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Nanodiamond: a multifaceted exploration s
of electrospun nanofibers for antibacterial
and wound healing applications

Hyeonseo Park'?", Tejal V. Patil >, Changyeun Mo'?" and Ki-Taek Lim"**

Abstract

In this review, we explore the exciting potential of nanodiamonds (NDs) as innovative materials for future wound
dressings. These materials aim to tackle important issues in wound care and offer fresh solutions. While NDs show
promising mechanical and structural properties, their full potential in wound healing applications is still not fully
explored. We emphasize their unique features—Ilike high surface area, the dispersion of functional groups, and
excellent purity—which contribute to their mechanical stability, adhesion, growth, and movement—all critical

for effective wound healing and tissue repair. We also focused on modifying the surface of these particles using
various functionalization, which can enhance their biocompatibility, antibacterial properties, heat conductivity,
and wettability. This positions NDs as a powerful tool for improving chronic wound care in the future. However,
there are notable challenges when it comes to scaling up ND-based nanofiber matrices, which currently limits
the electrospinning process for mass production. Also, issues with the physical and chemical stability of ND-based
nanofibers when interacting with cells need to be resolved to guarantee long-lasting effectiveness. In this study,
we tackle these challenges by suggesting solutions like surface functionalization, optimizing the electrospinning
process, and creating hybrid scaffolds. Our findings show that these innovations can effectively address scalability
and stability issues, paving the way for broader clinical applications. This review not only emphasizes the
advantages of NDs in wound healing but also introduces new insights for enhancing the biocompatibility and
functionality of ND-based nanofibers, finally pushing the technology of wound dressings forward.
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Introduction

Nanodiamonds (ND) have gathered significant atten-
tion in recent years as a versatile and high-throughput
nanomaterial with immense potential in biomedical
applications [1, 2]. These carbon-based nanoparticles are
typically ranging in size from 2 to 5 nm and are synthe-
sized using detonation or high-pressure high-tempera-
ture (HPHT) methods. Structurally they exhibit a unique
core-shell architecture with an sp3-bonded carbon core
resembling a diamond and an outer shell composed
of graphitic or amorphous carbon layers [3]. This dual
structure imparts NDs with a combination of diamond-
like properties such as exceptional hardness and high
thermal conductivity and surface versatility, enabling
chemical modifications that extend their applications
across diverse fields. One of the defining features of NDs
is their highly functionalizable surface, which can be
modified with a range of chemical groups, including car-
boxyl, hydroxyl, amine, and halogen functionalities [4, 5].
These surface modifications improve their dispersion in
polar and nonpolar solvents, enhance their compatibility

with biological systems, and enable targeted interactions.
The ability to tailor their surface chemistry allows NDs to
serve as carriers for drug delivery, improve the mechani-
cal properties of composite materials, and provide anti-
bacterial and antioxidant functionalities. Furthermore,
NDs exhibit excellent biocompatibility, chemical inert-
ness, and a low risk of cytotoxicity, making them ideal
for applications in sensitive biological environments [6].
Beyond their structural and chemical adaptability, NDs
possess superior mechanical properties such as high
tensile strength and durability. This make them an excel-
lent reinforcing agent for polymers and nanofibers [7].
The high thermal conductivity allows for efficient heat
management while their surface energy can be tuned to
optimize wettability, enabling the control of moisture
in biomedical applications [8]. These unique properties
position NDs as a key component in designing advanced
materials for tissue engineering, drug delivery and regen-
erative medicine.

As already discussed, NDs have immense applications
in biomedical field. Rather than utilizing NDs in their
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intrinsic nanoparticle form, they are often integrated into
scaffolds, which can further enhance their properties.
Nanodiamond incorporated scaffolds presents consider-
able promise for advancement of regenerative medicine
and improving patient outcomes [9]. In this context,
scaffolds in nanofibrous structures play a crucial role in
biomedical applications due to their structural similarity
to extracellular matrix, which supports cell attachment
and growth [10]. Electrospinning is a powerful tech-
nique that uses electrostatic forces to fabricate nanofibers
from polymer solutions [11]. The structural arrangement
has significance in biomedical applications, particularly
wound healing, due to their potential to replicate the
native extracellular matrix (ECM), an essential factor to
promote tissue regeneration [12]. The high surface area
to volume ratio of nanofibers enhances nutrient release,
promoting adhesion, proliferation and faster healing of
wounds along with sustained release of bioactive mol-
ecules. These nanofibers can be fabricated in numerous
patterns including core-shell [13], hollow, coaxial [14],
bilayer [15, 16], multilayer [17, 18], mesoporous and solid
nanofibers which can be used as per the desired applica-
tions. The flexibility of this technique allows researchers
use different polymers and add therapeutic agents, mak-
ing it a breakthrough in advanced wound care [13, 14].
Hence, the integration of nanostructured nanomaterials
into electrospun nanofibers has opened new avenues to
addressing challenges in wound healing, a critical area
of biomedical research [9]. Wound healing is a multi-
faceted process that involves hemostasis, inflammation,
proliferation and remodeling which can be hindered by
factors such as bacterial infections, excessive inflamma-
tion and poor tissue regeneration [19]. Chronic wounds
represent a considerable healthcare burden due to their
prolonged healing times and susceptibility to infections.
Electrospun nanofibers mimic the architecture and func-
tion of the extracellular matrix (ECM), provide a promis-
ing platform for wound care by promoting cell adhesion,
migration and proliferation. Incorporating NDs into
these nanofibers not only enhances their structural integ-
rity and mechanical properties but also imparts multi-
functional capabilities such as antibacterial properties,
thermal stability and controlled drug delivery. One of the
most significant contributions of ND-based nanofibers in
wound healing is their ability to combat bacterial infec-
tions [20]. NDs exhibit intrinsic antibacterial properties,
disrupting bacteria membranes and inhibiting biofilm
formation. Surface modifications further amplify these
effects enabling the generation of reactive oxygen species
(ROS) and enhanced interaction with bacterial cell walls
[21]. In addition to their antibacterial properties, ND-
based membranes maintain an optimal moisture balance
at the wound site, preventing desiccation while minimiz-
ing the risk of excessive exudate accumulation [22]. This
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dual action fosters a conducive environment for tissue
regeneration and accelerates the healing process. More-
over, biocompatibility of NDs ensures that their incor-
poration into wound dressings and scaffolds does not
provoke adverse immune responses. The nanostructured
surfaces of ND-infused nanofibers mimic the natural
ECM providing a scaffold that supports the attachment
and proliferation of key cell types involved in wound
healing such as fibroblasts and keratinocytes [22]. The
thermal and mechanical stability of these nanofibers fur-
ther enhances their durability and makes them suitable
for prolonged use in wound management.

In this review, we conduct a systematic examination
of the synergistic promise of nanodiamonds (NDs) and
electrospun nanofibers for wound healing and antibac-
terial applications. Our key aim is to define the struc-
ture-property relationships of ND and ND-reinforced
nanofibers, with particular attention to how surface mod-
ifications affect their mechanical, thermal, and biological
functionality. We also provide an in-depth discussion of
NDs’ inherent antibacterial properties, their capacity for
moisture management, and their application in promot-
ing tissue regeneration in electrospun scaffolds. Through
the critical summary of recent advances and the descrip-
tion of current limitations, this review aims to provide a
clear guideline for the development of next-generation
wound dressing materials. We hope to contribute to the
field by offering a panoramic overview of the existing
knowledge, outlining key areas of knowledge gap, and
proposing possible research avenues for the expediation
of clinical translations of ND-based nanofibers. The orga-
nizational framework of this review is presented sche-
matically in Scheme 1, serving as a visual representation
of the manuscript.

Structure of ND

The properties of ND arise from the unique characteris-
tics of both diamonds and nanoparticles [23]. The size of
ND is generally in the range of 2—-5 nm in size, with the
most stable size considered to be 4—5 nm [24]. They are
composed of sp? carbon atoms with structural properties
similar to diamonds [25]. The structure of ND is charac-
terized by a core-shell design, which can be divided into
the core, intermediate layer, and surface layer. This struc-
ture has significant implications for the functionalization
and applications of ND [26]. The core, measuring 2 ~3nm
is composed of a lattice of sp>-bonded carbon atoms and
contains about 70-90% of the total carbon atoms. The sp>
bonds are stable and inert, forming a core structure with
low reactivity. However, various chemical groups can
be attached to the outer surface of ND, making it highly
biocompatible and suitable for use as a biomaterial. The
intermediate layer is a nonhomogeneous transitional car-
bon shell with a thickness ranging from 0.4 to 1.0 nm. The
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Scheme 1 ND-embedded nanofibers enhance mechanical and biological properties, promote antibacterial effects, angiogenesis, and collagen deposi-

tion, effectively supporting wound healing

inner surface of the shell is made up of continuous onion-
like carbon (OLC) layers, while the outer surface consists
of a single layer of graphitic carbon. Although the exact
nature of the outer surface has not been fully elucidated,
two general models have been proposed. One suggests
an amorphous shell with significant sp? carbon content,
while the other describes a ‘bucky-diamond; which con-
sist of sp® graphene sheets arranged in a fullerene-like
structure [27]. These two types of bonds are interchange-
able: the stretched face of a diamond can become a gra-
phene plane, while puckered graphene can transform
into a diamond surface. This interchangeability allows
ND particles to act flexibly, especially around curved sur-
faces where electrons are unstable. The sp>-bonded por-
tion of the shell is useful for binding drugs or therapeutic
agents, and in drug delivery systems, ND can efficiently
encapsulate or target drugs [28]. In addition to carbon,
the surface of ND contains atoms like oxygen, hydrogen,
and nitrogen. ND also include small amounts of carbox-
ylic acid groups, anhydrides, hydroxyl groups, and epox-
ide groups. Due to the presence of carboxyl groups, ND
solutions maintain stability in water [23, 29]. The surface
of ND can be modified with various functional groups
and atoms, such as carboxyl groups, hydroxyl groups,
hydrogen atoms, amide groups and halogen atoms, pro-
viding additional stability [30]. The surface functionaliza-
tion of NDs with their change in properties and effects is
described in detail in Sect. 3.2.

Characteristics of ND

ND not only possesses the properties of diamond but also
exhibits characteristics of nanomaterials. It has excellent
mechanical properties, high thermal conductivity, and a
large surface area. Additionally, it features a tunable sur-
face structure and outstanding biocompatibility [31, 32].
Furthermore, it has various distinctive characteristics,
which are detailed below.

Mechanical properties

The carbon atoms present within the structure of ND
are relatively small and lightweight, with short bond
ranges within lattice. These bonds are very strong due
to the covalent bonding associated with sp hybridized
tetrahedral structure, which contributes to the excellent
mechanical properties of ND [33]. Mechanical prop-
erties can be measured through indicators such as ten-
sile strength, elongation at break, Young’s modulus, and
abrasion resistance [34]. The superior mechanical prop-
erties of ND are transferred to other materials when
combined with them. As a result, various polymer com-
posites containing ND can exhibit significantly improved
mechanical properties compared to pure polymers [35,
36]. For instance, in a study performed by Adhikari et al.,
polymer-nanodiamond fiber composites were fabricated
using carboxylated ND (cND) (Fig. 1A-a) using poly(vinyl
alcohol) (PVA), polyacrylonitrile (PAN), and polystyrene
(PS). As illustrated in the Fig. 1A-b, the tensile strength
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Fig. 1 (A): (a) Structure of polymer-ND fibers composites fabricated using cND. (b) Tensile strength of PVA, PS, and PAN as a function of cND content.
Reproduced with permission [37]. (B): Mechanical properties of O-HPG and H-HPG for (a) Flexural strength (b) Fracture strain. Reproduced with permis-
sion [38]. (C): (a) Tensile strength at break as a function of elongation for untreated flax and ND treated flax (b) A cross-sectional schematic of flax fibers.
Reproduced with permission [39]. (D): (a) Graph of the Young's modulus and tensile strength of ND content (b) Quantified values of Young's modulus and
tensile strength of PA66 and PA66/ND. (c) Schematic diagram of the bonding between ND and PA66. (d) Graph of the relative Young's modulus of PA66
nanocomposites reinforced with ND, nanosilica, MWNT, and graphene nanoplatelets. Reproduced with permission [40]

measurements for each nanofiber demonstrated that the
tensile strength of PS and PVA nanofibers exhibited an
increasing trend with higher loading of ¢cND, in compari-
son to samples without any cND incorporation. Notably,
normalized tensile strength of PS exhibited the highest
increase, with its value rising from 1 (cND wt% 0) to 2.84
(cND wt% 2.0) [37]. Similarly, Junzhuo et al. fabricated
an electrospun polyacrylonitrile (PAN)-based super-
fine fiber reinforced with 75wt% ND to create O-HPG
(high-performance graphite). In contrast, the control
group, H-HPG, was produced using a particle reinforce-
ment method. The mechanical properties of H-HPG and
O-HPG showed that as the mass fractions of ND and
PAN increased, the flexural strength and Young’s modu-
lus tended to increase. Overall, O-HPG demonstrated
an average flexural strength that was 31% higher than

that of H-HPG (Fig. 1B-a). Furthermore, as shown in the
Fig. 1B-b, O-HPG exhibited a higher fracture strain com-
pared to H-HPG having a maximum fracture strain of
only 0.86%, while O-HPG reached 1.18% [38]. Hinzmann
et al. produced untreated flax fibers (F) and ND-treated
flax fibers (Fyp). The breaking force measurements
revealed that the F exhibited a value of 10+3 N, while
Fxp showed a higher value of 12+4 N compared to E.
The tensile strength at break as a function of elongation
was also measured, and Fyp's breaking force consis-
tently increased with elongation, showing higher values
than F at almost all elongation points (Fig. 1C-a). The
improvement in mechanical properties upon ND treat-
ment is attributed to the enhanced cohesion between
the individual flax fibers, as ND bind to the flax fibers,
increasing the inter-fiber cohesion, as shown in the
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Fig. 1C-b [39]. Morimune-Moriya et al. reported on the
mechanical reinforcement effect of ND in polyamide 66
(PA66) nanocomposites. They demonstrated that incor-
porating only 0.5wt% ND led to a significant increase
in Young’s modulus and tensile strength, with improve-
ments of 140% and 39%, respectively (Fig. 1D-a and b).
This remarkable enhancement is attributed to the strong
interactions between ND and PA66, including hydrogen
bonds and amide bonds, as well as the uniform disper-
sion of ND within the PA66 matrix (Fig. 1D-c). Addition-
ally, Fig. 1D-d compares the relative Young’s modulus of
PA66 nanocomposites reinforced with ND, nanosilica,
MWNTs, and graphene nanoplatelets, showing that
PA66/ND composites exhibited superior mechanical
improvements even at lower filler contents compared to
other composites [40]. This suggests that ND incorpo-
rated composites enhances the mechanical properties.
However, it is crucial that the mechanical properties of
these composites or nanofibers align with the mechanical
properties of human skin for wound healing application.
Skin is a viscoelastic material, meaning it exhibits both
elastic and viscous behavior. Also, the Young’s modulus
of skin varies widely from 4 kPa to 140 MPa, depending
upon factors like part of body, age and hydration [41]. For
instance, nanofibers with tensile strength comparable to
that of skin are likely to be more advantageous for wound
healing applications. For example, Mahdavi and team
found that addition of 1wt% ND particles in cellulose chi-
tosan nanofibers, increased the elastic modulus and yield
strength of fibers, which was close to the natural skin
[42]. However, high ND (3wt%) decreased the durability
of fibers. Their respective cell viability results showed that
compared to high ND, low ND incorporated nanofibers
showed more biocompatibility. Another group showed
the effect of ND (0.5, 1, 2 and 3wt%) with PLA [43]. 1wt%
ND showed highest Young’s modulus (9.95 + 1.25), tensile
strength (1.12+0.14) among all the compositions. Com-
pared to neat PLA nanofibers, the increased value was
161% in Young’s modulus and 239% in tensile strength.
The PLA/ND was further studied for cell adhesion [44].
Notably, PLA matrices containing lower ND concentra-
tions (0.1 and 0.5 wt%) exhibited significantly enhanced
L929 cell adhesion compared to neat PLA, indicating
the potential of these concentrations to improve cellular
support. Furthermore, cell spreading was observed to
be superior in the 0.1 and 0.5 wt% ND composites com-
pared to those with 1 wt% ND. These findings suggest an
inverse correlation between nanofiber mechanical prop-
erties and cellular adhesion and migration. Consequently,
a systematic optimization of ND concentration is impera-
tive to modulate nanofiber tensile strength, achieve con-
gruence with the physiological mechanical properties
of native skin, and thoroughly evaluate their biological
efficacy.
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Surface modification

ND surfaces not only expand but also possess adjustable
properties [45]. Most commercially available ND sur-
faces contain various functional groups such as carboxyl,
hydroxyl, lactone, and ketone, leading to a high degree of
oxidation [46]. The presence of these groups, along with
sp? carbon, directly affects the stability of ND particles,
making them prone to agglomeration into larger aggre-
gates [47]. Therefore, it is necessary to modify the surface
groups of ND. Surface modification also plays an impor-
tant role in increasing solubility in various polar organic
solvents, improving stability, and cellular adhesion. For
example, oxygen terminated NDs show high cellular
attachment than hydrogen terminated NDs [48]. Addi-
tionally, it enhances biocompatibility and reduces toxic-
ity [4, 23]. Surface modification can be achieved through
mechanical and chemical methods. Mechanical methods
include ultrasonic treatment and ball milling, while soni-
cation using ceramic beads and subsequent ultrasonic
techniques are also applicable. Chemical methods include
heating ND powder in air at 400-430 °C to remove sp*
carbon impurities [49, 50]. Due to the chemical versatility
of ND, surface chemistry can be tailored to various envi-
ronments using organic chemical transformations [51].
The common chemical transformations applied to the
ND surface are described in detail Fig. 2 and below. Addi-
tionally, the advantages and disadvantages of each surface
modification method are listed in Table 1.

Carboxylation

During the production of ND, the surface can become
contaminated with sp? carbon structures and metallic
impurities [58].To remove these, oxidative treatments
using air, ozone-enriched air, or acids are carried out,
ideally resulting in the formation of carboxyl groups
(-COOH) on the ND surface. Strong acids such as nitric
acid (HNO;), hydrochloric acid (HCI), perchloric acid
(HCIO,), and sulfuric acid (H,SO,), along with oxidiz-
ing agents like potassium nitrate (KNO;) and potassium
dichromate (K,Cr,0,), can oxidize the carbon on the ND
surface, forming carboxyl groups [38]. Additionally, air
or ozone air treatment at high temperatures in an eco-
friendly and cost-effective method for removing surface
impurities while generating carboxyl groups [59]. The
carboxyl groups formed on the ND surface contribute
to expanding potential applications in various fields by
introducing oxygenated groups onto the surface.

Li et al. synthesized a polyvinylidene fluoride-carbox-
ylated nanodiamond/titanium dioxide (PVDE-CND/
TiO,) composite. The introduction of carboxyl groups
on the ND surface significantly improves the dispersion
of ND, which in turn enhances the interaction with TiO,
particles. As a result, the hydrophilicity of the mem-
brane increases, leading to substantial improvements in
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Hydrogenation

Fig. 2 Schematic representation of functionalization of ND surfaces

antifouling and self-cleaning properties (Fig. 3A) [60].
Yang et al. functionalized nanodiamond by adding car-
boxyl groups. They then attached mCherry protein to the
ND and covalently bonded linear DNA-encoding com-
ponents of the CRISPR-Cas9 system, which included an
homology-directed repair (HDR) template, sgRNA, Cas0
protein, and a green fluorescent protein (GFP) reporter.
This ND-based delivery system is not only capable of
being internalized by the mouse retina but can also
introduce X-linked retinoschisis (XLRS)-specific muta-
tions in the RS1 gene [61]. Hou et al. synthesized car-
boxylated ND (ND-COOH) by annealing pristine ND.
Subsequently, ND- PEI was further prepared by graft-
ing ethylenediamine-branched polyethylenimine onto
ND-COOH demonstrated a photothermal conversion
efficiency of approximately 20% under 808 nm NIR irra-
diation, exhibiting stable photothermal properties. Addi-
tionally, in in vitro antibacterial experiments, ND-COOH
at concentrations of 150 pg/mL and 200 pug/mL co-cul-
tured with E. coli and S. aureus, respectively, led to over
99% bacterial eradication after 10 min of NIR irradiation

in both cases. This indicates that the functional groups
enhance antibacterial activity, making it beneficial for
bacterial infection treatment (Fig. 3B) [62]. Zandieh et
al. evaluated the potential of carboxylated, hydroxylated,
and hydrogenated ND (COOH-ND, OH-ND, H-ND) as
biosensors for DNA detection by desorbing pre-absorbed
FAM-labeled DNA using complementary DNA (cDNA).
The DNA detection process is illustrated in Fig. 3C-a.
To assess specificity, they added FAM-unlabeled DNA
(rDNA) separately. The specificity factors for COOH-ND,
OH-ND, H-ND, and GO were calculated as 3.0, 1.9, 0.9,
and 2.5, respectively, with COOH-ND showing the high-
est specificity. In contrast, H-ND failed to distinguish
between ¢cDNA and rDNA (Fig. 3C-b). Additionally, by
adding various concentrations of cDNA to FAM-DNA
pre-absorbed on COOH-ND, a correlation was observed
where fluorescence enhancement increased with cDNA
concentration (Fig. 3C-c). This suggests that COOH-ND
can enable quantitative measurement of DNA concen-
tration in unknown samples and facilitate DNA detec-
tion [63]. Moreover, it implies that COOH-ND can be
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Surface Advantages Disadvantages Ref
modifications
Carboxylation - Improves hydrophilicity - Presence of many
and dispersion in water impurities and lat-  [52,
- Non cytotoxic tice defects 53]
- Biocompatible - May reduce
- Antioxidant properties thermal proper-
ties due to oxygen
functional groups
- Environmental
and handling prob-
lems due to strong
acid use
Hydroxylation - Help with continuous - Presence of
drug release impurities [33]
- Enhanced - Complex process
biocompatibility control
- Increased water solubility
- Facilitates further
functionalization
Hydrogenation - Restores diamond-like - Limited stability
properties (high thermal in air [34]
stability, hardness) - Increased hydro-
- Improves surface en- phobicity reduces
ergy for specific bonding  drug solubility and
applications release capacity
- High reactivity to oxygen
species
Amination - Excellent - May introduce
biocompatibility cytotoxicity if not  [54,
- Enhances compatibility  purified properly 55]
with polymers for compos- - Possession of
ite materials complex structure
- Provides functional - Non-uniform
groups for bioconjugation  surface reactivity
and drug delivery systems
Halogenation - Improved thermal - Degradation of
stability biocompatibility [56,
- Increased hydrophobicity - Complex 57]
- Enhanced chemical processing

reactivity

- Low productivity

effectively used to monitor important cellular and tissue
responses in the wound healing process and quickly diag-
nose infections occurring at the wound site. ND possess
numerous outstanding properties, but oxygen-contain-
ing functional groups can lead to strong inter-particle
attraction, causing agglomeration. This agglomeration
significantly reduces the reinforcement potential of ND
within the matrix [6, 64]. To address this issue, Shuai et
al. utilized phospholipids (PL). The hydroxyl group (-OH)
on the PL head forms hydrogen bonds with the carboxyl
group (-COOH) on the surface-modified ND, aligning
the PL tails toward the poly-l-lactic acid (PLLA) matrix
(Fig. 3D-a). Consequently, ND particles are enveloped by
a PL layer, with repulsion between the tails keeping them
separated, thereby enhancing ND dispersion in PLLA.
The resulting PLLA/ND-PL composites showed higher
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cell density of MG-63 human osteosarcoma (MG63) cells
after 5 days compared to PLLA, with cells progressively
developing filopodia and lamellipodia (Fig. 3D-b, ¢, d,
and e). This indicates that PLLA/ND-PL possesses supe-
rior cytocompatibility, promoting cell proliferation more
effectively than PLLA [65].

Hydroxylation

The hydroxylation of ND is one of the most commonly
used surface modification methods due to its potential for
various subsequent reactions. The hydroxylation of the
ND surface can be achieved through reduction with lith-
ium aluminum hydride (LiAlH,) or borane (BH3-THF)
[66, 67]. Additionally, the Fenton reaction (a solution of
FeSO, with H,0,) is an efficient method for generating
-OH groups [68, 69]. Mechanochemical treatments and
photochemical methods involving UV irradiation in the
presence of O, and H,O are also included in hydroxyl-
ation processes. UV irradiation generates atomic oxygen
and OH radicals, which not only create terminal -OH
groups on the ND surface but also remove other oxygen-
ated surface functional groups [48].

Zhong et al. prepared ND with carboxyl groups
(-COOH) reduced to hydroxyl groups using sodium
borohydride (NaBH,) as a reducing agent through a
mechanochemical modification method (Fig. 4A-a). As
shown in the Fig. 4A-b, the evaluation of the oil-saving
performance of ND-based lubricating oil revealed that
the average fuel consumption rate of PAO6 without ND
was 7.225 L/100km. In contrast, PAO6 containing 0.02%
ND surface-modified with hydroxyl groups demon-
strated an average fuel consumption rate of 6.667 L/100
km, representing a 7.72% reduction in fuel consumption.
This indicates that surface-modified ND has potential
as a lubricant additive, contributing to energy savings
[70]. Lim et al. developed a hyaluronic acid (HA)/ND
3D printed nanocomposite hydrogel using hydroxylated
ND (Fig. 4B-a). They measured compressive mechani-
cal stress at different pH levels, finding that at pH 7, the
HA/ND-COOH exhibited a stress of 152.82 kPa, while
the HA/ND-OH showed a higher value of 161.59 kPa
(Fig. 4B-b). As shown in the Fig. 4B-c, at pH 8, the HA/
ND-COOH had values of 168.31 kPa and 449.59 kPa
for compositions of 0.02wt% and 0.04wt%, respectively.
In contrast, the HA nanocomposite hydrogel contain-
ing ND-OH demonstrated values of 236.18 kPa and
616.72 kPa for the same compositions, indicating an
increase of 1.4 times and 1.37 times compared to ND-
COOH. This suggests that the use of hydroxylated ND
enhances the mechanical properties even at low weight
ratios [71]. This suggests the potential of hydroxylated
ND in enhancing the performance for biomedical appli-
cations such as wound healing.
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Chi et al. used ND with -OH groups formed on their
surface through a detonation synthesis process. After
grafting dopamine polymer chains onto the ND surface,
forming PDA-ND, perfluoroalkyl trimethoxysilane was
modified to the side end of the dopamine polymer chain
to create F-ND (Fig. 5A-a). Subsequently, epoxy resin
(EP) was mixed with both F-ND and hydroxylated boron
nitride (BN-OH) to produce F-ND/EP and BN-OH/EP
composites. Additionally, F-ND: BN-OH ratios of 2:1,
1:1, 1:2 were created for EP combinations (2:1/EP, 1:1/EP,
and 1:2/EP). The thermal conductivity of these compos-
ites was measured, and the 1:2/EP combination reached
a value of 0.94 W.m LK™!, showing a 348% increase
compared to pure EP and approximately twice the ther-
mal conductivity compared to F-ND and BN-OH alone
(Fig. 5A-b). Additionally, as shown in the Fig. 5A-c, the
thermal conductivity of the composite showed a ten-
dency to increase with increasing temperature. This
highlights how to ND and BN complement each other’s
high thermal conductivity, significantly enhancing the
thermal performance of the composites. To visualize the
thermal conductivity effect, the composites were placed
on a 100 °C hot plate, and surface temperature changes

bated for (b) 1 day (c) 5 days in PLLA and (d) 1 day (e) 5 days in PLLA/ND-PL.

were measured. After 9 s, the 1:2/EP composites reached
92.5 °C, demonstrating its highest thermal conductivity
(Fig. 5A-d) [72]. This results confirms that the combina-
tion of F-ND and BN-OH effectively maximizes thermal
conductivity. Gulka et al. induced hydroxylation reac-
tions to form -OH functional groups on the surface of
ND through non-thermal plasma (NTP) treatment. They
examined changes in the zeta potential and FTIR spectra
of hydrogen-terminated and oxygen-terminated detona-
tion (DND) and high-pressure high-temperature (HPHT)
ND before and after surface modification. The results
showed a slight decrease in zeta potential for hydrogen-
terminated surfaces and a marked decrease for oxygen-
terminated surfaces (Fig. 5B-a). Additionally, as shown
in Fig. 5B-b, the FTIR spectra of all samples exhibited
changes in free O-H bending and stretching after modifi-
cation, indicating successful formation of -OH functional
groups on the ND surfaces [73]. The introduction of
these hydroxyl groups increases hydrophilicity, enhanc-
ing cell affinity and improving interactions with tissues,
which could play a significant role in wound healing by
promoting cellular adhesion and proliferation [74].
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Fig. 4 (A): (a) Schematic diagram of the reduction of ND to hydroxyl groups through mechanochemical modification method. (b) The average oil con-
sumption rate with and without ND. Reproduced with permission [70]. (B): (a) Schematic diagram of the development of HA/ND nanocomposite hydro-
gel using carboxylated and hydroxylated ND. Compressive stress-strain curves of HA/ND nanocomposite hydrogels containing ND-COOH and ND-OH at

(b) pH 7 and (c) pH 8. Reproduced with permission [71]

Hydrogenation
Hydrogenation can be achieved through thermal anneal-
ing or microwave plasma treatment in an hydrogen
atmosphere. The mechanism of ND surface hydrogena-
tion primarily involves reactions such as decomposition,
decarboxylation and decarbonylation when treated with a
mixture of hydrogen and nitrogen. While this approach is
straightforward, there is a concern that other species like
OH, CH,, and CH; may form on the ND surface under
certain conditions, requiring careful consideration [33].
Gim et al. successfully synthesized hydrogenated nano-
diamond (H-ND) without graphitization, specifically
transforming sp> to sp? carbon on a carbon substrate

(Fig. 6A-a). The hydrogenation of ND, as depicted in the
Fig. 6A-b, improved the electrical conductivity of H-ND
from 1.95x107’Q'em™ to 5.74x107’Q'em™. This is
because hydrogenation facilitates the mediating ability of
ND and its derivatives in electron transfer [75]. As shown
in the Fig. 6B-a, Stehlik et al. synthesized detonation ND
(DND), bottom-up high-pressure high-temperature ND
8 mm (BU_HPHT ND 8 mm) from chloro-adamantane,
and top-down high-pressure high-temperature ND
18 mm (TD_HPHT ND 18 mm) produced by milling
HPHT single crystals, and measured their conductiv-
ity. As a result, the conductivity of DND decreased to
6.2x 10713 S.cm™! immediately after hydrogen annealing.
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Fig. 5 (A): (a) Schematic of surface modification of ND and BN. Thermal conductivity of the composites at (b) Room temperature (c) Room temperature,
50 °C, 100 °C, and 150 °C. (d) Infrared images of changes in the surface temperature of the composite. Reproduced with permission [72]. (B): (a) Zeta
potential and (b) FTIR spectra changes before and after surface modification of hydrogen-terminated and oxygen-terminated DND and HPHT ND. Repro-

duced with permission [73]

In contrast, BU-HPHT ND 8 mm, and TD_HPHT ND
18 mm showed an immediate increase in conductivity
to 8.7x107%S.cm™ and 8.5x107%S.cm™!, respectively,
after hydrogen annealing. The reason for these results is
as follows: as shown in Fig. 6B-b, DND has a structure

with defects in both the surface and the core. The defec-
tive surface provides localized energy states where elec-
trons become trapped, resulting in lower conductivity.
However, TD_HPHT ND and BU_HPHT ND have lower
surface defect density compared to DND, leading to
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Fig. 6 (A): (a) Schematic of the synthesis of H-ND and conversion of sp3 to sp2 carbon. (b) O/C ratio and electrical conductivity of Ox/ND, H-NDs. Repro-
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tion of the apparent formation yields of 7-OHCou for MND-H and MND-Ox. Reproduced with permission [77]

higher conductivity [76]. Ducrozet et al. irradiated aque-
ous suspensions of oxidized milled ND (MND-Ox) and
hydrogenated (MND-H) with gamma rays (Fig. 6C-a).
To study the reactivity of MND particles toward hydroxy
radicals, they used a coumarin probe to monitor changes
in the concentration of 7-hydroxycoumarin (7-OHCou).
As shown in Fig. 6C-b, the concentration of 7-OHCou
decreased with increasing MND-H concentration. In
contrast, MND-Ox showed a decrease in 7-OHCou only
up to a concentration of 2.5 pug/mL, beyond which no

significant change was observed (Fig. 6C-c). These results
suggest that MND-H is more effective than MND-Ox
at scavenging radicals, potentially allowing MND-H to
serve as a photocatalyst or antioxidant [77].

Amination

Amino groups provide the most useful functional groups
for surface modification of ND through various reactions.
Amino groups can form amide bonds using established
protocols or bind through reductive amination [28, 78].
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To introduce NH, groups on ND surfaces, methods such
as ultraviolet irradiation of hydrogenated diamonds in
the presence of chlorine gas or treating chlorinated ND
with ammonia at high temperatures can be used [79, 80].
Additionally, amination on ND can be achieved through
further covalent or non-covalent reactions with hydroge-
nated, carboxylated, or hydroxylated ND [81].

Alwani et al. oxidized lysine amino acids onto the car-
boxylated surface of ND in an oxidative acid throughout
the synthesis process, resulting in the covalent bonding
of lysine. This led to the synthesis of lysine-functionalized
ND (Lys-ND). Zeta potential and particle size measure-
ments showed that Lys-ND exhibited minimal precipi-
tation and good stability. Additionally, they investigated
the intracellular transport pathways. The results revealed
that while pristine ND (pND) was found in vesicular
aggregates, Lys-ND was evenly distributed in the cyto-
plasm and existed as uniformly sized particles. This sug-
gests that the aminated Lys-ND is more effective for gene
delivery and other intracellular applications [82]. Ryu
et al. modified ND with carboxyl groups on the surface,
converting them into aminated ND using ethylenedi-
amine. Then they conjugated folic acid (FA) to the ami-
nated ND using carbodiimide chemistry, synthesizing
FA-ND nanoclusters (Fig. 7A-a). After intravenous injec-
tion of the FA-ND, near-infrared (NIR) irradiation was
applied to observe an increase in the temperature of the
tumor in vivo. As shown in Fig. 7A-b, during the 5 min
NIR irradiation, the temperature change is due to rapid
heat generation on the ND surface from light absorp-
tion under NIR irradiation, followed by a quick drop in
temperature as the NIR energy source is removed. These
findings that FA-ND have potential for photothermal
tumor therapy [83]. In another study, Ashek-I-Ahmed et
al. annealed ultra disperse diamond (UDD), synthesized
through the detonation method, at 800 °C in a vacuum
to modify the ND surface with amine groups (Fig. 7B-a).
At 500 °C, two distinct peaks attributed to C-H bonds
appeared in the 2875-2945 cm™! range, as shown in
Fig. 7B-b(ii). These peaks indicate the presence of carbon
from the tetrahedral diamond lattice of ND. At 800 °C,
the peak corresponding to the nitrile group (-C=N)
disappeared completely, as illustrated in Fig. 7B-c(iv).
Conversely, a clear band in the 3200-3450 cm™! range,
indicative of the symmetric and asymmetric stretching
vibrations of the primary amine (NH,), was observed,
as shown in Fig. 7B-d(iv). This indicates that the nitrile
group was hydrogenated and reduced to amine, confirm-
ing the successful surface of ND to amine [54]. Li et al.
synthesized diamane nanoflakes, a two-dimensional
ND using the high-temperature high-pressure (HTHP)
method, followed by ball milling to physically exfoli-
ate them. Then, they functionalized the nanoflakes with
ammonia and subjected them to thermolysis at 400 °C to
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produce amino-functionalized NH,-diamane nanoflakes
(Fig. 7C-a). Finally, these nanoflakes were coated onto
polypropylene (PP) to fabricate the PP/NH,-diamane
separator. Mechanical strength analysis revealed that the
average Young’s modulus of PP/NH,-diamane was 4.16
GPa, which was significantly higher than that of pure PP
(0.035 GPa) (Fig. 7C-b). This indicates that the integra-
tion of amino-functionalized ND onto the PP surface
substantially enhances its mechanical strength. Fur-
thermore, under the same laser heating conditions (400
mW), the maximum central temperature of PP/NH,-dia-
mane was 60.1 °C, which was lower than that of pure PP
(83.7 °C) (Fig. 7C-c) These results suggest that the incor-
poration of amino-functionalized ND provides excellent
thermal conductivity, promoting uniform heat diffusion,
which enhances cellular activity and accelerates skin tis-
sue regeneration [84].

Halogenation
Halogenation of ND is a method to activate the surface
by generating electrophilic centers that can further react
with nucleophilic reagents. Fluorination can be achieved
by reacting the ND surface with a mixture of F,/H, gases
at high temperatures. Alternatively, sulfur hexafluoride
(SFe) can be used in atmospheric pressure plasma treat-
ments to introduce C-F bonds. Chlorinated ND can be
prepared through thermal treatment with Cl, or CCl*, or
by exposing hydrogenated ND to chlorine gas under UV
irradiation. Halogenation, such as chlorination and fluo-
rination of ND, results in highly photostable materials,
making them ideal for applications such as cell tracking
and imaging due to their enhanced stability [85, 86].
Ekimov et al. successfully synthesized ultrasmall ND
under high-pressure, high-temperature (HPHT) condi-
tions, using halogenated adamantane (C,,H;,Br,) at a
fixed pressure of 8GPa. The halogenated adamantane
acted as a crucial precursor in ND synthesis, suggesting
that it is effective in altering the surface chemical prop-
erties of the ND [87]. Additionally, they demonstrated
the successful synthesis of ultrafine ND using fluorinated
1-fluoroadamantane under similar HPHT conditions,
showing that halogen atoms can influence the structure
and characteristics of the resulting ND [88]. Zhou et al.
synthesized HND-CI and BND-CI by irradiating hydro-
genated surface ND (HNDs) and graphitized surface
ND (BNDs) in air-free environment of CCl,, CHCl,, and
CH,Cl,, using a linear electron accelerator at doses up
to 1100 kGy (Fig. 8A-a). They confirmed the attachment
of chlorine to the ND surfaces. As shown in Fig. 8A-b,
no chlorine-specific signal at m/z=36 was observed for
HND and BND before chlorination. However, after chlo-
rination, a strong signal was detected for HND-CIl and
BND-CI. Additionally, the release of -Cl occurred over a
broad temperature range from 50 °C to 450 °C, indicating
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Fig. 7 (A): (a) Schematic diagram of FA-ND nanocluster synthesis process. (b) In vivo thermal imaging images of mice with tumors irradiated locally with
NIR laser 5 min, 72 h after intravenous injection of FA-ND nanocluster. Reproduced with permission [83]. (B): (@) Schematic diagram of the process for
modifying the UDD surface with amine groups under vacuum conditions at 780-800 °C. FTIR spectra of (b) untreated UDD, surface modified UDD in the
range of (c) 1400-1840 cm™!, and (d) 3000-3650 cm™ . Reproduced with permission [54]. (C): (a) Schematic diagram of NH,-diamane synthesis process.
(b) Young's modulus of pure PP and PP/NH,-diamane. (c) Maximum central temperature upon the introduction of the laser beam to the surface of PP and
PP/NH,-diamane. Reproduced with permission [84]
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that chlorine bonds of various types were formed on the
ND surface [89]. Luo et al. immersed ND nanoparticles
in a C,Fyl solution and subjected them to photoinitiation
with a xenon lamp for several hours to synthesize fluori-
nated ND (F-ND), with the related mechanism proposed
in Fig. 8B-a. The results confirmed that the fluorinated
ND treated for 3 h (F-ND-3 h), exhibited the highest
thermal stability and oxidation resistance (Fig. 8B-b) [90].
This suggests that F-ND can maintain its structure and
properties when exposed to body temperature or exter-
nal heat sources, and its excellent resistance to oxidative
stress in the biological environment may positively influ-
ence wound healing.

Thermal conductivity

Diamond itself possesses an ultra-high thermal conduc-
tivity of approximately 2000 W/(m-k) [91]. Therefore,
ND, based on this property, also exhibits excellent ther-
mal conductivity. The thermal conductivity of ND varies
depending on its structure [92]. Due to this property, ND
provides thermal stability to fibrous materials, enabling
them to withstand high-temperature conditions with-
out a loss strength. Furthermore, as shown in Table 2,
ND exhibits superior thermal conductivity compared to
other carbon-based materials.

Thus, it acts as a key factor in achieving rapid tem-
perature elevation under near-infrared (NIR) irradia-
tion within a short period (Table 3). This is attributed
to the ability of ND to efficiently convert absorbed light

energy into heat and rapidly dissipate the generated heat
throughout the material. The high thermal conductivity
prevents the localized accumulation of thermal energy
and ensures uniform distribution across the material,
enabling the formation of high-temperature zones in a
short time. These characteristics demonstrate that ND
exhibits superior performance in thermal energy transfer
and dissipation compared to other carbon-based materi-
als [107].

In practice, ND-based nanofibers with high thermal
conductivity offer several advantages as wound dressings.
The high thermal conductivity allows for photothermal
therapy or heat-based wound healing, which can effec-
tively contribute to infection prevention and bacterial
eradication. Additionally, the high thermal conductiv-
ity enables rapid and uniform heat distribution to the
wound site, facilitating localized treatment without caus-
ing damage to surrounding tissues, and it can also pro-
mote the activation of antimicrobial agents [122, 123].
However, if the thermal conductivity is excessively high,
there is a risk of excessive heat being transferred to the
wound area, potentially causing damage to the surround-
ing healthy tissues. Moreover, at elevated temperatures,
physical and chemical stability issues may arise in the
nanofibers, which could negatively affect the function-
ality or biocompatibility of the ND-based material [124,
125]. Therefore, the application of ND-based nanofi-
bers with high thermal conductivity as wound dressings
requires careful design that considers heat management
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Table 2 Thermal conductivity of various carbon-based materials

Material  Formulation Thermal Ref
conductivity
[W/(m-k)]

Graphene  Polypropylene/graphite/graphene  8.65 [93]
Micron-diamond@ 5.66 [94]
graphene nanoplatelets/
nanofibrillated cellulose
Poly(l-lactide)/ 1.12 [95]
graft-graphene nanoplatelets-
poly(d-lactic acid)

Graphite  Paraffin@ 0.68 [96]
graphite felt
Epoxy/carbon fiber/carbon/ 6.2 [97]
graphite
Carbon nanotubes pillared exfoli-  1.92 [98]
ated graphite/polyimide

Carbon Boron nitride nanosheets/ 0.84 [99]

nanotube  carbon nanotube/epoxy resin
Carbon nanotube-graphene/ 4.641
polydimethylsiloxane [100]
Carbon nanotube/ 2.21
Au in evaporated porous Al- [101]
doped ZnO

Carbondot 3D Graphene quantum dots/ 0.785
zinc oxide [102]
MXene/carbon dot 0.945

[103]

Nanodia-  Uniaxial-polyvinyl alcohol/ 813

mond nanodiamond [104]
Poly(vinyl alcohol)/ 18.98
hydroxyl-rich nanodiamonds [105]
Cellulose nanofiber/ 76.23
single-crystal nanodiamond [106]

techniques and material stability. Based on the character-
istics described above, the following example is provided
below. Wang et al. developed poly (diallyldimethylam-
monium chloride)-functionalized nanodiamond/aramid
(ND@PDDA/ANF) nanofibers. As shown in the Fig. 9A-a
and b, ND@PDDA/ANF nanofibers demonstrated high
in-plane and through-plane thermal conductivities of
30.99 and 6.34 W/(m-k), respectively. The through-plane
thermal conductivity was the highest reported value
among all insulating polymer-based composite supports
(Fig. 9A-c) [126]. In another study, Song et al. developed
hydrophobic nanofiber cellulose-graphene (HNG) by
spraying polydopamine-modified nanodiamond (F-PDA-
ND) onto nanofiber cellulose (NFC) and pyrene-ami-
nated graphene (PyHN,@G). The thermal conductivity
of HNG-10 (containing 10wt% PyNH,@G) was measured
to be 27.06 W/(m-k), representing a 21.36-fold increase
[127]. Furthermore, Jiao et al. developed a flexible cel-
lulose nanofiber (CNF)/nanodiamond (ND)/MXene
(CNM) composite platform. As shown in Fig. 9B-a, pure
CNF displayed relatively low thermal conductivities of
2.63 W/(m-'k) horizontally and 0.16 W/(m-k) vertically.
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However, adding just 2phr of ND increased the thermal
conductivity to 9.81 W/(m-k) and 0.24 W/(m-k), showing
enhancements of 273% and 50%, respectively. Moreover,
the addition of ND had a significant impact on the ther-
mal conductivity of CNOM30. According to the Fig. 9B-b,
adding 5phr of ND led to a sharp increase in thermal con-
ductivity from 7.98 W/(m-k) to 16.49 W/(m-k). Conse-
quently, as shown in Fig. 9B-c, it can be clearly observed
that the in-plane and out-of-plane thermal conductivities
of the composite platform tend to increase sharply with
the addition of ND. This enhanced thermal conductivity
is attributed to ND acting as thermal bridges between
the MXene sheets, arranged in a layered structure, which
improves heat flow between the MXene layers (Fig. 9B-d)
[128]. Song et al. fabricated an NFC/ND hybrid support
using nanofibrillated cellulose (NFC) and ND. Thermal
conductivity measurements, both in-plane and through-
plane, revealed that the thermal conductivity significantly
improved with increasing ND content (Fig. 9C-a). Nota-
bly, with only 0.5wt% ND loading, the in-plane thermal
conductivity increased substantially from 1.122 W/(m-k)
to 9.820 W/(mk), representing a remarkable increase of
approximately 775.2%. As shown in Fig. 9C-b, the ther-
mal conductivity measured in such NFC/ND compos-
ites is notably high compared to previous studies. The
intermolecular hydrogen bonding between the -OH and
-COOH groups of ND particles and the -OH groups
of NFC enhances the adhesion between ND and NFC,
facilitating the formation of more efficient thermal con-
duction pathways (Fig. 9C-c). Additionally, the unique
anisotropic properties of the 1D NFC structure promote
the formation of a hierarchical structure, which supports
the creation of thermal conduction pathways facilitated
by the ND particles dispersed within the NFC network
(Fig. 9C-d) [129].

Wettability

Generally, a contact angle of less than 90° indicates that
a surface is considered hydrophilic, particularly when
it is oxygen-terminated. In contrast, surfaces that are
hydrogen-terminated, with a contact angle exceeding
90°, are classified as hydrophobic [130, 131]. Nanofibers
containing ND exhibit these hydrophilic characteris-
tics, which contribute to their moisture absorption and
management properties [132]. Due to these character-
istics, it can effectively retain moisture, optimizing the
environment of the wound site to prevent infection and
enhance the healing speed. Additionally, it promotes cell
diffusion and adhesion, playing a highly effective role
in wound healing [133]. For example, Olaret et al. fab-
ricated nanofibers using fish gelatin (FG) at 50% (w/v)
and 70% (w/v) concentrations (FG50, FG70) as con-
trol groups, and nanofibers containing ND (FG50_ND,
FG70_ND) as experimental groups (Fig. 10A-a). Contact
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Table 3 Temperature rise characteristics of various carbon-based materials under NIR irradiation

Material Formulation Wave Time Temp Application Ref
length [min] [°C]
(nm)

Graphene Reduced graphene oxide@ 808 8 276 Photothermal [108]
poly(methyl methacrylate) coated with reduced graphene oxide/ +18 therapy
polyethylenimine bilayers
Graphene oxide/ 808 15 435 Antibacterial [109]
poly (L-lactide-co-e-caprolactone
Few-layer graphene oxide 812 45 56 Antibacterial [110]

Graphite Graphite derived carbon dots 808 10 279 Photothermal

therapy
Coconut fibers/ 808 90 56.9 Photothermal [112]
recycled polystyrene/ conversion
graphite

Carbon Poly (e-caprolactone)/ 808 10 20 Drug delivery [113]

nanotube gelatin/ platform release
carbon nanotubes-photoluminescent mesoporous silica nanoparticles
Bi,Se; nanosheets/ 808 85 54.1 Photothermal, [114]
carbon nanotubes biocompatibility
Konjac glucomannan-sodium alginate@ 808 5 56 Antibacterial [115]
carbon nanotubes/Fe**

Carbon Iron-doped 808 10 455 Antibacterial, [116]

dot carbon dots wound healing
Cellulose nanofiber/ 350 - ~30 Photothermal 171
carbon quantum dot
Graphene quantum dots- semiconducting polymer nanocomposites 808 5 47 Photother- [118]

mal therapy,
biocompatibility

Nanodiamond Iron oxide nanoparticles@ 808 3 676 Photothermal [119]
nanodiamond therapy
Acrylic-grafted chitosan-oxidized hyaluronic acid-nanodiamond 808 5 70 Antibacterial, [120]

wound healing
Polyurethane-grafted nanodiamond/multi-walled carbon nanotubes 808 1 105.1  Photothermal [121]

angle measurements showed that the addition of ND
resulted in a lower contact angle in both FG50_NDs
and FG70_NDs compared to the control, indicating
enhanced hydrophilicity (Fig. 10A-b) [134]. As shown in
the Fig. 10B-a, Narla et al. functionalized ND using ball
milling with polypropylene glycol (PPG) and a silane cou-
pling agent (ND-Si-PPG-CH;). Subsequently, they fab-
ricated PVDF-HFP@5%ND nanofibers using ND with a
mass fraction of 5% (by weight relative to the polymer)
and poly(vinylidene fluoride-co- hexafluoropropyl-
ene) (PVDF-HFP). Compared to polypropylene (PP),
the PVDE-HFP@5%ND nanofibers exhibited a very low
contact angle of 20°, indicating a strong affinity for the
electrolyte (Fig. 10B-b) [135]. Houshyar et al. fabricated
nanofibers by adding ND to wool fabric. The 0%w/w ND
sample (W) was designated as the control group, while
the nanofibers with 0.1%w/w, 0.2%w/w, and 0.3%w/w
ND were abbreviated as W, W,, and W, respectively.
As shown in the Fig. 10C-a, the contact angle of the
untreated W ranged from 119° to 125°. However, after
treatment with ND, W, exhibited a low contact angle of
less than 20°, while W, and W, showed values close to 0°

(Fig. 10C-b, ¢, and d). This indicates that the hydrophi-
licity increases with a higher concentration of ND on the
nanofiber surface, as there are more polar groups such as
-OH and COO- present (Fig. 10C-¢) [136].

Nanofibers containing ND also possess hydrophobic
properties, which prevent excessive moisture absorption
at the wound site, providing a stable environment. This
promotes cell migration and proliferation, while facilitat-
ing drug delivery, allowing for the continuous release of
antimicrobial or anti-inflammatory agents necessary for
wound healing. These properties enhance the efficiency
of wound healing and contribute to infection prevention
[137-140]. In a study performed by Zhang et al, they
fabricated ND-reinforced polyurethane (NDs/PU) nano-
fibers (Fig. 10D-a). As shown in Fig. 10D-b, the contact
angle measurements revealed that pure PU nanofibers
exhibited a contact angle of 115.7°. However, with the
addition of ND, the contact angles increased to 135.4°
and 139.7° for 5.5wt% NDs/PU and 7.5wt% NDs/PU,
respectively. This significant increase in contact angle
demonstrates the superior hydrophobicity of the NDs/
PU nanofibers, which is even better than previously
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reported results (Fig. 10D-c) [141]. Hence, ND-based
nanofibers, depending on the modifications, possess both
hydrophilic and hydrophobic properties, which can work
in harmony depending on the wound healing environ-
ment, ultimately contributing to the optimization of the
healing process.

Porosity

The porosity of nanodiamond-incorporated nanofi-
bers plays a critical role in enhancing wound healing by
optimizing the wound microenvironment and enabling
advanced therapeutic functions. The highly porous net-
work of nanofibers (78-93% porosity in various compo-
sitions [142]) mimics the extracellular matrix, facilitating
cell adhesion, migration, and proliferation while allow-
ing oxygen diffusion and moisture retention [138, 139,
142]. This architecture provides an ideal scaffold for
embedding NDs, which can be uniformly distributed
within the fibrous matrix to achieve controlled release
of therapeutic agents like siRNA or antibiotics [120,
143]. The interconnected pores simultaneously absorb
wound exudate and maintain hydration, preventing bac-
terial colonization while promoting angiogenesis and

re-epithelialization [142]. When combined with nano-
diamonds, the enhanced surface area from porosity
improves drug-loading capacity and sustains antibacte-
rial activity, as demonstrated by hydrogel systems achiev-
ing 90-93% bacterial eradication [120]. Furthermore,
tailored porosity enables sequential release kinetics—
rapidly delivering hemostatic agents while gradually
releasing growth factors to coordinate inflammatory and
proliferative healing phases [143]. Studies show diabetic
wound models treated with these porous nanocompos-
ites exhibit accelerated closure rates (93% improvement
in epithelialization) and reduced MMP-9 levels through
optimized siRNA delivery [143].

Biocompatibility

Biological materials can withstand the influence of vari-
ous biological systems within an organism and maintain
relatively stable characteristics without rejected or dam-
aged. ND exhibit excellent biocompatibility in biologi-
cal applications. The biocompatibility of ND stems from
the chemical inertness of diamond nanocrystals and the
absence of toxic chemical release from the nanocrystals
[144, 145]. Table 4 below presents the biocompatibility
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Table 4 Effects of ND nanofiber composites on various cell lines and their applications

Material ND Cell type Properties Ref
content
Poly-e-caprolactone 2% Schwann cell Promotion of cell proliferation and adhesion, regulation of macrophage [146]
polarization
05,1,2, Mouse calvaria-derived Twt.% of ND/PCL: Cell proliferation rate approximately 1.5 times (com-  [147]
3wt% pre-osteoblast pared to PCL), improve alkaline phosphatase activity
0.1%w/w  Human lens epithelial No toxicity [148]
Poly(lactic-co-glycolic 5% Natural stem cell Survival rate of cells: 85% [149]
acid) 0.7wt% Human mesenchymal stem Improved cell diffusion due to increased hydrophilicity [150]
cells
Gelatin from cold 0.5and Human adipose-derived Stem  Cells remain viable after 48 h, cell adhesion, no cytotoxicity [151]
water fish 1%
Polypropylene 1%w/w Chinese hamster ovarian cells  Very high cell adhesion compared to control, with longer cells and [152]
more filopodia
Silicon oxide - Human osteoblast-like Support cell adhesion, spreading, and proliferation, high collagenand ~ [153]

Saos-2cells ALP synthesis, and calcium precipitation on day 14 of cell culture
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characteristics and applications of nanofiber composites
utilizing ND on various cell lines.

Biodegradability
The biodegradability of nanofibers is crucial in wound
healing as it allows gradual tissue replacement while
maintaining structural support, preventing secondary
damage from frequent dressing changes [154, 155]. This
property ensures optimal compatibility with healing
phases, enabling controlled release of therapeutic agents
and eliminating the need for manual removal, which
reduces inflammation and promotes complete regenera-
tion [156]. The biodegradability of NDs and ND-incorpo-
rated nanofibers depends on the composite materials and
environmental conditions. While NDs themselves are
chemically inert and not inherently biodegradable, their
incorporation into biodegradable polymers like PLA or
chitosan/bacterial cellulose blends enables controlled
degradation of the composite matrix [157-159]. Stud-
ies show PLA films with embedded NDs degrade gradu-
ally under alkaline conditions (pH 10), with erosion rates
correlating to increased ND mobility and reduced poly-
mer viscosity, though degradation is minimal at neutral
pH [157, 159]. In chitosan-based nanofibers, NDs (1-3
wt%) enhance mechanical strength while maintaining
biocompatibility, though higher concentrations lead to
nanoparticle agglomeration and reduced durability [42].
The biodegradation process of these composites typically
involves polymer chain breakdown through hydrolysis or
enzymatic action, while NDs remain intact and may per-
sist in the environment [86, 159]. This persistence raises
concerns about long-term accumulation, as ND’s small
size and surface functional groups could theoretically
enable gradual breakdown under specific physiological
conditions, though conclusive evidence remains limited
[141]. Current research indicates that while the polymer
matrices can degrade within weeks to months depend-
ing on composition, the ND components require fur-
ther investigation regarding their environmental fate and
potential metabolic clearance pathways [86, 159].
Moreover, the incorporation of NDs into polymers
influences biodegradation rates through complex inter-
actions dependent on environmental conditions and
material composition. Under alkaline conditions (pH
13), nanodiamond-embedded polylactic acid (PLA) films
exhibit accelerated degradation, as nanodiamond mobil-
ity increases with polymer erosion, correlating with
reduced viscosity and enhanced gadolinium ion diffu-
sion near the NDs [157]. This mobility enables real-time
tracking of degradation via nanodiamond magnetom-
etry, which measures spin relaxation (T1) changes as
the polymer matrix breaks down. However, at neutral
pH (7) or mildly alkaline pH (10), PLA degradation is
minimal, with NDs showing negligible mobility changes,
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suggesting pH-dependent modulation of degradation
kinetics. NDs may indirectly affect biodegradation by
altering polymer structure—higher concentrations (1-3
wt%) in chitosan-based composites improve mechanical
stability but can agglomerate, potentially slowing enzy-
matic or hydrolytic breakdown [160]. Surface-function-
alized NDs (e.g., carboxylated or aminated variants) may
further influence degradation through electrostatic inter-
actions with microbial membranes or polymer chains,
though cytotoxicity risks require careful optimization
[161]. While the polymer matrix degrades via hydrolysis
or microbial action, NDs themselves remain chemically
inert, persisting post-degradation and raising concerns
about long-term environmental accumulation [157].
Thus, their primary role lies in enabling degradation
monitoring rather than actively accelerating the process
under physiological conditions.

Antioxidant activity

Antioxidant activity involves neutralizing excess reactive
oxygen species (ROS) that disrupt cellular membranes,
DNA, and proteins, while preserving beneficial low-level
ROS required for antimicrobial defense and cell signal-
ing during wound repair [162, 163]. In wound healing,
antioxidants mitigate oxidative stress to accelerate fibro-
blast proliferation, collagen deposition, and angiogenesis,
while balancing inflammation. For antibacterial applica-
tions, antioxidants prevent microbial proliferation exac-
erbated by ROS-induced tissue damage, synergizing with
antimicrobial agents [164]. NDs exhibit intrinsic antioxi-
dant properties through surface functional groups (-OH,
-COOH) and C=C bonds that scavenge ROS. Hydrox-
ylated NDs reduced lipid peroxidation in microalgae by
50% under oxidative stress, preserving photosynthetic
efficiency [21]. When incorporated into nanofibers, NDs
enhance composite functionality. For example, polyvinyl-
pyrrolidone/cerium/curcumin nanofibers achieved 100%
wound closure in 20 days via synergistic antioxidant
effects (95% radical scavenging) [163]. NDs also amplify
antibacterial effects through surface charge interactions
and oxidative stress induction. Acid anhydride groups
on ND surfaces disrupt bacterial membranes, while gra-
phitic layers potentiate antibiotic delivery [86]. For exam-
ple, ND-fullerene composites reduced biofilm viability by
80% through dual ROS scavenging and physical cell wall
damage [164]. These multifunctional systems address
infected wounds by concurrently resolving oxidative
imbalance and microbial colonization.

Wound healing application of ND-based nanofiber
Antibacterial effect

ND-based nanofibers exhibited excellent antibacterial
properties. ND has a highly modifiable surface, enabling
it to generate reactive oxygen species (ROS), which



Park et al. Journal of Nanobiotechnology (2025) 23:285

Page 21 of 30

3 a‘, Addition of fetal bovine serum (%)

:ﬁ ‘10-2-5 “' o# 2.5 -1 1-0.1 0.1-0.01

SRS e N, & ¢ % R § ‘ N .
2t eu 2, 0¥y ¢ LRV B »
o (]
Y np. => S S

[ ]
% [ ]
il -~

Cu ND+
AQ& - = ot
NDpuve
HO (CN
é@ - = _~ —
NDpure + 0
PSS Bacterial viability & » » : :
— g0, 50% <10% M"Y & «Concentration of proteins

Fig. 11 Schematic of the antibacterial effect characteristics of surface-modified ND (ND-and NDp,,. -
,) atmosphere annealing, ND,,,,, and ND,,, , ,: No annealing). Reproduced with permission [167]

Hydrogen (H

enhance its antibacterial activity (Fig. 11). Additionally,
the high surface area and conductivity of ND allow it to
disrupt bacterial cell membranes and inhibit bacterial
growth. Under NIR stimulation, ND generates heat and
ROS, which damage bacterial proteins and nucleic acid,
effectively rupturing bacterial membranes and eradicat-
ing biofilms. These properties make ND-based nanofibers
valuable for preventing infections and inhibiting bacterial
growth during the wound healing process [165, 166].

Wu et al. fabricated PLA/ND fibers using poly-lactic
acid (PLA) and ND, and coated them with B-chitin to
developed C/PLA/ND scaffolds. They evaluated the anti-
bacterial activity by measuring the growth and survival
of Staphylococcus aureus (S. aureus) and Escherichia coli
(E. coli). As shown in Fig. 12A-a, the red arrows highlight
dead bacteria, while the survival rate of bacteria remained
high in the control groups and pure PLA. In contrast, the
C/PLA/ND scaffolds exhibited approximately 50% bacte-
rial mortality for both bacteria (Fig. 12A-b). Additionally,
as demonstrated in Fig. 12A-c and d, the proliferation of
both bacteria was inhibited [168]. These findings suggest
that the incorporation of ND and B-chitin into PLA scaf-
folds enhances their antibacterial properties and biocom-
patibility, making them a promising platform for effective
wound healing applications. In another study, Khalid et
al. fabricated Silk, NDg,s-silk, and ND;-silk nanofi-
ber platforms by incorporating ND at concentrations of
0 mg/mL, 0.25 mg/mL, and 0.5 mg/mL, respectively. They

air atmosphere annealing, ND+and ND,, ¢ +:

evaluated the antibacterial properties against Pseudo-
monas aeruginosa (P. aeruginosa) and E. coli, two major
pathogens responsible for skin wound infections. SEM
image analysis revealed that both bacteria failed to exten-
sively adhere to ND-silk nanofibers, showing flattened
and damaged forms (Fig. 12B-a). The number of bacte-
ria attached to the nanofibers was less than 1000/mm?,
with E. coli showing fewer than 200/mm?, which is below
detection limits. Furthermore, confocal laser scanning
microscopy (CLSM) imaging of ND-silk demonstrated an
average antibacterial efficiency of approximately 99% and
95% against P aeruginosa and E. coli, respectively, con-
firming high antibacterial activity against both bacteria
(Fig. 12B-b). As seen in Fig. 12B-c, SEM analysis further
revealed the damaged cell (orange color) morphology of
bacteria within ND-silk nanofibers [169]. These results
demonstrate strong antibacterial effects which indicates
that ND-based silk structures do not exhibit inherent
resistance to bacteria, and such structures provide supe-
rior antibacterial properties, helping to minimize infec-
tion risks in wound healing.

Karami et al. prepared ND-EDA by surface modifica-
tion ND through carboxylation, chlorination, and amina-
tion to attach ethylenediamine (EDA). ND-EDA was then
applied to the polyamide surface of Thin Film Composite
(TEC) scaffolds at concentrations of 250, 500, 1000ppm,
resulting in TFC-250, TFC-500, TFC-1000, respec-
tively. For comparison, TFC-0 (without ND-EDA) and
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TFC-EtOH (treated with ethanol) were also fabricated.
The scaffolds were exposed to E. coli cultures for 3 h to
evaluate their antibacterial efficiency (Fig. 13A-a). Col-
ony plating analysis (Fig. 13A-b and e) revealed bacterial
mortality rates of 52.4%, 59.7%, and 63.7% for TFC-250,
TFC-500, and TFC-1000, respectively, while TFC-0 and

TFC-EtOH showed significantly lower mortality rates of
1.3% and 14%. Confocal microscopy analysis further con-
firmed these findings, showing mortality rates of 48.3%,
51.9%, and 52.1% for TFC-250, TFC-500, and TFC-1000,
while TFC-0 and TFC-EtOH exhibited negligible bacte-
rial inhibition (Fig. 13A-c and f). These results highlight
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ages of Bacillus sp. on (e) silicon wafer and (f) ND support, and (g) E.coli on ND support. Antibacterial rates of (h) Bacillus sp. and (i) E.coli. Reproduced with

permission [171]

the significant improvement in bacterial inactivation
rates due to the presence of ND particles. The disk inhi-
bition zone test also supported the antibacterial activ-
ity of the ND-based scaffolds. As shown in Fig. 13A-d,
none of ND-EDA-containing scaffolds exhibited inhibi-
tion zones, indicating that the ND particles were strongly
bonded to the polyamide layer. This strong binding is
crucial for long-term activity in anti-biofouling applica-
tions. Hence, in this study, ND-EDA-based TFC scaffolds
not only enhance antibacterial activity but also demon-
strate long-term effectiveness in the presence of bacteria
[20]. Similarly, Conceicdo et al. developed a DLC +ND
platform by coating Ti6Al4V with diamond-like carbon
(DLC) and doping it with 1%w/v ND. The antibacterial
properties of this platform were tested by direct exposure
to E. coli for 6 h. As a result, the pure DLC platform dem-
onstrated approximately 30% growth inhibition, whereas
the DLC+ND platform achieved a significantly higher
inhibition rate of around 95%. This remarkable antibacte-
rial effect is attributed to the mechanism by which ND
particles interact with the bacterial cell wall. ND particles
attach to and disrupt the cell wall, subsequently penetrat-
ing the cell to damage DNA and induce oxidative stress,
ultimately leading to bacterial cell death. The potent anti-
bacterial activity of the DLC + ND platform highlights its
potential for applications in wound healing [170]. Shen
et al. developed micro/nano support structures using

hydroxylated silicon wafers and carbonylated ND. First,
testing the antimicrobial effect of ND particles showed
that compared to untreated E. coli (Fig. 13B-a), ND par-
ticles adhered to the surface of E. coli influenced bacte-
rial membrane permeability (Fig. 13B-b). As a result, the
exposure of bacterial cell walls to ND particles caused
damage and rupture of the bacterial membrane, releasing
cytoplasmic contents (Fig. 13B-c and d). To evaluate the
antimicrobial efficiency of the support, E. coli and Bacil-
lus sp. were cultured for 2 days. Observations showed
clear adhesion and colony formation on the silicon wafer
surface (Fig. 13B-e). In contrast, very little attachment of
bacteria was observed on the ND support (Fig. 13B-f and
g). The analysis of antibacterial rate revealed that the ND
support exhibited a higher effect compared to ND parti-
cles alone (Fig. 13B-h and i), suggesting that ND support
possesses superior antibacterial properties, effectively
inhibiting bacterial attachment and colonization for high
potential applications in biomedical settings [171].

Biological effects and wound healing

ND-based nanofibers promote wound healing by enhanc-
ing cell adhesion, proliferation, and migration, mimicking
the extracellular matrix (ECM). They maintain optimal
moisture levels, prevent infections with antibacterial
properties, and support tissue regeneration, making them
ideal for advanced wound care [9, 172]. For instance,
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Fig. 14 (A): (a) Adhesion and (b) viability of L929 cells after 24 h with scaffolds. Reproduced with permission [44]. (B): (a) SEM images of hMSCs adhered
to the nanofibers after 24 h (from left to right: PCL and fND/PCL 0.2wt%) (Top: low magnification, scale bar 100 um; Bottom: high magnification, scale bar
20 pum). (b) Graph of hMSC viability on nanofibers up to 21 days. Reproduced with permission [173]

Pereira and group checked the biocompatibility of PLA/
ND nanofibers [44]. For this, they fabricated PLA, PLA/
ND 0.1%, PLA/ND 0.5%, and PLA/ND 1% nanofibers
by blending poly(lactic acid) (PLA) with ND at concen-
trations of 0.1%, 0.5% and 1%. As shown in Fig. 14A-b,
cytotoxicity analysis using L929 fibroblasts revealed no
toxicity in any of the samples after 24 h. Furthermore,
cell adhesion experiments demonstrated that the PLA/
ND 0.1% and PLA/ND 0.5% nanofibers exhibited supe-
rior adhesion and spreading compared to pure PLA
(Fig. 14A-a). This improvement is attributed to the deco-
ration of nanofiber walls by ND, forming nanostructured
pore walls that enhance the potential for cell growth. The
excellent cell adhesion and spreading properties of PLA/
ND nanofibers suggest their potential as effective scaf-
folds in wound healing applications. The nanostructural
characteristics and increased surface area of ND promote
cell growth at the wound site, accelerate tissue regenera-
tion, and improve biocompatibility, thereby contributing
to enhanced wound healing outcomes. In a study per-
formed by Guarino and team, they used fluorescent ND
(0.2wt% and 0.4wt%) with PCL to evaluate the response
of nanofibers on hBMSCs. SEM images of 24 h culture
showed no cytotoxicity, and excellent cell adhesion [173].
In particular, ND-containing nanofibers exhibited more
pronounced filopodia at the fiber surface boundary as

demonstrated in Fig. 14B-a. This was attributed to the
increase in the hydrophilicity and surface energy of the
nanofibers due to the presence of ND, which effectively
enhanced the initial cell adhesion and protein adsorp-
tion phases. Additionally, Fig. 14B-b shows significant
improvement in cell viability for up to 14 days in the
presence of ND with increase in cellular response com-
pared to pure PCL nanofibers up to 21 days. These results
indicate that the addition of ND does not hinder the bio-
logical response of cells but rather supports cell adhe-
sion and survival by mimicking the extracellular matrix
(ECM) fiber structure with the unique morphology of the
nanofibers. This characteristic suggests that the nanofi-
bers could potentially act as a scaffold to accelerate cell
proliferation and tissue regeneration at wound sites, thus
maximizing healing effects.

Mahdavi et al. developed nanofibers with physical and
mechanical properties similar to those of natural skin
by incorporating chitosan/bacterial cellulose (CS/BC)
and medical grade ND (MND) [42]. MND was included
in concentrations of 0%, 1%, 2%, and 3%, resulting in the
samples NDO, ND1, ND2, and ND3. The nanofibers con-
taining MND showed improvements in tensile strength
and elasticity, while permeability decreased. This sug-
gests that the addition of MND enhances the protec-
tive capability of the nanofibers, potentially helping to
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prevent infections and safely protect wound sites. Addi-
tionally, when evaluating the cell viability of L929 fibro-
blasts, which are relevant to wound healing, after 24 and
72 h, the MND-containing nanofibers maintained high
levels of viability compared to the control. These results
indicate that the MND-containing nanofibers offer excel-
lent biocompatibility and effectiveness in wound healing
environments. In another study, Augustine et al. fabri-
cated diamond nanosheets (DNS) using ND and mixed
them with PCL at concentrations of 0.5%, 1%, 2%, and
4% to create PCL-DNS-0.5, PCL-DNS-1, PCL-DNS-2,
and PCL-DNS-4 nanofibers [174]. They then evaluated
the cell compatibility of the nanofibers using human
keratinocyte (HaCaT) cells and mouse fibroblasts (3T3
cells). The results showed that both cell types exhibited
fewer dead cells in the PCL-DNS nanofibers compared
to the control and pure PCL groups (Fig. 15A-a). Addi-
tionally, as shown in the Fig. 15A-b and ¢, MTT cell
viability assays confirmed that incorporating DNS into
the nanofibers did not induce cell toxicity. In vivo bio-
compatibility was assessed by subcutaneously implant-
ing the nanofibers into mice for 4 weeks and analyzing
local tissue response through histopathological exami-
nation. The results showed that the PCL-DNS nano-
fibers supported blood vessel formation, as evidenced
by the presence of RBCs (pink/red cells) one week after
implantation (Fig. 15A-d). These findings suggest that
the high surface area and tunable surface chemistry of
ND may promote cell growth and tissue regeneration in

PCL-DNS scaffolds, aiding in wound healing. Similarly,
Houshyar et al. also fabricated PCL-based nanofibers
containing ND at concentrations of 1%w/w, 2.5%w/w
and 5%w/w, naming them PCL-1%ND, PCL-2.5%ND,
PCL-5%ND, respectively [175]. As shown in Fig. 15B-a,
contact angle measurements of the PCL-ND nanocom-
posites showed that the contact angles for PCL-1%ND,
PCL-2.5%ND, and PCL-5%ND were 98°, 88°, and 80°,
respectively, demonstrating a significant decrease as the
ND concentration increased. Analysis of the moisture
management properties revealed that higher ND con-
tent in the nanofibers improved liquid transfer from the
upper to the lower layer, enhancing moisture regulation.
Notably, PCL-5%ND exhibited a 51% improvement in
overall moisture management compared to pure PCL
nanofibers (Fig. 15B-b). These properties are crucial for
providing appropriate moisture to the wound area, pre-
venting excessive dryness, and facilitating the removal
of excess liquid, thereby supporting the wound healing
process. Furthermore, in cell culture experiments using
Chinese hamster ovarian (CHO) cells, the cell viability
after 1, 3, and 7 days of incubation increased with higher
ND concentrations, along with a gradual rise in cell den-
sity (Fig. 15B-c). This indicates that ND enhances the
hydrophilicity of PCL, promoting cell proliferation. These
findings suggest that ND-based nanofibers are a suitable
option for addressing the challenges of complex wound
management.
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Conclusion and future perspective

Nanodiamonds (NDs) have emerged as a very promis-
ing material for enhancing the performance of electros-
pun nanofibers for biomedical applications, particularly
within the realm of wound healing. Their ability to mimic
the extracellular matrix (ECM), together with intrin-
sic antibacterial properties, holds a lot of promise for
addressing fundamental challenges in tissue regenera-
tion. However, several major hurdles should be overcome
before the successful clinical application of ND-based
nanofibers. These encompass the need for economi-
cally viable and scalable synthesis protocols, methods to
inhibit ND aggregation, rigorous evaluation of biocom-
patibility, and enhancement of long-term material stabil-
ity and antimicrobial efficacy. It is crucial to overcome
these challenges to enable the translation of the beneficial
characteristics of ND-based nanofibers into relevant clin-
ical applications. Beyond wound healing, the prospec-
tive reach of ND-based nanofibers substantially covers
numerous fields in biomedical engineering. Their unique
combination of mechanical strength, biocompatibility,
and surface modifiability renders them versatile devices
with diverse applications in fields including tissue engi-
neering, drug delivery, biosensing, orthopedic, and oph-
thalmic devices.

Optimization of the synthesis techniques of NDs, such
as chemical vapor deposition and plasma-assisted syn-
thesis, to be more scalable and cost-effective is the scope
of future research. Surface functionalization processes
such as carboxylation, hydroxylation, and biocompat-
ible coatings such as PEG are required for enhancing
the dispersion of NDs and minimizing cytotoxicity.
Additionally, extensive in vitro experiments and in vivo
experiments need to be conducted to fully assess the
biocompatibility and long-term stability of nanofibers
from nanoparticles under physiological conditions. Of
particular interest are investigations on hybrid scaffolds
and cross-linked polymer-nanoparticle composites to
enhance the mechanical properties and longevity of these
materials. Continued development of sophisticated dis-
persion methods, including ultrasonication and shear-
assisted mixing, will facilitate uniform distribution of
nanoparticles into the nanofibers. Furthermore, research
needs to be conducted on integrating bioactive molecules
and growth factors into nanofibers derived from natu-
ral sources to further accelerate tissue regeneration and
wound healing.

Successful fabrication of ND-based nanofibers has the
potential to greatly impact the broader field of biomedi-
cal engineering. In tissue engineering and drug delivery,
they can serve as improved scaffolds, mimicking the
ECM and offering mechanical support for complex tissue
regeneration and offer localized and controlled release of
therapeutics, including gene therapy. Their better surface
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properties enable the development of very sensitive bio-
sensors for the diagnosis of diseases at early stages and
also for continuous monitoring. Additionally, in ortho-
pedic applications, they can promote osseointegration
of implants and bone regeneration. By capitalizing on
their exceptional properties and modifying their function
using surface treatments and composite architecture,
researchers are designing novel solutions for overcoming
key clinical problems and enhancing patient outcomes,
advancing ND-based nanofibers from the status of labo-
ratory phenomenon to the level of clinical reality.
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