneration. Sci-
ence. 2019;366(6470):1218-25.

Biswas L, Chen J, De Angelis J, Singh A, Owen-Woods C, Ding Z, et al.
Lymphatic vessels in bone support regeneration after injury. Cell.
2023;186(2):382-97.e24.

Bachhuka A, Madathiparambil Visalakshan R, Law CS, Santos A,
Ebendorff-Heidepriem H, Karnati S, et al. Modulation of macrophages
differentiation by nanoscale-engineered geometric and chemical
features. ACS Appl Bio Mater. 2020;3(3):1496-505.

Bian J, Cai F, Chen H, Tang Z, Xi K, Tang J, et al. Modulation of local over-
active inflammation via injectable hydrogel microspheres. Nano Lett.
2021;21(6):2690-8.

Silva-Garcia R, Rico-Rosillo G. Anti-inflammatory defense mechanisms
of Entamoeba histolytica. Inflamm Res. 2011,60(2):111-7.

Rodrigues M, Kosaric N, Bonham CA, Gurtner GC. Wound healing: a
cellular perspective. Physiol Rev. 2019;99(1):665-706.

Duluc D, Delneste Y, Tan F, Moles MP, Grimaud L, Lenoir J, et al.
Tumor-associated leukemia inhibitory factor and IL-6 skew monocyte
differentiation into tumor-associated macrophage-like cells. Blood.
2007;110(13):4319-30.

Mishra R, Sehring I, Cederlund M, Mulaw M, Weidinger G. NF-kB signal-
ing negatively regulates osteoblast dedifferentiation during zebrafish
bone regeneration. Dev Cell. 2020;52(2):167-82.e167.

Sipp D, Robey PG, Turner L. Clear up this stem-cell mess. Nature.
2018,561(7724):455-7.

Diochot S, Baron A, Rash LD, Deval E, Escoubas P, Scarzello S, et al. A
new sea anemone peptide, APETx2, inhibits ASIC3, a major acid-sensi-
tive channel in sensory neurons. EMBO J. 2004;23(7):1516-25.

Pazgier M, Hoover DM, Yang D, Lu W, Lubkowski J. Human beta-
defensins. Cell Mol Life Sci. 2006;63(11):1294-313.

Lima SMF, de Padua GM, Sousa M, Freire MS, Franco OL, Rezende

TMB. Antimicrobial peptide-based treatment for endodontic infec-
tions—biotechnological innovation in endodontics. Biotechnol Adv.
2015;33(1):203-13.

Park D, Spencer JA, Koh BI, Kobayashi T, Fujisaki J, Clemens TL, et al.
Endogenous bone marrow MSCs are dynamic, fate-restricted
participants in bone maintenance and regeneration. Cell Stem Cell.
2012;10(3):259-72.

Porta C, Riboldi E, Ippolito A, Sica A. Molecular and epigenetic basis of
macrophage polarized activation. Semin Immunol. 2015;27(4):237-48.



Hao et al. Military Medical Research

143.

144.

145.

146.

147.

148.

149.

152.

153.

154.

155.

156.

157.

158.

159.

160.

162.

163.

164.

(2024) 11:75

Czimmerer Z, Daniel B, Horvath A, Ruckerl D, Nagy G, Kiss M, et al. The
transcription factor STAT6 mediates direct repression of inflammatory
enhancers and limits activation of alternatively polarized macrophages.
Immunity. 2018;48(1):75-90.6.

Wynn TA, Vannella KM. Macrophages in tissue repair, regeneration, and
fibrosis. Immunity. 2016;44(3):450-62.

Shanley LC, Mahon OR, Kelly DJ, Dunne A. Harnessing the innate and
adaptive immune system for tissue repair and regeneration: consider-
ing more than macrophages. Acta Biomater. 2021;133:208-21.
Mahallawi WH, Khabour OF, Zhang Q, Makhdoum HM, Suliman BA.
MERS-CoV infection in humans is associated with a pro-inflammatory
Th1 and Th17 cytokine profile. Cytokine. 2018;104:8-13.

Jenkins SJ, Ruckerl D, Cook PC, Jones LH, Finkelman FD, van

Rooijen N, et al. Local macrophage proliferation, rather than recruit-
ment from the blood, is a signature of TH2 inflammation. Science.
2011,332(6035):1284-8.

Gieseck RL 3rd, Wilson MS, Wynn TA. Type 2 immunity in tissue repair
and fibrosis. Nat Rev Immunol. 2018;18:62-76.

Zemmour D, Zilionis R, Kiner E, Klein AM, Mathis D, Benoist C. Single-cell
gene expression reveals a landscape of regulatory T cell phenotypes
shaped by the TCR. Nat Immunol. 2018;19(3):291-301.

Mathur AN, Zirak B, Boothby IC, Tan M, Cohen JN, Mauro TM, et al.
Treg-cell control of a CXCL5-IL-17 inflammatory axis promotes hair-
follicle-stem-cell differentiation during skin-barrier repair. Immunity.
2019;50(3):655-67.€4.

Weirather J, Hofmann UDW, Beyersdorf N, Ramos GC, Vogel B, Frey A,
et al. Foxp3* CD4* T cells improve healing after myocardial infarc-

tion by modulating monocyte/macrophage differentiation. Circ Res.
2014;115(1):55-67.

Qin'S, Zheng JH, Xia ZH, Qian J, Deng CL, Yang SL. CTHRC1 promotes
wound repair by increasing M2 macrophages via regulating the TGF-3
and Notch pathways. Biomed Pharmacother. 2019;113:108594.
MclIntyre LL, Greilach SA, Othy S, Sears-Kraxberger I, Wi B, Ayala-
Angulo J, et al. Regulatory T cells promote remyelination in the murine
experimental autoimmune encephalomyelitis model of multiple
sclerosis following human neural stem cell transplant. Neurobiol Dis.
2020;140:104868.

Burchill MA, Yang J, Vogtenhuber C, Blazar BR, Farrar MA. IL-2 receptor
beta-dependent STAT5 activation is required for the development of
Foxp3* regulatory T cells. J Immunol. 2007;178(1):280-90.

Lio CWJ, Hsieh CS. A two-step process for thymic regulatory T cell
development. Immunity. 2008;28(1):100-11.

Burchill MA, Yang J, Vang KB, Moon JJ, Chu HH, Lio CW, et al. Linked T
cell receptor and cytokine signaling govern the development of the
regulatory T cell repertoire. Immunity. 2008;28(1):112-21.

Shameli A, Yamanouchi J, Tsai S, Yang Y, Clemente-Casares X, Moore A,
et al. IL-2 promotes the function of memory-like autoregulatory CD8*
T cells but suppresses their development via FoxP3* Treg cells. Eur J
Immunol. 2013;43(2):394-403.

Ogawa C, Tone Y, Tsuda M, Peter C, Waldmann H, Tone M. TGF-beta-
mediated Foxp3 gene expression is cooperatively regulated by Stat5,
Creb, and AP-1 through CNS2. J Immunol. 2014;192(1):475-83.

Ruan Q, Kameswaran V, Tone Y, Li L, Liou HC, Greene M|, et al. Develop-
ment of Foxp3™ regulatory T cells is driven by the c-Rel enhanceosome.
Immunity. 2009;31(6):932-40.

Yang WS, Stockwell BR. Ferroptosis: death by lipid peroxidation. Trends
Cell Biol. 2016;26(3):165-76.

Luciani A, Villella VR, Esposito S, Brunetti-Pierri N, Medina D, Settembre
C, et al. Defective CFTR induces aggresome formation and lung inflam-
mation in cystic fibrosis through ROS-mediated autophagy inhibition.
Nat Cell Biol. 2010;12(9):863-75.

Bartlett JJ, Trivedi PC, Pulinilkunnil T. Autophagic dysregulation in doxo-
rubicin cardiomyopathy. J Mol Cell Cardiol. 2017;104:1-8.

Yang XB, Roach HlI, Clarke NM, Howdle SM, Quirk R, Shakesheff KM, et al.
Human osteoprogenitor growth and differentiation on synthetic biode-
gradable structures after surface modification. Bone. 2001;29(6):523-31.
Kimura K, Hattori A, Usui Y, Kitazawa K, Naganuma M, Kawamoto K,

et al. Stimulation of corneal epithelial migration by a synthetic peptide
(PHSRN) corresponding to the second cell-binding site of fibronectin.
Invest Ophthalmol Vis Sci. 2007;48(3):1110-8.

165.

168.

169.

170.

172.

174.

175.

176.

177.

178.

179.

180.

184.

185.

Page 54 of 62

Feng Y, Mrksich M. The synergy peptide PHSRN and the adhesion
peptide RGD mediate cell adhesion through a common mechanism.
Biochemistry. 2004;43(50):15811-21.

Manning BD, Cantley LC. Rheb fills a GAP between TSC and TOR. Trends
Biochem Sci. 2003;28(11):573-6.

Wu M, Wu 'S, Chen W, Li YP. The roles and regulatory mechanisms of
TGF-B and BMP signaling in bone and cartilage development, homeo-
stasis and disease. Cell Res. 2024;34(2):101-23.

Wang Y, Liang J, Xu B, Yang J, Wu Z, Cheng L. TrkB/BDNF signaling
pathway and its small molecular agonists in CNS injury. Life Sci.
2024,336:122282.

Wang C, Liu Y, He D. Diverse effects of platelet-derived growth factor-BB
on cell signaling pathways. Cytokine. 2019;113:13-20.

Dao DT, Anez-Bustillos L, Adam RM, Puder M, Bielenberg DR.
Heparin-binding epidermal growth factor-like growth factor as

a critical mediator of tissue repair and regeneration. Am J Pathol.
2018;188(11):2446-56.

Faroog M, Khan AW, Kim MS, Choi S. The role of fibroblast growth
factor (FGF) signaling in tissue repair and regeneration. Cells.
2021;10(11):3242.

Wein MN, Liang Y, Goransson O, Sundberg TB, Wang J, Williams EA, et al.
SIKs control osteocyte responses to parathyroid hormone. Nat Com-
mun. 2016;7:13176.

Migliorini E, Valat A, Picart C, Cavalcanti-Adam EA. Tuning cellular
responses to BMP-2 with material surfaces. Cytokine Growth Factor Rev.
2016;27:43-54.

Hao ZW, Chen TH, Wang Y, Feng QY, Chen JY, Li HK, et al. Self-assem-
bling peptide nanofibers anchored parathyroid hormone derivative for
bone tissue engineering. Adv Fiber Mater. 2024;6(2):583-606.

Jarrar H, Cetin Altindal D, Gimusderelioglu M. Effect of melatonin/
BMP-2 co-delivery scaffolds on the osteoclast activity. J Mater Sci Mater
Med. 2021;32(4):32.

Yang L, Xie F, LiY, LuY, Li B,Hong S, et al. Chitin-based hydrogel loaded
with bFGF and SDF-1 for inducing endogenous mesenchymal stem
cells homing to improve stress urinary incontinence. Carbohydr Polym.
2023;319:121144.

LiuY, Zheng K, Meng Z, Wang L, Liu X, Guo B, et al. A cell-free tissue-
engineered tracheal substitute with sequential cytokine release main-
tained airway opening in a rabbit tracheal full circumferential defect
model. Biomaterials. 2023;300:122208.

Hachim D, Whittaker TE, Kim H, Stevens MM. Glycosaminoglycan-based
biomaterials for growth factor and cytokine delivery: making the right
choices. J Control Release. 2019;313:131-47.

Ding X, Gao J, Awada H, Wang Y. Dual physical dynamic bond-based
injectable and biodegradable hydrogel for tissue regeneration. J Mater
Chem B. 2016;4(6):1175-85.

Sultankulov B, Berillo D, Kauanova S, Mikhalovsky S, Mikhalovska L, Sap-
arov A. Composite cryogel with polyelectrolyte complexes for growth
factor delivery. Pharmaceutics. 2019;11(12):650.

Huang LC, Wang HC, Chen LH, Ho CY, Hsieh PH, Huang MY, et al. Bioin-
spired self-assembling peptide hydrogel with proteoglycan-assisted
growth factor delivery for therapeutic angiogenesis. Theranostics.
2019;9(23):7072-87.

WenY, Li F, Li C,YinYY, Li J. High mechanical strength chitosan-based
hydrogels cross-linked with poly(ethylene glycol)/polycaprolactone
micelles for the controlled release of drugs/growth factors. J Mater
Chem B.2017;5(5):961-71.

Sievers J, Zschoche S, Dockhorn R, Friedrichs J, Werner C, Freudenberg
U. Temperature-induced mechanomodulation of interpenetrating
networks of star poly(ethylene glycol)-heparin and poly(N-isopropy-
lacrylamide). ACS Appl Mater Interfaces. 2019;11(45):41862-74.
Hempel U, Hintze V, Méller S, Schnabelrauch M, Scharnweber D, Dieter
P. Artificial extracellular matrices composed of collagen | and sulfated
hyaluronan with adsorbed transforming growth factor 31 promote col-
lagen synthesis of human mesenchymal stromal cells. Acta Biomater.
2012;8(2):659-66.

Deng Y, Sun AX, Overholt KJ, Yu GZ, Fritch MR, Alexander PG, et al.
Enhancing chondrogenesis and mechanical strength retention in
physiologically relevant hydrogels with incorporation of hyaluronic acid
and direct loading of TGF-beta. Acta Biomater. 2019;83:167-76.



Hao et al. Military Medical Research

186.

187.

188.

189.

190.

191.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

(2024) 11:75

Thones S, Rother S, Wippold T, Blaszkiewicz J, Balamurugan K, Moeller
S, et al. Hyaluronan/collagen hydrogels containing sulfated hyaluronan
improve wound healing by sustained release of heparin-binding EGF-
like growth factor. Acta Biomater. 2019;86:135-47.

Wang B, Chariyev-Prinz F, Burdis R, Eichholz K, Kelly DJ. Additive manu-
facturing of cartilage-mimetic scaffolds as off-the-shelf implants for
joint regeneration. Biofabrication. 2022;14(2):ac41a0.

Wang B, Diaz-Payno PJ, Browe DC, Freeman FE, Nulty J, Burdis R,

et al. Affinity-bound growth factor within sulfated interpenetrating
network bioinks for bioprinting cartilaginous tissues. Acta Biomater.
2021;128:130-42.

Klinkhammer K, Bockelmann J, Simitzis C, Brook GA, Grafahrend D,
Groll J, et al. Functionalization of electrospun fibers of poly(epsilon-
caprolactone) with star shaped NCO-poly(ethylene glycol)-stat-
poly(propylene glycol) for neuronal cell guidance. J Mater Sci Mater
Med. 2010;21(9):2637-51.

Cheng ZA, Alba-Perez A, Gonzalez-Garcia C, Donnelly H, Llopis-Hernan-
dezV, JayawarnaV, et al. Nanoscale coatings for ultralow dose BMP-
2-driven regeneration of critical-sized bone defects. Adv Sci (Weinh).
2018;6(2):1800361.

Trujillo S, Gonzalez-Garcia C, Rico P, Reid A, Windmill J, Dalby MJ, et al.
Engineered 3D hydrogels with full-length fibronectin that sequester
and present growth factors. Biomaterials. 2020;252:120104.

Martino MM, Tortelli F, Mochizuki M, Traub S, Ben-David D, Kuhn GA,

et al. Engineering the growth factor microenvironment with fibronectin
domains to promote wound and bone tissue healing. Sci Transl Med.
2011;3(100):100ra189.

Zhang W, WuY, Chen Q, Zhang H, Zhou M, Chen K; et al. Statistic
copolymers working as growth factor-binding mimics of fibronectin.
Adv Sci (Weinh). 2022,9(21):2200775.

Bostock C, Teal CJ, Dang M, Golinski AW, Hackel BJ, Shoichet MS.
Affibody-mediated controlled release of fibroblast growth factor 2. J
Control Release. 2022,350:815-28.

Dorogin J, Hochstatter HB, Shepherd SO, Svendsen JE, Benz MA,
Powers AC, et al. Moderate-affinity affibodies modulate the delivery
and bioactivity of bone morphogenetic protein-2. Adv Healthc Mater.
2023;12(26):€2300793.

Teal CJ, Hettiaratchi MH, Ho MT, Ortin-Martinez A, Ganesh AN, Pickering
AJ, et al. Directed evolution enables simultaneous controlled release of
multiple therapeutic proteins from biopolymer-based hydrogels. Adv
Mater. 2022;34(34):2202612.

Wang J, Youngblood R, Cassinotti L, Skoumal M, Corfas G, Shea L. An
injectable PEG hydrogel controlling neurotrophin-3 release by affinity
peptides. J Control Release. 2021,330:575-86.

Zhao N, Suzuki A, Zhang X, Shi P, Abune L, Coyne J, et al. Dual aptamer-
functionalized in situ injectable fibrin hydrogel for promotion of
angiogenesis via codelivery of vascular endothelial growth factor

and platelet-derived growth factor-BB. ACS Appl Mater Interfaces.
2019;11(20):18123-32.

Rana D, Padmanaban P, Becker M, Stein F, Leijten J, Koopman B, et al.
Spatial control of self-organizing vascular networks with programmable
aptamer-tethered growth factor photopatterning. Mater Today Bio.
2023;19:100551.

Rana D, Kandar A, Salehi-Nik N, Inci I, Koopman B, Rouwkema J.
Spatiotemporally controlled, aptamers-mediated growth factor release
locally manipulates microvasculature formation within engineered
tissues. Bioact Mater. 2021;12:71-84.

Li LF, Hao RN, Qin JJ, Song J, Chen XF, Rao F, et al. Electrospun fibers
control drug delivery for tissue regeneration and cancer therapy. Adv
Fiber Mater. 2022;4(6):1375-413.

Li A, Han ZZ, Li ZY, Li JF, Li XL, Zhang ZC. A PTHrP-2 loaded adhesive
cellulose acetate nanofiber mat as wound dressing accelerates wound
healing. Mater Des. 2021;212:110241.

Liu C, Wang Z, Yao X, Wang M, Huang Z, Li X. Sustained biochemi-

cal signaling and contact guidance by electrospun bicomponents

as promising scaffolds for nerve tissue regeneration. ACS Omega.
2021;6(48):33010-7.

Song H, Zhang Y, Zhang Z, Xiong S, Ma X, Li Y. Hydroxyapatite/NELL-1
nanoparticles electrospun fibers for osteoinduction in bone tissue
engineering application. Int J Nanomedicine. 2021;16:4321-32.

205.

206.

207.

208.

209.

210.

212.

213.

215.

217.

219.

220.

221.

222.

223.

224.

Page 55 of 62

Zhang H,Wang K, Gao T, Zhang R, Cai Z, Liu J, et al. Controlled release of
bFGF loaded into electrospun core-shell fibrous membranes for use in
guided tissue regeneration. Biomed Mater. 2020;15(3):035021.

Xia B, Lv Y. Dual-delivery of VEGF and NGF by emulsion electrospun
nanofibrous scaffold for peripheral nerve regeneration. Mater Sci Eng C
Mater Biol Appl. 2018;82:253-64.

Antonova L, Kutikhin A, Sevostianova V, Velikanova E, Matveeva V,
Glushkova T, et al. bFGF and SDF-1a improve in vivo performance of
VEGF-incorporating small-diameter vascular grafts. Pharmaceuticals
(Basel). 2021;14(4):302.

Evrova O, Burgisser GM, Ebnéther C, Adathala A, Calcagni M, Bachmann
E, et al. Elastic and surgeon friendly electrospun tubes delivering PDGF-
BB positively impact tendon rupture healing in a rabbit Achilles tendon
model. Biomaterials. 2020;232:119722.

Man Z,Yin L, Shao Z, Zhang X, Hu X, Zhu J, et al. The effects of
co-delivery of BMSC-affinity peptide and rhTGF-31 from coaxial
electrospun scaffolds on chondrogenic differentiation. Biomaterials.
2014,;35(19):5250-60.

Ding T, Kang W, Li J, Yu L, Ge S. An in situ tissue engineering scaffold
with growth factors combining angiogenesis and osteoimmunomodu-
latory functions for advanced periodontal bone regeneration. J Nano-
biotechnology. 2021;19(1):247.

Cheng G, Yin C, Tu H, Jiang S, Wang Q, Zhou X, et al. Controlled
co-delivery of growth factors through layer-by-layer assembly of
core-shell nanofibers for improving bone regeneration. ACS Nano.
2019;13(6):6372-82.

Liu Z, Liu X, Bao L, Liu J, Zhu X, Mo X, et al. The evaluation of functional
small intestinal submucosa for abdominal wall defect repair in a rat
model: potent effect of sequential release of VEGF and TGF-betal on
host integration. Biomaterials. 2021;276:120999.

Lee J, Yoo JJ, Atala A, Lee SJ. The effect of controlled release of PDGF-BB
from heparin-conjugated electrospun PCL/gelatin scaffolds on cellular
bioactivity and infiltration. Biomaterials. 2012;33(28):6709-20.

Pitarresi G, Fiorica C, Palumbo FS, Rigogliuso S, Ghersi G, Giammona G.
Heparin functionalized polyaspartamide/polyester scaffold for potential
blood vessel regeneration. J Biomed Mater Res A. 2014;102(5):1334-41.
Wang Y, Li H, Zhao C, Zi Q, He F, Wang W. VEGF-modified PLA/HA nano-
composite fibrous membrane for cranial defect repair in rats. J Biomater
Appl. 2023;38(3):455-67.

Bhutada SS, Sriram M, Katti DS. Sulfated carboxymethylcellulose conju-
gated electrospun fibers as a growth factor presenting system for tissue
engineering. Carbohydr Polym. 2021;268:118256.

Cao L, YuY,Wang J, Werkmeister JA, McLean KM, Liu C. 2-N, 6-O-sulfated
chitosan-assisted BMP-2 immobilization of PCL scaffolds for enhanced
osteoinduction. Mater Sci Eng C Mater Biol Appl. 2017;74:298-306.
Mohammadi S, Ramakrishna S, Laurent S, Shokrgozar MA, Sem-

nani D, Sadeghi D, et al. Fabrication of nanofibrous PVA/alginate-
sulfate substrates for growth factor delivery. J Biomed Mater Res A.
2019;107(2):403-13.

Pan’S,Qi Z LiQ,MaY, Fu C, Zheng S, et al. Graphene oxide-PLGA hybrid
nanofibres for the local delivery of IGF-1 and BDNF in spinal cord repair.
Artif Cells Nanomed Biotechnol. 2019:47(1):651-64.

Yang K, Lee JS, Kim J, Lee YB, Shin H, Um SH, et al. Polydopamine-medi-
ated surface modification of scaffold materials for human neural stem
cell engineering. Biomaterials. 2012,33(29):6952-64.

Huang B, Wu Z, Ding S, YuanY, Liu C. Localization and promotion of
recombinant human bone morphogenetic protein-2 bioactivity on
extracellular matrix mimetic chondroitin sulfate-functionalized calcium
phosphate cement scaffolds. Acta Biomater. 2018;71:184-99.
Godoy-Gallardo M, Portolés-Gil N, Lopez-Periago AM, Domingo C,
Hosta-Rigau L. Multi-layered polydopamine coatings for the immobili-
zation of growth factors onto highly-interconnected and bimodal PCL/
HA-based scaffolds. Mater Sci Eng C Mater Biol Appl. 2020;117:111245.
ZhangV, LiK, Shen L, Yu L, Ding T, Ma B, et al. Metal Phenolic nanodress-
ing of porous polymer scaffolds for enhanced bone regeneration via
interfacial gating growth factor release and stem cell differentiation.
ACS Appl Mater Interfaces. 2022;14(1):268-77.

Lu YT, Hung PT, Zeng K, Menzel M, Schmelzer CEH, Zhang K, et al. Sus-
tained growth factor delivery from bioactive PNIPAM-grafted-chitosan/
heparin multilayers as a tool to promote growth and migration of cells.
Biomater Adv. 2023;154:213589.



Hao et al. Military Medical Research

225.

226.

227.

228.

229.

230.

231,

232.

233.

234,

235.

236.

237.

238.

239.

240.

241,

242.

243.

244,

(2024) 11:75

Tang Q Lim T, Wei XJ, Wang QY, Xu JC, Shen LY, et al. A free-standing
multilayer film as a novel delivery carrier of platelet lysates for potential
wound-dressing applications. Biomaterials. 2020,255:120138.

Tang J,Yan D, Chen L, Shen Z, Wang B, Weng S, et al. Enhancement

of local bone formation on titanium implants in osteoporotic rats by
biomimetic multilayered structures containing parathyroid hormone
(PTH)-related protein. Biomed Mater. 2020;15(4):045011.

Chen P, Miao Y, Zhang F, Huang J, Chen Y, Fan Z, et al. Nanoscale
microenvironment engineering based on layer-by-layer self-assembly
to regulate hair follicle stem cell fate for regenerative medicine. Thera-
nostics. 2020;10(25):11673-89.

Chen M, Huang L, Shen X, Li M, Luo Z, Cai K, et al. Construction of
multilayered molecular reservoirs on a titanium alloy implant for com-
binational drug delivery to promote osseointegration in osteoporotic
conditions. Acta Biomater. 2020;105:304-18.

Wei X, Chen Q, Bu L, Wan X, Jiao Z, Han Z, et al. Improved muscle
regeneration into a joint prosthesis with mechano-growth factor
loaded within mesoporous silica combined with carbon nanotubes on
a porous titanium alloy. ACS Nano. 2022;16(9):14344-61.

Wang D, Zhang X, Ng KW, Rao Y, Wang C, Gharaibeh B, et al. Growth and
differentiation factor-7 immobilized, mechanically strong quadrol-hex-
amethylene diisocyanate-methacrylic anhydride polyurethane polymer
for tendon repair and regeneration. Acta Biomater. 2022;154:108-22.
Seong YJ, Song EH, Park C, Lee H, Kang IG, Kim HE, et al. Porous calcium
phosphate-collagen composite microspheres for effective growth
factor delivery and bone tissue regeneration. Mater Sci Eng C Mater Biol
Appl. 2020;109:110480.

Yang CJ, Anand A, Huang CC, Lai JY. Unveiling the power of gabap-
entin-loaded nanoceria with multiple therapeutic capabilities for the
treatment of dry eye disease. ACS Nano. 2023;17(24):25118-35.
WaniTU, Khan RS, Rather AH, Beigh MA, Sheikh FA. Local dual delivery
therapeutic strategies: using biomaterials for advanced bone tissue
regeneration. J Control Release. 2021;339:143-55.

Khalil AS, Xie AW, Johnson HJ, Murphy WL. Sustained release and pro-
tein stabilization reduce the growth factor dosage required for human
pluripotent stem cell expansion. Biomaterials. 2020;248:120007.

Ruehle MA, Li MTA, Cheng A, Krishnan L, Willett NJ, Guldberg RE.
Decorin-supplemented collagen hydrogels for the co-delivery of bone
morphogenetic protein-2 and microvascular fragments to a composite
bone-muscle injury model with impaired vascularization. Acta Bio-
mater. 2019;93:210-21.

Nguyen DD, Luo LJ, Yang CJ, Lai JY. Highly retina-permeating and
long-acting resveratrol/metformin nanotherapeutics for enhanced
treatment of macular degeneration. ACS Nano. 2023;17(1):168-83.

An X, Wang R, Chen E,Yang Y, Fan B, Li Y, et al. A forskolin-loaded
nanodelivery system prevents noise-induced hearing loss. J Control
Release. 2022;348:148-57.

Yang CJ, Nguyen DD, Lai JY. Poly(l-histidine)-mediated on-demand
therapeutic delivery of roughened ceria nanocages for treatment of
chemical eye injury. Adv Sci (Weinh). 2023;10(26):€2302174.

Rosellini E, Barbani N, Frati C, Madeddu D, Massai D, Morbiducci U,

et al. IGF-1 loaded injectable microspheres for potential repair of the
infarcted myocardium. J Biomater Appl. 2021;35(7):762-75.

ShiPWang Q Yu C, Fan F, Liu M, Tu M, et al. Hydroxyapatite nanorod
and microsphere functionalized with bioactive lactoferrin as a new
biomaterial for enhancement bone regeneration. Colloids Surf B Bioint-
erfaces. 2017;155:477-86.

GongY, Zhang Y, Cao Z, Ye F, Lin Z, Li Y. Development of CaCO(3) micro-
sphere-based composite hydrogel for dual delivery of growth factor
and Ca to enhance bone regeneration. Biomater Sci. 2019;7(9):3614-26.
Xue, LiY, Zhang D, Xu W, Ning C, Han D. Calcium phosphate silicate
microspheres with soybean lecithin as a sustained-release bone mor-
phogenetic protein-delivery system for bone tissue regeneration. ACS
Biomater Sci Eng. 2023;9(5):2596-607.

Zhou X, Feng W, Qiu K, Chen L, Wang W, Nie W, et al. BMP-2 derived
peptide and dexamethasone incorporated mesoporous silica nanopar-
ticles for enhanced osteogenic differentiation of bone mesenchymal
stem cells. ACS Appl Mater Interfaces. 2015;7(29):15777-89.

Han F, Tu Z, Zhu Z, Liu D, Meng Q, Yu Q, et al. Targeting endogenous
reactive oxygen species removal and regulating regenerative

245,

246.

247.

248.

249.

250.

252.

253.

254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

Page 56 of 62

microenvironment at annulus fibrosus defects promote tissue repair.
ACS Nano. 2023;17(8):7645-61.

Karpov TE, Peltek OO, Muslimov AR, Tarakanchikova YV, Grunina TM,
Poponova MS, et al. Development of optimized strategies for growth
factor incorporation onto electrospun fibrous scaffolds to promote
prolonged release. ACS Appl Mater Interfaces. 2020;12(5):5578-92.
Zhang X, Zeng D, Li N, Jiang X, Liu C, Li Y. Large-pore mesoporous
Ca-Si-based bioceramics with high in vitro bioactivity and protein
adsorption capability for bone tissue regeneration. J Mater Chem B.
2016;4(22):3916-24.

Kim TH, Eltohamy M, Kim M, Perez RA, Kim JH, Yun YR, et al. Therapeutic
foam scaffolds incorporating biopolymer-shelled mesoporous nano-
spheres with growth factors. Acta Biomater. 2014;10(6):2612-21.

Li Q, Chang B, Dong H, Liu X. Functional microspheres for tissue regen-
eration. Bioact Mater. 2022;25:485-99.

Feng J,WuY, Chen W, Li J, Wang X, Chen Y, et al. Sustained release of
bioactive IGF-1 from a silk fibroin microsphere-based injectable algi-
nate hydrogel for the treatment of myocardial infarction. J Mater Chem
B.2020;8(2):308-15.

Chen Z, Lv Z, Zhuang Y, Saiding Q, Yang W, Xiong W, et al. Mechanical
signal-tailored hydrogel microspheres recruit and train stem cells for
precise differentiation. Adv Mater. 2023;35(40):22300180.

Zhang YD, Ma AB, Sun L, Chen JD, Hong G, Wu HK. Nanoclay-modified
hyaluronic acid microspheres for bone induction by sustained rhBMP-2
delivery. Macromol Biosci. 2024;24(2):e2300245.

Zhu Z,Yu Q, Li H, Han F, Guo Q, Sun H, et al. Vanillin-based functionaliza-
tion strategy to construct multifunctional microspheres for treating
inflammation and regenerating intervertebral disc. Bioact Mater.
2023;28:167-82.

Qiang L, Fan M, Wang Y, Liu Y, Zhuang H, Guo R, et al. Injectable
hydrogel loaded with bilayer microspheres to inhibit angiogenesis and
promote cartilage regeneration for repairing growth plate injury. Front
Bioeng Biotechnol. 2023;11:1181580.

Xiao L, Gao D, Zhang Y, Liu C, Yin Z. Codelivery of TGF-B1 and anti-
miR-141 by PLGA microspheres inhibits progression of intervertebral
disc degeneration. J Orthop Surg Res. 2023;18(1):17.

Zhou YL, Yang QQ, Zhang L, Tang JB. Nanoparticle-coated sutures
providing sustained growth factor delivery to improve the healing
strength of injured tendons. Acta Biomater. 2021;124:301-14.

Yu Q Liu S, Guo R, Chen K, Li Y, Jiang D, et al. Complete restoration of
hearing loss and cochlear synaptopathy via minimally invasive, single-
dose, and controllable middle ear delivery of brain-derived neuro-
trophic factor-poly(dl-lactic acid-co-glycolic acid)-loaded hydrogel. ACS
Nano. 2024;18(8):6298-313.

LiuT, HuY, Tan J, Liu S, Chen J, Guo X, et al. Surface biomimetic
modification with laminin-loaded heparin/poly-I-lysine nanoparticles
for improving the biocompatibility. Mater Sci Eng C Mater Biol Appl.
2017;71:929-36.

Yuan Z, Lyu Z, Zhang W, Zhang J, Wang Y. Porous bioactive prosthesis
with chitosan/mesoporous silica nanoparticles microspheres sequen-
tially and sustainedly releasing platelet-derived growth factor-BB and
kartogenin: a new treatment strategy for osteoarticular lesions. Front
Bioeng Biotechnol. 2022;10:839120.

Jayaraman P, Gandhimathi C, Venugopal JR, Becker DL, Ramakrishna S,
Srinivasan DK. Controlled release of drugs in electrosprayed nanoparti-
cles for bone tissue engineering. Adv Drug Deliv Rev. 2015,94:77-95.
Nagase K, Nagaoka M, Nakano Y, Utoh R. bFGF-releasing biodegradable
nanoparticles for effectively engrafting transplanted hepatocyte sheet.
J Control Release. 2024,366:160-9.

Zhang R, Xie L, Wu H, Yang T, Zhang Q, Tian Y, et al. Alginate/laponite
hydrogel microspheres co-encapsulating dental pulp stem cells and
VEGF for endodontic regeneration. Acta Biomater. 2020;113:305-16.
Lei L, Wang S, Wu H, JuW, Peng J, Qahtan AS, et al. Optimization

of release pattern of FGF-2 and BMP-2 for osteogenic differen-

tiation of low-population density hMSCs. J Biomed Mater Res A.
2015;103(1):252-61.

Zhang BJ, Han ZW, Duan K, Mu YD, Weng J. Multilayered pore-closed
PLGA microsphere delivering OGP and BMP-2 in sequential release pat-
terns for the facilitation of BMSCs osteogenic differentiation. J Biomed
Mater Res A. 2018;106(1):95-105.



Hao et al. Military Medical Research

264.

265.

266.

267.

268.

2609.

270.

271.
272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

(2024) 11:75

Xu C, Xu J, Xiao L, Li Z, Xiao Y, Dargusch M, et al. Double-layered
microsphere based dual growth factor delivery system for guided bone
regeneration. RSC Adv. 2018;8(30):16503-12.

Natsaridis E, Mouzoura P, Gkartziou F, Marazioti A, Antimisiaris SG.
Development of growth factor-incorporating liposomes for integration
into scaffolds as a method to improve tissue regeneration. Int J Dev
Biol. 2022,66(1-2-3):137-54.

Olekson MA, Faulknor R, Bandekar A, Sempkowski M, Hsia HC, Berth-
iaume F. SDF-1 liposomes promote sustained cell proliferation in mouse
diabetic wounds. Wound Repair Regen. 2015;23(5):711-23.
Mohammadi M, Alibolandi M, Abnous K, Salmasi Z, Jaafari MR,
Ramezani M. Fabrication of hybrid scaffold based on hydroxyapatite-
biodegradable nanofibers incorporated with liposomal formula-

tion of BMP-2 peptide for bone tissue engineering. Nanomedicine.
2018;14(7):1987-97.

Wang QQ, Dong XY, Zhang HY, Li PF, Lu XJ, Wu M, et al. A novel
hydrogel-based combination therapy for effective neuroregeneration
after spinal cord injury. Chem Eng J. 2021;415:128964.
Wickremasinghe NC, Kumar VA, Hartgerink JD. Two-step self-assembly
of liposome-multidomain peptide nanofiber hydrogel for time-con-
trolled release. Biomacromol. 2014;15(10):3587-95.

Zhao YZ, ZhuGe DL, Tong MQ, Lin MT, Zheng YW, Jiang X, et al. Ulcera-
tive colitis-specific delivery of keratinocyte growth factor by neutro-
phils-simulated liposomes facilitates the morphologic and functional
recovery of the damaged colon through alleviating the inflammation. J
Control Release. 2019,299:90-106.

Kim SM, Kim HS. Engineering of extracellular vesicles as drug delivery
vehicles. Stem Cell Investig. 2017;4:74.

JuY, Hu,Yang P, Xie X, Fang B. Extracellular vesicle-loaded hydrogels
for tissue repair and regeneration. Mater Today Bio. 2022;18:100522.
ZhaV, LiY,LinT, Chen J, Zhang S, Wang J. Progenitor cell-derived
exosomes endowed with VEGF plasmids enhance osteogenic induc-
tion and vascular remodeling in large segmental bone defects. Thera-
nostics. 2021;11(1):397-409.

ZhaY,LinT, LiY, Zhang X, Wang Z, Li Z, et al. Exosome-mimetics as an
engineered gene-activated matrix induces in-situ vascularized osteo-
genesis. Biomaterials. 2020;247:119985.

Sabzehmeidani MM, Kazemzad M. Recent advances in surface-
mounted metal-organic framework thin film coatings for biomaterials
and medical applications: a review. Biomater Res. 2023;27(1):115.
GuoY, LiY,Zhou S, Ye Q, Zan X, He Y. Metal-organic framework-based
composites for protein delivery and therapeutics. ACS Biomater Sci Eng.
2022;8(10):4028-38.

LiY, Zhu J, Zhang X, LiY, Zhang S, Yang L, et al. Drug-delivery nanoplat-
form with synergistic regulation of angiogenesis-osteogenesis coupling
for promoting vascularized bone regeneration. ACS Appl Mater Inter-
faces. 2023;15(14):17543-61.

Zhang X, Chen JY, Pei X, Li YH, Feng H, He ZH, et al. One-pot facile
encapsulation of dimethyloxallyl glycine by nanoscale zeolitic imida-
zolate frameworks-8 for enhancing vascularized bone regeneration.
Adv Healthc Mater. 2023;12(4):2202317.

Toprak O, Topuz B, Monsef YA, Oto C, Orhan K, Karakecili A. BMP-6 carry-
ing metal organic framework-embedded in bioresorbable electrospun
fibers for enhanced bone regeneration. Mater Sci Eng C Mater Biol
Appl. 2021;120:111738.

Jiang YA, Pan XM, Yao MY, Han L, Zhang X, Jia ZR, et al. Bioinspired adhe-
sive and tumor microenvironment responsive nanoMOFs assembled
3D-printed scaffold for anti-tumor therapy and bone regeneration.
Nano Today. 2021;39:101182.

Abdulmalik S, Gallo J, Nip J, Katebifar S, Arul M, Lebaschi A, et al.
Nanofiber matrix formulations for the delivery of Exendin-4 for

tendon regeneration: In vitro and in vivo assessment. Bioact Mater.
2023;25:42-60.

Zare H, Ahmadi S, Ghasemi A, Ghanbari M, Rabiee N, Bagherzadeh M,
et al. Carbon nanotubes: smart drug/gene delivery carriers. Int J Nano-
medicine. 2021;16:1681-706.

Tanaka M, SatoY, Zhang M, Haniu H, Okamoto M, Aoki K, et al. In vitro
and in vivo evaluation of a three-dimensional porous multi-walled
carbon nanotube scaffold for bone regeneration. Nanomaterials.
2017;7(2):46.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294,

295.

296.

297.

298.

299.

300.

301.

302

303.

304.

305.

Page 57 of 62

Maher S, Mazinani A, Barati MR, Losic D. Engineered titanium implants
for localized drug delivery: recent advances and perspectives of Titania
nanotubes arrays. Expert Opin Drug Deliv. 2018;15(10):1021-37.

Zhang X, Yu Q Wang YA, Zhao J. Dose reduction of bone morphoge-
netic protein-2 for bone regeneration using a delivery system based on
lyophilization with trehalose. Int J Nanomedicine. 2018;13:403-14.
MaY, Zhang Z, LiuY, Li H, Wang N, Liu W, et al. Nanotubes functional-
ized with BMP2 knuckle peptide improve the osseointegration of
titanium implants in rabbits. J Biomed Nanotechnol. 2015;11(2):236-44.
Yuan L, Xu X, Song X, Hong L, Zhang Z, Ma J, et al. Effect of bone-
shaped nanotube-hydrogel drug delivery system for enhanced
osseointegration. Biomater Adv. 2022;137:212853.

Wang Q, Huang JY, Li HQ, Zhao AZ, Wang Y, Zhang KQ, et al. Recent
advances on smart TiO, nanotube platforms for sustainable drug deliv-
ery applications. Int J Nanomedicine. 2017;12:151-65.

Albashari AA, He Y, Albaadani MA, Xiang Y, Ali J, Hu F, et al. Titanium
nanotube modified with silver cross-linked basic fibroblast growth
factor improves osteoblastic activities of dental pulp stem cells and
antibacterial effect. Front Cell Dev Biol. 2021;9:654654.

Zhou L, Zhang W, Lee J, Kuhn L, Chen Y. Controlled self-assembly

of DNA-mimicking nanotubes to form a layer-by-layer scaffold

for homeostatic tissue constructs. ACS Appl Mater Interfaces.
2021;13(43):51321-32.

Katouzian |, Jafari SM. Protein nanotubes as state-of-the-art nanocarri-
ers: synthesis methods, simulation and applications. J Control Release.
2019;303:302-18.

Hsieh WH, Liaw J. Applications of cyclic peptide nanotubes (cPNTs). J
Food Drug Anal. 2019;27(1):32-47.

Khatoon N, Chu MQ, Zhou CH. Nanoclay-based drug delivery systems
and their therapeutic potentials. J Mater Chem B. 2020;8(33):7335-51.
Dong J, Cheng Z,Tan S, Zhu Q. Clay nanoparticles as pharma-

ceutical carriers in drug delivery systems. Expert Opin Drug Deliv.
2021;18(6):695-714.

Vaiana CA, Leonard MK, Drummy LF, Singh KM, Bubulya A, Vaia RA, et al.
Epidermal growth factor: layered silicate nanocomposites for tissue
regeneration. Biomacromol. 2011;12(9):3139-46.

Black C, Gibbs D, McEwan J, Kanczler J, Fernandez MP, Tozzi G, et al.
Comparison of bone formation mediated by bone morphoge-

netic protein delivered by nanoclay gels with clinical techniques
(autograft and InductOs®) in an ovine bone model. J Tissue Eng.
2022;13:20417314221113744.

Zandi N, Dolatyar B, Lotfi R, Shallageh Y, Shokrgozar MA, Tamjid E, et al.
Biomimetic nanoengineered scaffold for enhanced full-thickness cuta-
neous wound healing. Acta Biomater. 2021;124:191-204.

Quint JP, Mostafavi A, Endo Y, Panayi A, Russell CS, Nourmahnad A, et al.
In vivo printing of nanoenabled scaffolds for the treatment of skeletal
muscle injuries. Adv Healthc Mater. 2021;10(10):e2002152.

Quint JP, Samandari M, Abbasi L, Mollocana E, Rinoldi C, Mostafavi A,
et al. Nanoengineered myogenic scaffolds for skeletal muscle tissue
engineering. Nanoscale. 2022;14(3):797-814.

Zhang Y, Chen M, Dai Z, Cao H, Li J, Zhang W. Sustained protein
therapeutics enabled by self-healing nanocomposite hydrogels for
non-invasive bone regeneration. Biomater Sci. 2020;8(2):682-93.

Shin SR, Li YC, Jang HL, Khoshakhlagh P, Akbari M, Nasajpour A, et al.
Graphene-based materials for tissue engineering. Adv Drug Deliv Rev.
2016;105(Pt B):255-74.

Puah PY, Moh PY, Sipaut CS, Lee PC, How SE. Peptide conjugate on mul-
tilayer graphene oxide film for the osteogenic differentiation of human
Wharton’s Jelly-derived mesenchymal stem cells. Polymers (Basel).
2021;13(19):3290.

Bao D, Sun J, Gong M, Shi J, Qin B, Deng K, et al. Combination of
graphene oxide and platelet-rich plasma improves tendon-bone heal-
ing in a rabbit model of supraspinatus tendon reconstruction. Regen
Biomater. 2021;8(6):rbab045.

Zhou M, Lozano N, Wychowaniec JK, Hodgkinson T, Richardson SM,
Kostarelos K, et al. Graphene oxide: a growth factor delivery carrier to
enhance chondrogenic differentiation of human mesenchymal stem
cells in 3D hydrogels. Acta Biomater. 2019;96:271-80.

Shen H, Lin H, Sun AX, Song S, Wang B, Yang Y, et al. Acceleration of
chondrogenic differentiation of human mesenchymal stem cells by



Hao et al. Military Medical Research

306.

307.

308.

309.

310.

31

313.

314

315.

316.

317.

318.

320.

321.

322.

323.

324.

325.

(2024) 11:75

sustained growth factor release in 3D graphene oxide incorporated
hydrogels. Acta Biomater. 2020;105:44-55.

Wu J, Zheng A, LiuY, Jiao D, Zeng D, Wang X, et al. Enhanced bone
regeneration of the silk fibroin electrospun scaffolds through the
modification of the graphene oxide functionalized by BMP-2 peptide.
Int J Nanomedicine. 2019;14:733-51.

MiaoY, ChenY, Luo J, Liu X, Yang Q, Shi X, et al. Black phosphorus
nanosheets-enabled DNA hydrogel integrating 3D-printed scaf-

fold for promoting vascularized bone regeneration. Bioact Mater.
2022;21:97-1009.

Wu M, Liu H, Li B, Zhu Y, Wu P, Chen Z, et al. Smart-responsive multi-
functional therapeutic system for improved regenerative microenvi-
ronment and accelerated bone regeneration via mild photothermal
therapy. Adv Sci (Weinh). 2024;11(2):e2304641.

Xu D, Gan K, Wang Y, Wu Z, Wang Y, Zhang S, et al. A composite defer-
oxamine/black phosphorus nanosheet/gelatin hydrogel scaffold for
ischemic tibial bone repair. Int J Nanomedicine. 2022;17:1015-30.

Liu X, Li L, Gaihre B, Park S, Li Y, Terzic A, et al. Scaffold-free spheroids
with two-dimensional heteronano-layers (2DHNL) enabling stem

cell and osteogenic factor codelivery for bone repair. ACS Nano.
2022,16(2):2741-55.

LiuY, Han Q Yang W, Gan X, Yang Y, Xie K, et al. Two-dimensional
MXene/cobalt nanowire heterojunction for controlled drug delivery
and chemo-photothermal therapy. Mater Sci Eng C Mater Biol Appl.
2020;116:111212.

Yang Z, Fu X, Ma D, Wang Y, Peng L, Shi J, et al. Growth factor-decorated
Ti; C, MXene/MoS, 2D bio-heterojunctions with quad-channel
photonic disinfection for effective regeneration of bacteria-invaded
cutaneous tissue. Small. 2021;17(50):e2103993.

Lv Z, HuT, Bian'Y, Wang G, Wu Z, Li H, et al. A MgFe-LDH nanosheet-
incorporated smart thermo-responsive hydrogel with controllable
growth factor releasing capability for bone regeneration. Adv Mater.
2023;35(5):€2206545.

Huang KC, Yano F, Murahashi Y, Takano S, Kitaura Y, Chang SH, et al.
Sandwich-type PLLA-nanosheets loaded with BMP-2 induce bone
regeneration in critical-sized mouse calvarial defects. Acta Biomater.
2017;59:12-20.

MurahashiY, Yano F, Nakamoto H, Maenohara Y, Iba K, Yamashita T, et al.
Multi-layered PLLA-nanosheets loaded with FGF-2 induce robust bone
regeneration with controlled release in critical-sized mouse femoral
defects. Acta Biomater. 2019;85:172-9.

Yuan S, Hu Q. Convergence of nanomedicine and neutrophils for drug
delivery. Bioact Mater. 2024;35:150-66.

Luo Z, Lu, ShiY, Jiang M, Shan X, Li X, et al. Neutrophil hitch-

hiking for drug delivery to the bone marrow. Nat Nanotechnol.
2023;18(6):647-56.

Hao M, Zhu L, Hou S, Chen S, Li X, Li K, et al. Sensitizing tumors to
immune checkpoint blockage via STING agonists delivered by tumor-
penetrating neutrophil cytopharmaceuticals. ACS Nano. 2023:1663-80.
SunT, Chen Q Zhou Z, Li C, YuT, Jiang C. A chemiluminescent reporter
assisted by in-situ neutrophils for imaging O, at inflammatory sites. J
Control Release. 2023;358:382-97.

Zhang M, HuW, Cai C, Wu Y, Li J, Dong S. Advanced application of
stimuli-responsive drug delivery system for inflammatory arthritis treat-
ment. Mater Today Bio. 2022;14:100223.

Koetting MC, Peters JT, Steichen SD, Peppas NA. Stimulus-responsive
hydrogels: theory, modern advances, and applications. Mater Sci Eng R
Rep. 2015;93:1-49.

Emanuelli T, Burgeiro A, Carvalho E. Effects of insulin on the skin:
possible healing benefits for diabetic foot ulcers. Arch Dermatol Res.
2016;308(10):677-94.

Azevedo F, Pessoa A, Moreira G, Dos Santos M, Liberti E, Araujo E, et al.
Effect of topical insulin on second-degree burns in diabetic rats. Biol
Res Nurs. 2016;18(2):181-92.

Liang Y, Li M, Yang Y, Qiao L, Xu H, Guo B. pH/Glucose dual responsive
metformin release hydrogel dressings with adhesion and self-healing
via dual-dynamic bonding for athletic diabetic foot wound healing.
ACS Nano. 2022;16(2):3194-207.

Li D, Chen K, Tang H, Hu S, Xin L, Jing X, et al. A logic-based diagnostic
and therapeutic hydrogel with multistimuli responsiveness to orches-
trate diabetic bone regeneration. Adv Mater. 2022;34(11):2108430.

326.

327.

328.

329.

330.

331

332.

333.

334.

335.

336.

337.

338.

339.

340.

342.

343.

344,

Page 58 of 62

Zhao Y, Huang L, Lin G, Tong M, Xie Y, Pan H, et al. Skin-adaptive film
dressing with smart-release of growth factors accelerated diabetic
wound healing. Int J Biol Macromol. 2022;222(Pt B):2729-43.
Namangkalakul W, Nagai S, Jin C, Nakahama KI, Yoshimoto Y, Ueha

S, et al. Augmented effect of fibroblast growth factor 18 in bone
morphogenetic protein 2-induced calvarial bone healing by activa-
tion of CCL2/CCR2 axis on M2 macrophage polarization. J Tissue Eng.
2023;14:20417314231187960.

Chen WH, Luo GF, Vazquez-Gonzélez M, Cazelles R, Sohn YS,
Nechushtai R, et al. Glucose-responsive metal-organic-framework
nanoparticles act as “smart”sense-and-treat carriers. ACS Nano.
2018;12(8):7538-45.

Mittal M, Siddiqui MR, Tran K, Reddy SP, Malik AB. Reactive oxygen
species in inflammation and tissue injury. Antioxid Redox Signal.
2014;20(7):1126-67.

Saita M, Kaneko J, Sato T, Takahashi SS, Wada-Takahashi S, Kawamata
R, et al. Novel antioxidative nanotherapeutics in a rat periodontitis
model: Reactive oxygen species scavenging by redox injectable gel
suppresses alveolar bone resorption. Biomaterials. 2016,76:292-301.
Dou Y, Li C, Li L, Guo J, Zhang J. Bioresponsive drug delivery systems
for the treatment of inflammatory diseases. J Control Release.
2020;327:641-66.

Ren X, Liu H, Wu X, Weng W, Wang X, Su J. Reactive oxygen species
(ROS)-responsive biomaterials for the treatment of bone-related
diseases. Front Bioeng Biotechnol. 2022;9:820468.

Martin JR, Howard MT, Wang S, Berger AG, Hammond PT. Oxidation-
responsive, tunable growth factor delivery from polyelectrolyte-
coated implants. Adv Healthc Mater. 2021;10(9):2001941.

Yuan X, Jia Z, LiJ, LiuY, Huang Y, Gong Y, et al. A diselenide bond-
containing ROS-responsive ruthenium nanoplatform delivers

nerve growth factor for Alzheimer’s disease management by
repairing and promoting neuron regeneration. J Mater Chem B.
2021,9(37):7835-47.

An Z, Zhang L, LiuY, Zhao H, Zhang Y, Cao Y, et al. Injectable thioketal-
containing hydrogel dressing accelerates skin wound healing with the
incorporation of reactive oxygen species scavenging and growth factor
release. Biomater Sci. 2022;10(1):100-13.

Zhu H, Xu J, Zhao M, Luo H, Lin M, Luo Y, et al. Adhesive, injectable, and
ROS-responsive hybrid polyvinyl alcohol (PVA) hydrogel co-delivers
metformin and fibroblast growth factor 21 (FGF21) for enhanced
diabetic wound repair. Front Bioeng Biotechnol. 2022;10:968078.

Li ZH, Zhu DS, Hui Q, Bi JN, Yu BJ, Huang Z, et al. Injection of ROS-
responsive hydrogel loaded with basic fibroblast growth factor into the
pericardial cavity for heart repair. Adv Fiber Mater. 2021;31(15):2004377.
YaoY, Zhang H, Wang Z, Ding J, Wang S, Huang B, et al. Reactive oxygen
species (ROS)-responsive biomaterials mediate tissue microenviron-
ments and tissue regeneration. J Mater Chem B. 2019;7(33):5019-37.
Guidoni M, de Junior AD, Aragéo VPM, de Melo Costa Pereira T, Dos
Santos WC, Monteiro FC, et al. Liposomal stem cell extract formulation
from Coffea canephora shows outstanding anti-inflammatory activity,
increased tissue repair, neocollagenesis and neoangiogenesis. Arch
Dermatol Res. 2023;315(3):491-503.

Oikonomopoulou K, Diamandis EP, Hollenberg MD, Chandran V. Pro-
teinases and their receptors in inflammatory arthritis: an overview. Nat
Rev Rheumatol. 2018;14(3):170-80.

Umezawa K, Lin Y. Inhibition of matrix metalloproteinase expression
and cellular invasion by NF-kB inhibitors of microbial origin. Biochim
Biophys Acta Proteins Proteom. 2020;1868(6):140412.

Yang F, Guo G, Wang Y. Inflammation-triggered dual release of nitroxide
radical and growth factor from heparin mimicking hydrogel-tissue
composite as cardiovascular implants for anti-coagulation, endothe-
lialization, anti-inflammation, and anti-calcification. Biomaterials.
2022;289:121761.

Fan C, ShiJ, ZhuangV, Zhang L, Huang L, Yang W, et al. Myocardial-
infarction-responsive smart hydrogels targeting matrix metal-
loproteinase for on-demand growth factor delivery. Adv Mater.
2019;31(40):21902900.

Van Hove AH, Burke K, Antonienko E, Brown E 3rd, Benoit DS. Enzy-
matically-responsive pro-angiogenic peptide-releasing poly(ethylene
glycol) hydrogels promote vascularization in vivo. J Control Release.
2015;217:191-201.



Hao et al. Military Medical Research

345.

346.

347.

348.

349.

350.

351,

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

(2024) 11:75

Zarur M, Seijo-Rabina A, Goyanes A, Concheiro A, Alvarez-Lorenzo C.
pH-responsive scaffolds for tissue regeneration: in vivo performance.
Acta Biomater. 2023;168:22-41.

Jiang Q, Zhang S. Stimulus-responsive drug delivery nanoplatforms for
osteoarthritis therapy. Small. 2023;19(23):22206929.

Xi K, GuY,Tang J, Chen H, Xu Y, Wu L, et al. Microenvironment-respon-
sive immunoregulatory electrospun fibers for promoting nerve func-
tion recovery. Nat Commun. 2020;11(1):4504.

Zhao L, Niu L, Liang H, Tan H, Liu C, Zhu F. pH and glucose dual-
responsive injectable hydrogels with insulin and fibroblasts as bioactive
dressings for diabetic wound healing. ACS Appl Mater Interfaces.
2017,9(43):37563-74.

Phair J, Newton L, McCormac C, Cardosi MF, Leslie R, Davis J. A
disposable sensor for point of care wound pH monitoring. Analyst.
2011;136(22):4692-5.

Jankowska DA, Bannwarth MB, Schulenburg C, Faccio G, Maniura-
Weber K, Rossi RM, et al. Simultaneous detection of pH value and
glucose concentrations for wound monitoring applications. Biosens
Bioelectron. 2017,87:312-9.

Zong Y, Zong B, Zha R, Zhang Y, Li X, Wang Y, et al. An antibacterial and
anti-oxidative hydrogel dressing for promoting diabetic wound healing
and real-time monitoring wound pH conditions with a NIR fluorescent
imaging system. Adv Healthc Mater. 2023;12(24):e2300431.

Han XY, Yi WW, Chen SY, Cai ZW, Zhu Y, Han' W, et al. Ultrasound-
responsive smart composite biomaterials in tissue repair. Nano Today.
2023;49:101804.

Yeingst TJ, Arrizabalaga JH, Hayes DJ. Ultrasound-induced drug release
from stimuli-responsive hydrogels. Gels. 2022;8(9):554.

Zhao J, ShiJ, Meng X, Gong C, Wu P, Yang Z, et al. ROS-Activated
nanoscale coordination polymers for enhanced ultrasound-mediated
therapy for the treatment of cancer. Acta Biomater. 2022;143:372-80.
Zhang F, Lv M, Wang S, Li M, Wang Y, Hu C, et al. Ultrasound-triggered
biomimetic ultrashort peptide nanofiber hydrogels promote bone
regeneration by modulating macrophage and the osteogenic immune
microenvironment. Bioact Mater. 2023;31:231-46.

Shan'y, Xu L, Cui X, Wang E, Jiang F, Li J, et al. A responsive cascade drug
delivery scaffold adapted to the therapeutic time window for periph-
eral nerve injury repair. Mater Horiz. 2024;11(4):1032-45.

Arrizabalaga JH, Smallcomb M, Abu-Laban M, Liu Y, Yeingst TJ, Dhawan
A, et al. Ultrasound-responsive hydrogels for on-demand protein
release. ACS Appl Bio Mater. 2022;5(7):3212-8.

Lu X, Jin H, Quesada C, Farrell EC, Huang L, Aliabouzar M, et al. Spatially-
directed cell migration in acoustically-responsive scaffolds through

the controlled delivery of basic fibroblast growth factor. Acta Biomater.
2020;113:217-27.

Dong X, Lu X, Kingston K, Brewer E, Juliar BA, Kripfgans OD, et al. Con-
trolled delivery of basic fibroblast growth factor (bFGF) using acoustic
droplet vaporization stimulates endothelial network formation. Acta
Biomater. 2019;97:409-19.

Cai X, Jiang Y, Lin M, Zhang J, Guo H, Yang F, et al. Ultrasound-responsive
materials for drug/gene delivery. Front Pharmacol. 2019;10:1650.
Armenia |, Cuestas Ayllon C, Torres Herrero B, Bussolari F, Alfranca G,
Grazu V, et al. Photonic and magnetic materials for on-demand local
drug delivery. Adv Drug Deliv Rev. 2022;191:114584.

El-Husseiny HM, Mady EA, Hamabe L, Abugomaa A, Shimada K, Yoshida
T, et al. Smart/stimuli-responsive hydrogels: cutting-edge platforms for
tissue engineering and other biomedical applications. Mater Today Bio.
2022;13:100186.

Chen C, Liu Y, Wang H, Chen G, Wu X, Ren J, et al. Multifunctional
chitosan inverse opal particles for wound healing. ACS Nano.
2018;12(10):10493-500.

Chen C,WangY, Zhang H, Zhang H, Dong W, Sun W, et al. Responsive
and self-healing structural color supramolecular hydrogel patch for
diabetic wound treatment. Bioact Mater. 2021;15:194-202.

Nguyen DD, Luo LJ, Lai JY. Dendritic effects of injectable biodegrad-
able thermogels on pharmacotherapy of inflammatory glaucoma-
associated degradation of extracellular matrix. Adv Healthc Mater.
2019;8(24):21900702.

Luo LJ, Nguyen DD, Lai JY. Benzoic acid derivative-modified chi-
tosan-g-poly(N-isopropylacrylamide): methoxylation effects and

367.

368.

369.

370.

372.

373.

374.

375.

376.

377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

Page 59 of 62

pharmacological treatments of glaucoma-related neurodegeneration. J
Control Release. 2020;317:246-58.

WuY, LiH, Rao Z, Li H,WuY, Zhao J, et al. Controlled protein adsorption
and delivery of thermosensitive poly(N-isopropylacrylamide) nanogels.
J Mater Chem B. 2017,5(39):7974-84.

Lin X, Guan X, Wu'Y, Zhuang S, Wu Y, Du L, et al. An alginate/poly(N-
isopropylacrylamide)-based composite hydrogel dressing with step-
wise delivery of drug and growth factor for wound repair. Mater Sci Eng
C Mater Biol Appl. 2020;115:111123.

Fernandes-Cunha GM, Lee HJ, Kumar A, Kreymerman A, Heilshorn'S,
Myung D. Immobilization of growth factors to collagen surfaces using
pulsed visible light. Biomacromol. 2017;18(10):3185-96.

Tomatsu |, Peng K, Kros A. Photoresponsive hydrogels for biomedical
applications. Adv Drug Deliv Rev. 2011,63(14-15):1257-66.

Jaklenec A, Hinckfuss A, Bilgen B, Ciombor DM, Aaron R, Mathiowitz

E. Sequential release of bioactive IGF-I and TGF-beta 1 from PLGA
microsphere-based scaffolds. Biomaterials. 2008;29(10):1518-25.

Zhao W, LiY, Zhang X, Zhang R, Hu Y, Boyer C, et al. Photo-responsive
supramolecular hyaluronic acid hydrogels for accelerated wound heal-
ing. J Control Release. 2020;323:24-35.

Siebert L, Luna-Cerén E, Garcia-Rivera LE, Oh J, Jang J, Rosas-Gomez DA,
et al. Light-controlled growth factors release on tetrapodal ZnO-incor-
porated 3D-printed hydrogels for developing smart wound scaffold.
Adv Funct Mater. 2021;31(22):2007555.

Zhang H, Zhang Z, Zhang H, Chen C, Zhang D, Zhao Y. Protein-based
hybrid responsive microparticles for wound healing. ACS Appl Mater
Interfaces. 2021;13(16):18413-22.

Wang S, Zhang Z, Wei S, He F, Li Z, Wang HH, et al. Near-infrared
light-controllable MXene hydrogel for tunable on-demand release of
therapeutic proteins. Acta Biomater. 2021;130:138-48.

Wang YH, Zhao CZ, Wang RY, Du QX, Liu JY, Pan J. The crosstalk between
macrophages and bone marrow mesenchymal stem cells in bone heal-
ing. Stem Cell Res Ther. 2022;13(1):511.

Huang X, Xu L, Yu X, LiY, Huang Z, Xu R, et al. Near-infrared light-respon-
sive multifunctional hydrogel releasing peptide-functionalized gold
nanorods sequentially for diabetic wound healing. J Colloid Interface
Sci. 2023;639:369-84.

Zhao X, Liu'Y, Shao C, Nie M, Huang Q, Li J, et al. Photoresponsive
delivery microcarriers for tissue defects repair. Adv Sci (Weinh).
2019,6(20):1901280.

Arrighi |, Mark S, Alvisi M, von Rechenberg B, Hubbell JA, Schense JC.
Bone healing induced by local delivery of an engineered parathyroid
hormone prodrug. Biomaterials. 2009;30(9):1763-71.

Che L, Wang Y, Sha D, Li G, Wei Z, Liu C, et al. A biomimetic and bioac-
tive scaffold with intelligently pulsatile teriparatide delivery for local
and systemic osteoporosis regeneration. Bioact Mater. 2022;19:75-87.
Donsante A, Xue J, Poth KM, Hardcastle NS, Diniz B, O'Connor DM, et al.
Controlling the release of neurotrophin-3 and chondroitinase ABC
enhances the efficacy of nerve guidance conduits. Adv Healthc Mater.
2020;9(14):22000200.

Cheah E, Wu Z, Thakur SS, O'Carroll SJ, Svirskis D. Externally triggered
release of growth factors-a tissue regeneration approach. J Control
Release. 2021;332:74-95.

Wahajuddin AS. Superparamagnetic iron oxide nanoparticles: magnetic
nanoplatforms as drug carriers. Int J Nanomedicine. 2012;7:3445-71.
Azie O, Greenberg ZF, Batich CD, Dobson JP. Carbodiimide conju-
gation of latent transforming growth factor 31 to superparamag-

netic iron oxide nanoparticles for remote activation. Int J Mol Sci.
2019;20(13):3190.

Kim H, Park H, Lee JW, Lee KY. Magnetic field-responsive release of
transforming growth factor beta 1 from heparin-modified alginate fer-
rogels. Carbohydr Polym. 2016;151:467-73.

Tolouei AE, Dulger N, Ghatee R, Kennedy S. A magnetically respon-

sive biomaterial system for flexibly regulating the duration between
pro- and anti-inflammatory cytokine deliveries. Adv Healthc Mater.
2018;7(12):21800227.

Huang WC, Lin CC, ChiuTW, Chen SY. 3D gradient and linearly aligned
magnetic microcapsules in nerve guidance conduits with remotely
spatiotemporally controlled release to enhance peripheral nerve repair.
ACS Appl Mater Interfaces. 2022;14(41):46188-200.



Hao et al. Military Medical Research

388.

389.

390.

391.

392.

393.

394.

395.

396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

406.

407.

408.

(2024) 11:75

Le TH, Kim Y, Yoon H. Electrical and electrochemical properties of con-
ducting polymers. Polymers (Basel). 2017;9(4):150.

Svirskis D, Travas-Sejdic J, Rodgers A, Garg S. Electrochemically
controlled drug delivery based on intrinsically conducting polymers. J
Control Release. 2010;146(1):6-15.

Miar S, Ong JL, Bizios R, Guda T. Electrically stimulated tunable drug
delivery from polypyrrole-coated polyvinylidene fluoride. Front Chem.
2021;9:599631.

Green R, Abidian MR. Conducting polymers for neural prosthetic and
neural interface applications. Adv Mater. 2015;27(46):7620-37.

Cheah E, Bansal M, Nguyen L, Chalard A, Malmstrom J, O'Carroll SJ, et al.
Electrically responsive release of proteins from conducting polymer
hydrogels. Acta Biomater. 2023;158:87-100.

Magaz A, Ashton MD, Hathout RM, Li X, Hardy JG, Blaker JJ. Elec-
troresponsive silk-based biohybrid composites for electrochemically
controlled growth factor delivery. Pharmaceutics. 2020;12(8):742.
Bansal M, Dravid A, Agrawe Z, Montgomery J, Wu Z, Svirskis D. Con-
ducting polymer hydrogels for electrically responsive drug delivery. J
Control Release. 2020;328:192-209.

Yin L, Cheng J, Deming TJ, Vicent MJ. Synthetic polypeptides for

drug and gene delivery, and tissue engineering. Adv Drug Deliv Rev.
2021;178:113995.

Choi HY, Hyun SJ, Lee CH, Youn JH, Ryu MY, Kim KJ. Safety and efficacy
of recombinant human bone morphogenetic protein-2 in multilevel
posterolateral lumbar fusion in a prospective, randomized, controlled
trial. Neurospine. 2022;19(3):838-46.

Mariscal G, Nufiez JH, Barrios C, Domenech-Fernandez P. A meta-
analysis of bone morphogenetic protein-2 versus iliac crest bone graft
for the posterolateral fusion of the lumbar spine. J Bone Miner Metab.
2020;38(1):54-62.

Major Extremity Trauma Research C. A randomized controlled trial com-
paring rhBMP-2/absorbable collagen sponge versus autograft for the
treatment of tibia fractures with critical size defects. J Orthop Trauma.
2019;33(8):384-91.

Jung RE, Kovacs MN, Thoma DS, Hammerle CHF. Informative title:
guided bone regeneration with and without rhBMP-2: 17-year results
of a randomized controlled clinical trial. Clin Oral Implants Res.
2022;33(3):302-12.

de Freitas RM, Susin C, Tamashiro WM, Chaves de Souza JA, Marcanto-
nio C, Wikesjo UM, et al. Histological analysis and gene expression pro-
file following augmentation of the anterior maxilla using rhBMP-2/ACS
versus autogenous bone graft. J Clin Periodontol. 2016;43(12):1200-7.
da Rosa WLO, da Silva TM, Galarga AD, Piva E, da Silva AF. Efficacy of
rhBMP-2 in cleft lip and palate defects: systematic review and meta-
analysis. Calcif Tissue Int. 2019;104(2):115-29.

Lin GH, Lim G, Chan HL, Giannobile WV, Wang HL. Recombinant human
bone morphogenetic protein 2 outcomes for maxillary sinus floor aug-
mentation: a systematic review and meta-analysis. Clin Oral Implants
Res. 2016;27(11):1349-59.

Carragee EJ, Hurwitz EL, Weiner BK. A critical review of recombinant
human bone morphogenetic protein-2 trials in spinal surgery: emerg-
ing safety concerns and lessons learned. Spine J. 2011;11(6):471-91.
Vaccaro AR, Anderson DG, Patel T, Fischgrund J, Truumees E, Herkowitz
HN, et al. Comparison of OP-1 Putty (rhBMP-7) to iliac crest autograft
for posterolateral lumbar arthrodesis: a minimum 2-year follow-up pilot
study. Spine. 2005;30(24):2709-16.

Vaccaro AR, Whang PG, Patel T, Phillips FM, Anderson DG, Albert TJ, et al.
The safety and efficacy of OP-1 (rhBMP-7) as a replacement for iliac
crest autograft for posterolateral lumbar arthrodesis: minimum 4-year
follow-up of a pilot study. Spine J. 2008;8(3):457-65.

Kanakaris NK, Lasanianos N, Calori GM, Verdonk R, Blokhuis TJ, Cheru-
bino P, et al. Application of bone morphogenetic proteins to femoral
non-unions: a 4-year multicentre experience. Injury. 2009;40(Suppl
3):S54-61.

Kanakaris NK, Calori GM, Verdonk R, Burssens P, De Biase P, Capanna R,
et al. Application of BMP-7 to tibial non-unions: a 3-year multicenter
experience. Injury. 2008;39(Suppl 2):583-90.

LeeYJ, Lee JH, Cho HJ, Kim HK, Yoon TR, Shin H. Electrospun fibers
immobilized with bone forming peptide-1 derived from BMP7 for
guided bone regeneration. Biomaterials. 2013;34(21):5059-69.

409.

410.

411,

414.

415.

416.

417.

418.

420.

421.

422.

423.

424.

425.

426.

427.

428.

Page 60 of 62

Wagner F, Vach W, Augat P, Varady PA, Panzer S, Keiser S, et al. Daily
subcutaneous Teriparatide injection increased bone mineral density of
newly formed bone after tibia distraction osteogenesis, a randomized
study. Injury. 2019;50(8):1478-82.

Orbeanu V, Haragus H, Crisan D, Cirstoiu C, Ristic B, Jamieson V. Novel
parathyroid hormone-based bone graft, KUR-113, in treatment of acute
open tibial shaft fracture: a phase-2 randomized controlled trial. J Bone
Joint Surg Am. 2022;104(5):441-50.

Wang Y, Hao ZW, Zhang YF, Hu YK, Chen TH, Yan FF, et al. Recombinant
PTH modification: a new strategy for a multifunctional CaP material to
enhance bone regeneration. Compos Part B Eng. 2022,247:110289.
Wang J, Chen R, Ren B, Feng Q, Li B, Hao Z, et al. A novel PTH-related
peptide combined with 3D printed macroporous titanium alloy
scaffold enhances osteoporotic osseointegration. Adv Healthc Mater.
2023;12(29):e2301604.

Hao ZW, Feng QY, Wang Y, Wang Y, Li HK, Hu YK, et al. A parathyroid
hormone related supramolecular peptide for multi-functionalized
osteoregeneration. Bioact Mater. 2023;34:181-203.

Brommage R. New targets and emergent therapies for osteoporosis.
Handb Exp Pharmacol. 2020;262:451-73.

Sun H, Lu PP, Zhou PH, Sun SW, Zhang HT, Liu YJ, et al. Recombinant
human platelet-derived growth factor-BB versus autologous bone graft
in foot and ankle fusion: a systematic review and meta-analysis. Foot
Ankle Surg. 2017,23(1):32-9.

DiGiovanni CW, Lin SS, Baumhauer JF, Daniels T, Younger A, Glazebrook
M, et al. Recombinant human platelet-derived growth factor-BB and
beta-tricalcium phosphate (rhPDGF-BB/3-TCP): an alternative to autog-
enous bone graft. J Bone Joint Surg Am. 2013;95(13):1184-92.
Daniels TR, Younger ASE, Penner MJ, Wing KJ, Le IL, Russell IS, et al.
Prospective randomized controlled trial of hindfoot and ankle fusions
treated with rhPDGF-BB in combination with a B-TCP-collagen matrix.
Foot Ankle Int. 2015;36(7):739-48.

Nguyen H, Qian JJ, Bhatnagar RS, Li S. Enhanced cell attachment and
osteoblastic activity by P-15 peptide-coated matrix in hydrogels.
Biochem Biophys Res Commun. 2003;311(1):179-86.

Arnold PM, Sasso RC, Janssen ME, Fehlings MG, Heary RF, Vaccaro AR,
et al. Ifactor™ bone graft vs autograft in anterior cervical discectomy
and fusion: 2-year follow-up of the randomized single-blinded food
and drug administration investigational device exemption study. Neu-
rosurgery. 2018;83(3):377-84.

Arnold PM, Vaccaro AR, Sasso RC, Goulet B, Fehlings MG, Heary RF, et al.
Six-year follow-up of a randomized controlled trial of i-FACTOR peptide-
enhanced bone graft versus local autograft in single-level anterior
cervical discectomy and fusion. Neurosurgery. 2023;92(4):725-33.
Gabarin N, Gavish H, Muhlrad A, Chen YC, Namdar-Attar M, Nissen-

son RA, et al. Mitogenic G(i) protein-MAP kinase signaling cascade in
MC3T3-E1 osteogenic cells: activation by C-terminal pentapeptide of
osteogenic growth peptide [OGP(10-14)] and attenuation of activation
by cAMP. J Cell Biochem. 2001;81(4):594-603.

Liu B, Wu J, Sun X, Meng Q, Zhang J. Sustained delivery of osteogenic
growth peptide through injectable photoinitiated composite hydrogel
for osteogenesis. Front Bioeng Biotechnol. 2023;11:1228250.

Shen J, James AW, Zhang X, Pang S, Zara JN, Asatrian G, et al. Novel Wnt
regulator NEL-like molecule-1 antagonizes adipogenesis and augments
osteogenesis induced by bone morphogenetic protein 2. Am J Pathol.
2016;186(2):419-34.

Ma YX, Jiao K, Wan QQ, Li J, Liu MY, Zhang ZB, et al. Silicified colla-

gen scaffold induces semaphorin 3A secretion by sensory nerves to
improve in-situ bone regeneration. Bioact Mater. 2021;9:475-90.

Hao ZW, Chen RX, Chai C, Wang Y, Chen TH, Li HK, et al. Antimicrobial
peptides for bone tissue engineering: diversity, effects and applications.
Front Bioeng Biotechnol. 2022;10:1030162.

Liu X, Gaihre B, Park S, Li L, Dashtdar B, Astudillo Potes MD, et al.
3D-printed scaffolds with 2D hetero-nanostructures and immunomod-
ulatory cytokines provide pro-healing microenvironment for enhanced
bone regeneration. Bioact Mater. 2023,27:216-30.

MacFarlane EG, Haupt J, Dietz HC, Shore EM. TGF-{3 family signaling in
connective tissue and skeletal diseases. Cold Spring Harb Perspect Biol.
2017;9(11):a0222609.

Cherian JJ, Parvizi J, Bramlet D, Lee KH, Romness DW, Mont MA. Prelimi-
nary results of a phase Il randomized study to determine the efficacy



Hao et al. Military Medical Research

429.

430.

431.

432.

433.

434.

435.

436.

437.

438.

439.

440,

441,

442.

443,

444,

445,

(2024) 11:75

and safety of genetically engineered allogeneic human chondrocytes
expressing TGF-B1 in patients with grade 3 chronic degenerative joint
disease of the knee. Osteoarthritis Cartilage. 2015;23(12):2109-18.
Kalvand E, Bakhshandeh H, Nadri S, Habibizadeh M, Rostamizadeh K.
Poly-e-caprolactone (PCL)/poly-I-lactic acid (PLLA) nanofibers loaded by
nanoparticles-containing TGF-31 with linearly arranged transforming
structure as a scaffold in cartilage tissue engineering. J Biomed Mater
Res A.2023;111(12):1838-49.

Hochberg MC, Guermazi A, Guehring H, Aydemir A, Wax S, Fleur-
anceau-Morel P, et al. Effect of intra-articular sprifermin vs placebo on
femorotibial joint cartilage thickness in patients with osteoarthritis: the
FORWARD randomized clinical trial. JAMA. 2019;322(14):1360-70.
Eckstein F, Kraines JL, Aydemir A, Wirth W, Maschek S, Hochberg MC.
Intra-articular sprifermin reduces cartilage loss in addition to increasing
cartilage gain independent of location in the femorotibial joint: post-
hoc analysis of a randomised, placebo-controlled phase Il clinical trial.
Ann Rheum Dis. 2020;79(4):525-8.

Lohmander LS, Hellot S, Dreher D, Krantz EF, Kruger DS, Guermazi A,

et al. Intraarticular sprifermin (recombinant human fibroblast growth
factor 18) in knee osteoarthritis: a randomized, double-blind, placebo-
controlled trial. Arthritis Rheumatol. 2014;,66(7):1820-31.

Roemer FW, Aydemir A, Lohmander S, Crema MD, Marra MD, Muura-
hainen N, et al. Structural effects of sprifermin in knee osteoarthritis: a
post-hoc analysis on cartilage and non-cartilaginous tissue altera-
tions in a randomized controlled trial. BMC Musculoskelet Disord.
2016;17:267.

Eckstein F, Wirth W, Guermazi A, Maschek S, Aydemir A. Brief report:
intraarticular sprifermin not only increases cartilage thickness,

but also reduces cartilage loss: location-independent post hoc

analysis using magnetic resonance imaging. Arthritis Rheumatol.
2015,67(11):2916-22.

Gerwin N, Scotti C, Halleux C, Fornaro M, Elliott J, Zhang Y, et al. Angi-
opoietin-like 3-derivative LNA043 for cartilage regeneration in osteoar-
thritis: a randomized phase 1 trial. Nat Med. 2022;28(12):2633-45.
LiM,Yin H,Yan Z, LiH,Wu J, Wang ¥, et al. The immune microenviron-
ment in cartilage injury and repair. Acta Biomater. 2022;140:23-42.

He S, Fu X, Wang L, Xue Y, Zhou L, Qiao S, et al. Self-assemble silk fibroin
microcapsules for cartilage regeneration through gene delivery and
immune regulation. Small. 2023;19(40):e2302799.

Householder NA, Raghuram A, Agyare K, Thipaphay S, Zumwalt M. A
review of recent innovations in cartilage regeneration strategies for the
treatment of primary osteoarthritis of the knee: intra-articular injec-
tions. Orthop J Sports Med. 2023;11(4):23259671231155950.

Guo S, Cui L, Xiao C, Wang C, Zhu B, Liu X, et al. The mechanisms and
functions of GDF-5 in intervertebral disc degeneration. Orthop Surg.
2021;13(3):734-41.

Zheng L, CaoY,NiS, Qi H, Ling Z, Xu X, et al. Ciliary parathyroid hor-
mone signaling activates transforming growth factor-3 to maintain
intervertebral disc homeostasis during aging. Bone Res. 2018;18(6):21.
Hong ZX, Zhu ST, Li H, Luo JZ,Yang Y, An'Y, et al. Bioengineered

skin organoids: from development to applications. Mil Med Res.
2023;10(1):40.

Heatwole CR, Eichinger KJ, Friedman DI, Hilbert JE, Jackson CE, Logigian
EL, et al. Open-label trial of recombinant human insulin-like growth
factor 1/recombinant human insulin-like growth factor binding protein
3 in myotonic dystrophy type 1. Arch Neurol. 2011,68(1):37-44.

Endo Y, Samandari M, Karvar M, Mostafavi A, Quint J, Rinoldi C, et al.
Aerobic exercise and scaffolds with hierarchical porosity synergistically
promote functional recovery post volumetric muscle loss. Biomaterials.
2023;296:122058.

Olesen JL, Hansen M, Turtumoygard IF, Hoffner R, Schjerling P,
Christensen J, et al. No treatment benefits of local administration of
insulin-like growth factor-1 in addition to heavy slow resistance training
in tendinopathic human patellar tendons: a randomized, double-
blind, placebo-controlled trial with 1-year follow-up. Am J Sports Med.
2021,49(9):2361-70.

Ide J, Mochizuki'Y, van Noort A, Ochi H, Sridharan S, Itoi E, et al. Local
rhBMP-12 on an absorbable collagen sponge as an adjuvant therapy
for rotator cuff repair-a phase 1, randomized, standard of care control,
multicenter study: part 2-a pilot study of functional recovery and struc-
tural outcomes. Orthop J Sports Med. 2017,5(9):2325967117726740.

446.

447.

448,

449.

450.

451.

452.

453.

454,

455.

456.

457.

458.

459.

460.

461.

462.

463.

464.

Page 61 of 62

Wang, Jin S, Luo D, He D, Shi C, Zhu L, et al. Functional regeneration
and repair of tendons using biomimetic scaffolds loaded with recombi-
nant periostin. Nat Commun. 2021;12(1):1293.

Medikeri RS, Meharwade VV, Sinha KA. Effects of recombinant human
bone morphogenetic protein-2 compared to other biomaterials in the
treatment of intrabony defects in periodontitis patients: a systematic
review. J Indian Soc Periodontol. 2019;23(4):311-5.

Arzate H, Zeichner-David M, Mercado-Celis G. Cementum proteins: role
in cementogenesis, biomineralization, periodontium formation and
regeneration. Periodontol 2000. 2015;67(1):211-33.

Sun Z, Ma L, Sun XD, Sloan AJ, O'Brien-Simpson NM, Li WY. The over-
view of antimicrobial peptide-coated implants against oral bacterial
infections. Aggregate. 2023;4(3):e309.

LiY,MaY,YuJ, LiC, YuD, DaiR, et al. A dual functional polypeptide with
antibacterial and anti-inflammatory properties for the treatment of
periodontitis. Int J Biol Macromol. 2023;242(Pt 2):124920.

WeiY, LiJ, Huang Y, Lei X, Zhang L, Yin M, et al. The clinical effectiveness
and safety of using epidermal growth factor, fibroblast growth factor
and granulocyte-macrophage colony stimulating factor as therapeutics
in acute skin wound healing: a systematic review and meta-analysis.
Burns Trauma. 2022;10:tkac002.

Zhang Y, Wang T, He J, Dong J. Growth factor therapy in patients with
partial-thickness burns: a systematic review and meta-analysis. Int
Wound J. 2016;13(3):354-66.

Mahdipour E, Sahebkar A. The role of recombinant proteins and growth
factors in the management of diabetic foot ulcers: a systematic review
of randomized controlled trials. J Diabetes Res. 2020;2020:6320514.
Smiell JM, Wieman TJ, Steed DL, Perry BH, Sampson AR, Schwab BH. Effi-
cacy and safety of becaplermin (recombinant human platelet-derived
growth factor-BB) in patients with nonhealing, lower extremity diabetic
ulcers: a combined analysis of four randomized studies. Wound Repair
Regen. 1999;7(5):335-46.

Rees RS, Robson MC, Smiell JM, Perry BH. Becaplermin gel in the treat-
ment of pressure ulcers: a phase Il randomized, double-blind, placebo-
controlled study. Wound Repair Regen. 1999;7(3):141-7.

So K, McGrouther DA, Bush JA, Durani P, Taylor L, Skotny G, et al.
Avotermin for scar improvement following scar revision surgery: a
randomized, double-blind, within-patient, placebo-controlled, phase Il
clinical trial. Plast Reconstr Surg. 2011;128(1):163-72.

McCollum PT, Bush JA, James G, Mason T, O'Kane S, McCollum C, et al.
Randomized phase Il clinical trial of avotermin versus placebo for scar
improvement. Br J Surg. 2011;98(7):925-34.

Bush J, Duncan JAL, Bond JS, Durani P, So K, Mason T, et al. Scar-improv-
ing efficacy of avotermin administered into the wound margins of skin
incisions as evaluated by a randomized, double-blind, placebo-con-
trolled, phase Il clinical trial. Plast Reconstr Surg. 2010;126(5):1604-15.
Kwon SH, Padmanabhan J, Henn D, Chen K, Gurtner GC. New Drugs

for scar treatment. In: Téot L, Mustoe TA, Middelkoop E, Gauglitz GG,
editors. Textbook on Scar Management. Cham: Springer International
Publishing; 2020. p. 457-63.

Grénberg A, Mahlapuu M, Stdhle M, Whately-Smith C, Rollman O. Treat-
ment with LL-37 is safe and effective in enhancing healing of hard-to-
heal venous leg ulcers: a randomized, placebo-controlled clinical trial.
Wound Repair Regen. 2014;22(5):613-21.

Huan'Y, Kong Q, Tang Q, Wang Y, Mou H, Ying R, et al. Antimicrobial
peptides/ciprofloxacin-loaded O-carboxymethyl chitosan/self-
assembling peptides hydrogel dressing with sustained-release effect
for enhanced anti-bacterial infection and wound healing. Carbohydr
Polym. 2022;280:119033.

Hou L, Wang W, Wang MK, Song XS. Acceleration of healing in
full-thickness wound by chitosan-binding bFGF and antimicrobial
peptide modification chitosan membrane. Front Bioeng Biotechnol.
2022;10:878588.

Shi'S, Dong H, Chen X, Xu S, Song Y, Li M, et al. Sustained release of algi-
nate hydrogel containing antimicrobial peptide Chol-37(F34-R) in vitro
and its effect on wound healing in murine model of Pseudomonas
aeruginosa infection. J Vet Sci. 2023;24(3):e44.

ZhangYS, Gao Y, Wang JR, Gao R, Su Q, Zhang J, et al. Bioenergetic
metabolism modulatory peptide hydrogel for cardiac protec-

tion and repair after myocardial infarction. Adv Funct Mater.
2024,34(24):2312772.



Hao et al. Military Medical Research

465.

466.

467.

468.

469.

470.

471.

472.

473.

474.

475.

476.

477.

478.

479.

480.

481.

482.

483.

484.

(2024) 11:75

Boisguérin P, Covinhes A, Gallot L, Barrere C, Vincent A, Busson M, et al.
A novel therapeutic peptide targeting myocardial reperfusion injury.
Cardiovasc Res. 2020;116(3):633-44.

Olson L, Nordberg A, von Holst H, Backman L, Ebendal T, Alafuzoff |,

et al. Nerve growth factor affects 11C-nicotine binding, blood flow, EEG,
and verbal episodic memory in an Alzheimer patient (case report). J
Neural Transm Park Dis Dement Sect. 1992;4(1):79-95.

Jonhagen ME, Nordberg A, Amberla K, Backman L, Ebendal T, Meyerson
B, et al. Intracerebroventricular infusion of nerve growth factor in

three patients with Alzheimer’s disease. Dement Geriatr Cogn Disord.
1998,9(5):246-57.

Liu YR, Liu Q. Meta-analysis of mNGF therapy for peripheral nerve injury:
a systematic review. Chin J Traumatol. 2012;15(2):86-91.

Sims SK, Wilken-Resman B, Smith CJ, Mitchell A, McGonegal L, Sims-
Robinson C. Brain-derived neurotrophic factor and nerve growth factor
therapeutics for brain injury: the current translational challenges in
preclinical and clinical research. Neural Plast. 2022;2022:3889300.
Owusu-Akyaw A, Krishnamoorthy K, Goldsmith LT, Morelli SS. The role
of mesenchymal-epithelial transition in endometrial function. Hum
Reprod Update. 2019;25(1):114-33.

Singer CF, Marbaix E, Lemoine P, Courtoy PJ, Eeckhout Y. Local cytokines
induce differential expression of matrix metalloproteinases but not
their tissue inhibitors in human endometrial fibroblasts. Eur J Biochem.
1999;259(1-2):40-5.

Xiao L, Xie P, Ma J, Shi K, Dai Y, Pang M, et al. A bioinspired injectable,
adhesive, and self-healing hydrogel with dual hybrid network for neural
regeneration after spinal cord injury. Adv Mater. 2023;35(41):2304896.
Luo J, Shi X, Li L, Tan Z, Feng F, Li J, et al. An injectable and self-healing
hydrogel with controlled release of curcumin to repair spinal cord
injury. Bioact Mater. 2021;6(12):4816-29.

Tehraninejad E, Davari Tanha F, Asadi E, Kamali K, Aziminikoo E, Rezayof
E. G-CSF intrauterine for thin endometrium, and pregnancy outcome. J
Family Reprod Health. 2015;9(3):107-12.

Mao X, Zhang J, Cai R, Tao Y, Gao H, Kuang Y, et al. Therapeutic role

of granulocyte macrophage colony-stimulating factor (GM-CSF) in
patients with persistent thin endometrium: a prospective and rand-
omized study. Int J Gynaecol Obstet. 2020;150(2):194-9.

Rocha MNC, Floréncio RS, Alves RRF. The role played by granulocyte
colony stimulating factor (G-CSF) on women submitted to in vitro
fertilization associated with thin endometrium: systematic review. JBRA
Assist Reprod. 2020;24(3):278-82.

Xin L, Zheng X, Chen J,Hu S, Luo Y, Ge Q, et al. An acellular scaf-

fold facilitates endometrial regeneration and fertility restoration via
recruiting endogenous mesenchymal stem cells. Adv Healthc Mater.
2022;11(21):22201680.

Huang J, Teh BM, Eikelboom RH, Han L, Xu G, Yao X, et al. The effective-
ness of bFGF in the treatment of tympanic membrane perforations: a
systematic review and Meta-analysis. Otol Neurotol. 2020;41(6):782-90.
Lou Z, Lou Z, Jiang Y, Chen Z. FGF2 and EGF for the regenera-

tion of tympanic membrane: a systematic review. Stem Cells Int.
2021;2021:2366291.

Meduri A, Aragona P, Grenga PL, Roszkowska AM. Effect of basic fibro-
blast growth factor on corneal epithelial healing after photorefractive
keratectomy. J Refract Surg. 2012;28(3):220-3.

Lin T, Gong L. Sodium hyaluronate eye drops treatment for superfi-

cial corneal abrasion caused by mechanical damage: a randomized
clinical trial in the People’s Republic of China. Drug Des Devel Ther.
2015;9:687-94.

Bonini S, Lambiase A, Rama P, Sinigaglia F, Allegretti M, Chao W, et al.
Phase Il randomized, double-masked, vehicle-controlled trial of
recombinant human nerve growth factor for neurotrophic keratitis.
Ophthalmology. 2018;125(9):1332-43.

Pflugfelder SC, Massaro-Giordano M, Perez VL, Hamrah P, Deng SX,
Espandar L, et al. Topical recombinant human nerve growth factor
(cenegermin) for neurotrophic keratopathy: a multicenter randomized
vehicle-controlled pivotal trial. Ophthalmology. 2020;127(1):14-26.
CastoldiV, Zerbini G, Maestroni S, Vigano |, Rama P, Leocani L. Topical
nerve growth factor (NGF) restores electrophysiological alterations

in the Ins2"*™ mouse model of diabetic retinopathy. Exp Eye Res.
2023;237:109693.

485.

486.

487.

488.

489.

490.

491.

Page 62 of 62

Beykin G, Stell L, Halim MS, Nunez M, Popova L, Nguyen BT, et al. Phase
1b randomized controlled study of short course topical recombi-

nant human nerve growth factor (rhNGF) for neuroenhancement in
glaucoma: safety, tolerability, and efficacy measure outcomes. Am J
Ophthalmol. 2022;234:223-34.

Xi L. Pigment epithelium-derived factor as a possible treatment

agent for choroidal neovascularization. Oxid Med Cell Longev.
2020;2020:8941057.

Qu Q, Park K, Zhou K, Wassel D, Farjo R, Criswell T, et al. Sustained
therapeutic effect of an anti-inflammatory peptide encapsulated in
nanoparticles on ocular vascular leakage in diabetic retinopathy. Front
Cell Dev Biol. 2022;10:1049678.

Xiang W, Li L, Zhao Q, Zeng Y, Shi J, Chen Z, et al. PEDF protects retinal
pigment epithelium from ferroptosis and ameliorates dry AMD-like
pathology in a murine model. GeroScience. 2024;46(2):2697-714.
Sheibani N, Wang S, Darjatmoko SR, Fisk DL, Shahi PK, Pattnaik BR, et al.
Novel anti-angiogenic PEDF-derived small peptides mitigate choroidal
neovascularization. Exp Eye Res. 2019;188:107798.

Luo UJ, Nguyen DD, Huang CC, Lai JY. Therapeutic hydrogel sheets
programmed with multistage drug delivery for effective treatment of
corneal abrasion. Chem Eng J. 2022;429.

GerTY, Yang CJ, Ghosh S, Lai JY. Biofunctionalization of nanoceria with
sperminated hyaluronan enhances drug delivery performance for
corneal alkali burn therapy. Chem Eng J. 2023;476:146864.



	Bioactive peptides and proteins for tissue repair: microenvironment modulation, rational delivery, and clinical potential
	Abstract 
	Background
	Microenvironment modulation by BAPPs
	ROS
	Blood and lymphatic vessels
	Immune cells
	Innate immune cells
	Adaptive immune cells

	Repair cells
	Cell survival
	Cell senescence
	Cell recruitment
	Cell adhesion
	Cell proliferation
	Cell differentiation


	Delivery platforms for BAPPs
	Scaffolds and hydrogels
	GAGs and sulfated polymers
	FN and its derivatives
	Affibodies and affinity peptides
	Aptamers

	Electrospun fibers
	Electrospun fibers for encapsulation
	Electrospun fibers for adsorption

	Surface coatings
	Polydopamine (PDA) coatings
	Metal-phenolic network (MPN) coatings.
	Layer-by-layer (LBL) self-assembling coatings
	Electrophoretic deposition (EPD) coatings
	ECM coatings
	Mineral coatings
	Engineered functional coatings

	Assisted particles
	Bioceramic particles
	Polymeric particles
	Liposomes
	Extracellular vesicles
	MOFs

	Nanotubes
	HNTs
	CNTs
	TiO2 nanotubes
	Self-assembling nanotubes

	Two-dimensional nanomaterials
	Two-dimensional nanoclays
	Two-dimensional graphene family materials
	BPNTs
	MXene nanosheets
	Layered double hydroxide (LDH) nanosheets
	Polymer-based nanosheets

	Nanoparticle engineered cells

	Stimuli-responsive delivery of BAPPs
	Endogenous stimuli from the microenvironment
	Glucose
	ROS
	Enzyme
	pH

	Exogenous stimuli by artificial control
	Ultrasound
	Heat
	Light
	Magnetic field
	Electric field


	Clinical potential of BAPPs
	Bone tissue repair
	Cartilage tissue repair
	Intervertebral disc tissue repair
	Muscle tissue repair
	Tendon tissue repair
	Periodontal tissue repair
	Skin tissue repair
	Myocardial tissue repair
	Nervous system tissue repair
	Endometrial tissue repair
	Ear tissue repair
	Ocular tissue repair

	Conclusions and prospects
	Acknowledgements
	References


