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ABSTRACT

Nano-biomaterials are a rapidly evolving class of technologies that combine nanoscale engineering with inherent biological
compatibility. This review offers a comprehensive examination of green synthesis, evolving categories, and expanding biomedical
applications. Particular attention is made on ecologically friendly manufacturing processes that employ plant extracts, microor-
ganisms, and biopolymers as long-term reducing and stabilizing agents, allowing nanoparticles to be produced with regulated
morphology and specific functionality. Synthetic techniques are evaluated critically in terms of pH, temperature, and precursor
concentration to determine their impact on nucleation, growth behavior, and overall particle architecture. Characterization
techniques, including as FTIR, UV-vis, XRD, TEM, SEM, and DLS, are reviewed in terms of determining physicochemical,
structural, and surface-related properties required for biomedical performance. The review delves deeper into significant
application categories, covering advancements in drug delivery, antimicrobial methods, wound healing, cancer therapies,
biosensing systems, and tissue-engineering scaffolds. Current issues in cytotoxicity, biodegradation processes, standardization,
and regulatory limitations are investigated to identify hurdles and potential for future clinical translation. Overall, this article
aims to be an authoritative resource for scholars in chemical sciences, nanotechnology, pharmaceutical science, and biomedical
engineering by providing an integrative perspective on the design principles and translational potential of nano-biomaterials.

1 | Introduction level, leading to better disease diagnostics, therapy, and tissue
regeneration results [3].

Nano-biomaterials have developed as a transformational class of

materials at the intersection of nanotechnology and biomaterials
science, providing unprecedented control over physicochemical
and biological interactions on the nanoscale (1-100 nm). Their
high surface-area-to-volume ratio, variable surface chemistry, and
size-dependent optical, electrical, and catalytic capabilities allow
for better cellular absorption, targeted delivery, and therapeutic
efficacy as compared to traditional biomaterials [1, 2]. Recent
discoveries in nanomedicine have shown that rationally created
nano-biomaterials can affect biological processes at the molecular

Nano-biomaterial fabrication strategies are broadly classified
into top-down approaches (e.g., lithography, mechanical milling)
and bottom-up methods such as chemical precipitation, sol-gel
processing, hydrothermal synthesis, and biological routes. Green
synthesis techniques based on plant extracts, bacteria, fungi,
and biopolymers have received a lot of attention in recent years
because of their sustainability, low toxicity, and compatibility
with biomedical applications [4, 5]. These bio-assisted approaches
reduce the need for toxic reagents while simultaneously intro-
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ducing intrinsic surface functionalization via phytochemicals and
biomolecules, which improves biocompatibility and therapeutic
potential.

Polymeric nanoparticles such as poly(lactic-co-glycolic acid)
(PLGA) for controlled drug release, plasmonic nanostructures
such as gold nanoparticles (AuNPs) for cancer theranostics, and
metal oxide nanoparticles such as zinc oxide (ZnO) and iron oxide
for antimicrobial activity and regenerative medicine [6-10] are
among the most extensively researched systems. Because of their
variable size, shape, and surface functionalization, these mate-
rials exhibit improved pharmacokinetics, imaging capabilities,
and bioactivity. Comprehensive physicochemical characteriza-
tion is essential for establishing structure-function links and
maintaining clinical safety. Transmission electron microscopy
(TEM), scanning electron microscopy (SEM), x-ray diffraction
(XRD), Fourier-transform infrared spectroscopy (FTIR), dynamic
light scattering (DLS), and zeta potential analysis provide detailed
insights into particle morphology, crystallinity, surface chem-
istry, colloidal stability, and dispersity—parameters that directly
influence biodistribution, cytocompatibility, and therapeutic per-
formance [11-14]. Figure 1a depicts an overview of the synthesis,
characterization, and biological uses of nano biomaterials.

Despite significant advancements, long-term toxicity, biodegrada-
tion mechanisms, immunological responses, large-scale repeata-
bility, and regulatory approval remain barriers to wider clinical
translation [15-20]. To address these issues, synthesis method-
ologies, improved characterization technologies, and high-impact
biomedical applications must be carefully evaluated [21-25].
The purpose of this review is to critically analyze modern
synthesis strategies, with a focus on green and controllable
fabrication routes, discuss advanced characterization techniques
that define nano-bio interface interactions, and evaluate selected
high-impact nano-biomaterial systems in drug delivery, can-
cer theranostics, antimicrobial therapy, and tissue engineering,
highlighting translational challenges and future perspectives
(Figure 1b).

2 | Synthesis of Nanoparticles

Nanoparticles, which typically range in size from 1 nm to
100 nm, have sparked widespread interest due to their distinct
physicochemical features, which include a high surface-area-
to-volume ratio, variable reactivity, and quantum effects. These
properties make them useful in a variety of sectors, including
medicine, energy, electronics, catalysis, and environmental clean-
up [26-29]. The synthesis process influences nanoparticle size,
shape, stability, surface chemistry, and overall functioning. In
general, nanoparticle synthesis methodologies are characterized
as top-down or bottom-up [30-32]. Top-down ways include
physically breaking down bulk materials into nanoscale particles,
such as milling or lithography, whereas bottom-up methods use
chemical or biological processes to create nanoparticles from
atomic or molecular precursors. Figure 2 shows the illustration
of green synthesis routes for nano-biomaterials using different
methods. Table 1 summarizes the common synthesis methods
of nano-biomaterials, including the method, advantages, and
limitations.

2.1 | Top-up Method

The top-down method for producing nanoparticles involves
reducing bulk materials into tiny particles using mechanical or
physical means. Top-down techniques use external forces like
mechanical machining, lithography, or laser ablation to reduce
the size of larger structures, whereas bottom-up approaches build
nanoparticles atom by atom or molecule by molecule [37]. This
approach is extensively utilized because it is simple, scalable,
and suitable for manufacturing huge amounts of nanoparticles.
Despite its advantages, the top-down technique may result in
poor control over particle shape and size distribution, as well as
the introduction of flaws or contaminants during the milling or
grinding process [38]. Nonetheless, it is still an important method,
especially for applications that require mass production or where
precise control over chemical composition is less vital.

21.1 | Mechanical Milling

Mechanical milling is a widely used physical approach for
creating nanoparticles by mechanically reducing bulk materials.
In this approach, a revolving milling vessel holding grinding
balls causes repeated collisions and friction with the material,
resulting in particle fracture and nanoscale refinement. The
mechanical energy imparted by the milling media determines the
transformation pathway, reaction kinetics, and final particle size
distribution [39].

21.2 | Nanolithography

Nanolithography is the process of creating tiny patterns with
dimensions that typically range from 1 nm to 100 nm. To
create highly controlled nanostructures, a variety of lithographic
techniques are used, including photolithography, electron beam
lithography, focused ion beam lithography, nanoimprint lithog-
raphy, soft lithography, and scanning probe. These techniques
are frequently used in nanoelectronics, sensors, and innovative
materials because of their precision and reproducibility [40].

2.1.3 | Laser Ablation

Laser ablation is a physical process that produces nanoparticles
by irradiating a metal target with a high-energy laser beam in a
liquid or gaseous media. The laser-material interaction generates
a plasma plume of ionized atoms and clusters, which then cool
and nucleate to form nanoparticles. This method is regarded
as a quick and ecologically friendly technique because it avoids
the use of toxic chemicals and complex synthesis techniques.
Laser ablation also allows for exact control of nanoparticle purity,
content, and size, making it ideal for biological, catalytic, and
sensing applications [41, 42].

2.1.4 | Thermolysis

Thermolysis is the thermal breakdown of precursor chemicals to
create nanoparticles. Typically, the precursor solution is heated

2of 21

ChemistrySelect, 2026

38UBD1T SUOWILLIOD SAIERID 3|cealjdde ayy Aq pausenoh are sajoie YO ‘asn JO Sa|NJ 1oy Aiqi] aUlUQ AB]IM UO (SUO N IPUOD-PUe-SWLBY W0 A3 IM AreIq 1 pul|uo//:Sdiy) SUORIPUOD PUe SWIB | U} 88S “[9202/50/92] uo ARiqiauljuQ AB|IM * JO 9691100 AisieAlun weubune A - eley uesaeiu A A 6TSEL 10 S/Z00T 0T/I0P/W0d A8 1M Akeiq 1puljuo-adons-Ans waydy//sdny wolj papeojumod ‘0z ‘9202 ‘67S9S9E2



(a) Synthesis

v

Plant Biopolymers
Extracts

Biopolymers

Characterization
Techniques

A

Electron Spectroscopy

Microscopy e

~ NANO-~

BIOMATERIALS

Biomedical
Applications

Drug  Wound Antimicrobial
Delivery Healing

Vacise

"\, Biomedical
Applications

Anticancer
Tissue
Engineering

Tissue
Engineering

IL\J ==

3D bioprinting

Deposition of Silver
Nanoparticle-Infused 3D Scaffold

Antib ial Action Anti-i y Effect

FIGURE 1 | (aandb)Diagrammatic illustration of the synthesis, characterization, and biomedical applications of nano-biomaterials.

under reflux conditions to encourage nucleation and controlled
particle development. Prolonged heating improves crystallinity
and particle homogeneity, but post-synthesis aging improves
stability and size distribution. The nanoparticles are next cleaned
by centrifugation and solvent washing to remove any remain-

ing precursors or byproducts, followed by drying to produce
nanopowders suitable for further characterization and applica-
tions. This approach is especially useful for producing metal and
metal oxide nanoparticles with high purity and controlled shape
[43].
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FIGURE 2 | The different methods of synthesizing nano-biomaterials.

2.2 | Bottom-up Method

Bottom-up synthesis is the creation of nanostructures from
atomic or molecular precursors using chemical or biological
processes. Top-down procedures break down bulk materials
into nanoscale structures, whereas bottom-up methods assemble
nanoparticles atom by atom or molecule by molecule. This
method provides exact control over particle size, shape, con-
tent, and crystallinity, making it ideal for nano-biomaterials
and biomedical applications. This approaches, which replicate
natural processes like biomineralization, frequently yield very
uniform and monodisperse nanoparticles with improved sur-
face functionality. Sol-gel synthesis, chemical vapor deposition
(CVD), co-precipitation, hydrothermal processing, and biologi-
cally based green synthesis are all common approaches. These
methods enable molecular-level functionalization and increased
purity, which are beneficial for applications in medicine, cataly-
sis, electronics, and energy devices (Figure 3). These techniques
allow for composition, size, and form control by generating
nanostructures from atomic or molecular precursors. Green
synthesis utilizes biological entities in an environmentally benign
manner, whereas chemical and hydrothermal processes maintain
structural precision.

2.21 | Sol-Gel Method

A sol is a colloidal system made up of uniformly dispersed solid
particles suspended in a liquid medium, whereas a gel is a semi-
solid material composed of a three-dimensional network that
traps the liquid phase. The sol-gel process is a popular chemical
approach for producing nanomaterials, metal oxides, and ceramic
materials. Precursors such as metal salts (chlorides, nitrates,

Cooling Outiet

water out

Condenser
Cooling

water in

or sulfides) or metal alkoxides (M(OR)n are hydrolyzed and
condensed in the presence of acid or base catalysts to produce a
homogenous sol. The sol progressively turns into a gel due to poly-
merization processes, resulting in a solid network containing sol-
vent molecules. The resultant gel is then aged, separated by sedi-
mentation or centrifugation, and dried to produce nanostructured
metal oxides with regulated content and morphology [44, 45].

2.2.2 | Spinning

The spinning disk reactor (SDR) is a high-intensity thin-film reac-
tor that works via centrifugal force. In this technique, precursor
solutions are placed into a fast-revolving disk, where centrifugal
forces cause the liquid to spread into a thin film. This structure
allows for efficient mixing, rapid heat and mass transport, and
precise nucleation conditions, making SDR ideal for nanoparticle
synthesis. The thin film’s high shear pressures encourage quick
supersaturation and uniform nucleation, resulting in the creation
of nanoparticles by processes like reduction, precipitation, or
thermal breakdown. Controlling particle size, morphology, and
crystallinity involves adjusting operating parameters such as disk
rotation speed, precursor feed rate, temperature, and reactor
environment. The generated nanoparticles are collected from the
reactor output and sorted by filtration or centrifugation before
drying [46, 47].

2.23 | Chemical Vapor Deposition (CVD)

Chemical vapor deposition (CVD) is a popular process for
creating thin films and nanostructured materials by chemical
interactions with vapor-phase precursors. In this technique,
volatile precursor gases are injected into a reaction chamber
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Common synthesis methods of nano-biomaterials.

TABLE 1

References

Limitations

Advantages

Examples

Synthesis method

S. no

(33]

High energy cost, complex

High purity, controlled size

Laser ablation, ball milling

Physical methods

equipment

[34]

Use of toxic chemicals, waste

Scalable, tunable properties

Sol-gel, chemical reduction,

Chemical methods

generation

microemulsion

(35]

Eco-friendly, biocompatible, low cost Limited control over size/shape,

Plant extracts, bacteria, fungi, algae

Green synthesis

slower kinetics

[36]

Highly specific, bioinspired structure Costly biomolecules

Protein scaffolds, DNA origami

Biological template-based

with a heated substrate. The precursors are thermally decom-
posed, reduced, or oxidized near the substrate surface, leading
in the formation of a solid film and the removal of gaseous
byproducts from the system. CVD allows for the production of
high-purity, uniform, and conformal coatings on complicated
surfaces. The structural and functional properties of deposited
materials, including crystallinity, morphology, grain size, and
electrical properties, can be precisely tailored for applications
in electronics, optoelectronics, and nanomaterial synthesis, by
controlling process parameters such as temperature, pressure, gas
flow rate, and precursor composition [48].

2.2.4 | Pyrolysis

Pyrolysis is a thermal decomposition process used for nanopar-
ticle in synthesis, precursor materials in liquid or solid form are
heated to high temperatures in a combustion or furnace system.
During heating, the precursors decompose, oxidize, or burn,
resulting in nanoparticles in a hot gas stream. The generated
nanoparticles are transported by a carrier gas, such as air or
nitrogen, and then separated using a particle classification or
collection device. Pyrolysis has various advantages, including
single-step synthesis, high production rates, and the capacity to
generate nanoparticles with precise composition, crystallinity,
and size distribution. This process is commonly used to produce
metals, metal oxides, and composite nanomaterials [49, 50].

2.2.5 | Biosynthesis

Biosynthesis, also known as biological synthesis, is an envi-
ronmentally benign method of creating nanoparticles from
naturally occurring biological resources such as plants, fungi,
bacteria, and yeast. In this approach, biomolecules included in
biological extracts function as reducing and stabilizing agents,
allowing metal ions to be converted into nanoparticles. Unlike
traditional chemical procedures, biosynthesis does not require
harmful chemicals and functions under gentle circumstances
such as physiological temperature, pressure, and pH. Although
chemical approaches may result in larger yields and faster
synthesis, biological methods are more environmentally friendly,
cost-effective, and biocompatible. Biosynthesized nanoparticles
have shown great promise in biomedical applications such as
medication transport, diagnostics, antimicrobial therapy, and
nanomedicine, making green synthesis a crucial technique for
achieving sustainable nanomaterial production [51, 52].

2.2.6 | Nano-Biomaterial Synthesis Strategies:
Comparative Analysis, Mechanistic Insights,
Translational Feasibility, and Biological Performance

2.2.6.1 | Comparative Analysis. Table 2 provides a compar-
ative overview of major nano-biomaterial synthesis strategies,
namely top-down, bottom-up, and green/biological approaches
[53-60].

2.2.6.2 | Mechanistic Insight Strengthened. In particular,
we now discuss the physical fragmentation mechanisms for
top-down approaches in mechanical milling and lithographic
processes, where bulk materials experience shear, compression,
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FIGURE 3 | Schematic representation of bottom-up synthesis methods for nano-biomaterials.

and impact forces that result in lattice strain, size reduction,
and possible surface defect formation [61-63]. Based on con-
ventional and non-classical crystallization theories, we offer a
thorough description of nucleation-growth kinetics for bottom-
up techniques, emphasizing how temperature, reaction time,
supersaturation, and precursor concentration control particle
size, morphology, and crystallinity [64-66]. We also go over
controlled assembly procedures that allow for fine structural
tweaking, like hydrothermal crystal formation pathways and
sol-gel hydrolysis-condensation reactions.

We discuss the phytochemical- or biomolecule-mediated reduc-
tion mechanisms for green synthesis techniques, in which
polyphenols, flavonoids, proteins, and enzymes produced from
plants serve as both reducing and stabilizing agents at the same
time. These biomolecules affect size distribution, surface charge,
and biological compatibility by promoting metal ion reduction,
nanoparticle nucleation, and surface capping [67, 68].

2.2.6.3 | Critical Evaluation of Translational Feasibility.
Table 3 presents a critical evaluation of the translational feasi-
bility of major nano-biomaterial synthesis strategies, including
top-down, bottom-up, and green/biological approaches. The com-
parison highlights differences in scalability, cost-effectiveness,
environmental impact, synthesis complexity, and biocompati-
bility. Top-down methods offer precise structural control but
often require high energy input and expensive instrumentation.
Bottom-up approaches provide improved nanoscale uniformity
and functional properties, although they may involve complex
chemical procedures. In contrast, green/biological synthesis
methods demonstrate superior eco-friendliness, reduced toxi-
city, and enhanced suitability for biomedical and sustainable
industrial applications.

2.2.6.4 | Biological Performance. The choice of synthesis
process directly affects the physicochemical properties of nano-
biomaterials and, in turn, their biological performance, according

to an application-oriented viewpoint. Top-down methods, which
are frequently employed to create inorganic nanostructures like
metal oxides and nanoceramics, provide mechanical robustness
and scalability; however, if not properly controlled, the induced
surface defects and wider size distribution may change sur-
face reactivity and possibly impact cytocompatibility [75, 76].
Bottom-up approaches, on the other hand, provide exact control
over nucleation and growth processes, enabling fine-tuning
of crystallinity, morphology, and particle size. For polymeric
nanocarriers like poly(lactic-co-glycolic acid) nanoparticles and
plasmonic systems like gold nanoparticles, where size uniformity
and surface functionalization greatly affect cellular uptake, drug
release kinetics, and photothermal efficiency in cancer therag-
nostic, this degree of control is especially beneficial [77, 78].
In the meantime, phytochemical-mediated surface capping is
introduced by green synthesis techniques, which are frequently
used in the manufacturing of metal oxide nanoparticles like
zinc oxide, improving intrinsic biocompatibility and antibacterial
activity [79, 80]. Variability in extract composition can impact
size precision and repeatability, even if these biologically derived
coatings enhance regenerative and wound-healing efficacy. All
things considered, the synthesis pathway controls both structural
characteristics and interactions at the nano-bio interface, which
has a significant impact on translational potential in biomedical
applications. Figure 4, presents a comparative analysis of nano-
biomaterial synthesis strategies, highlighting their mechanistic
insights, translational feasibility, and biological performance.

3 | Green Synthesis of Nanoparticles

3.1 | Bacteria in Nanoparticle Biosynthesis

Bacteria have lately gained popularity in nanoparticle production
due to their rapid growth rates, ease of cultivation, and well-

understood genetic and metabolic pathways. Bacterial systems
provide a low-cost and environmentally benign platform for gen-

6 of 21

ChemistrySelect, 2026

38UBD1T SUOWILLIOD SAIERID 3|cealjdde ayy Aq pausenoh are sajoie YO ‘asn JO Sa|NJ 1oy Aiqi] aUlUQ AB]IM UO (SUO N IPUOD-PUe-SWLBY W0 A3 IM AreIq 1 pul|uo//:Sdiy) SUORIPUOD PUe SWIB | U} 88S “[9202/50/92] uo ARiqiauljuQ AB|IM * JO 9691100 AisieAlun weubune A - eley uesaeiu A A 6TSEL 10 S/Z00T 0T/I0P/W0d A8 1M Akeiq 1puljuo-adons-Ans waydy//sdny wolj papeojumod ‘0z ‘9202 ‘67S9S9E2



saduarreyd
uoryezIpIepue)s pue LIIqerrea yoyeq

suonjeoridde aarjeIouagar pue ‘Suresy
punom ‘Terqororwunue 1oy Surstwold ATySIH

a[qeuIe)ISNS PUE 1S0J-MO] A[[BISUSD
KI101X0) MO “‘S[qeUIe)SnS ‘A[PUSLY-007
Apiqronpoidar ofess-a81e] paywry
urewol
Kew sonunduwr o1uedIo (SonpIsal 91x0) MO
Amquedwodorq
sQoueyua sonosjowolq Aq Surddes orsurnug

Ind50 Aewt K1[IqeLIEA JNq [01JUOD POOD)
UOI}BI}USIUOD [NII[OWOI] pue
uonsoduod JoeInxd Aq POOUIN[IUIL (3JBISPOIN
sajToqelow
[B1QOIOIW IO ‘SOWAZUD ‘sTedruayd0)Ayd
Suisn uonezifiqels pue uOKONPaI-OIg

K)11X0] [ROTWIAYD [eTIUI0]

SISLIIEd0UEU UOISTOaxd
pue SWISAS AISAT[OP SnIp pa1dauI3us 10J [eap]

91BISPON
SJUS3EI/SIUIA[OS ITIX0) QA[OAUT ABIA

s1ojowrered pazruundo yiim o[qe[eds
9[qrssod sanpisal [edrwayd (AurelsA1o ysig

SISoYJuAs SurInp pareauIdus aq ued
ATurreIsAIo
pue ‘aseyd ‘adeys jo A1iqeun) Jus[[2oxg
[013u09 10sIN231d
pue sonaury uonoear ela uoisroard ySiyg

Imois pue
UOI}B[ONU BIA A[qUISSSE IB[NI[OW/JTOIY

[0I)U0d dUT} PIYIWI] pue dFewep a0ejIng

SOINJONIISOURU
oruegIour snqo1 10§ A[qeINg

1500 uonBIUAWNISUT YSTH
$9859001d aAIsuUaUI-A319UT
91qereds Afrernsnpuy

d3ewrep
[eINIONIS pue UOBUTUIBIUOD JO YSTY
UuoNBOYIPOW SISAYIUAS-1sod sarmbay
a1qrssod $30979p 90BJINS {[0IIUO0D PAITWIT

Kys1adsipAjod o1qrssod 91e19poIN

‘S[eLIjeUl
JInq Jo umopyeaiq [edrsAyd/[esrueyooN

uoney i 93

9OUBAR[AI [BIIpIWOIg
UOT}BISPISUOD 1SOD)
joedull [BIUSWUOIIAUL

Aqeress

$109J9p pue Aung

UOT)eOTJIpOT
s1sayjuAs-isod sarmnbay

ATur[TeIsAIo
pue £3o1oydioy

[0JIIU0J IZIS J1d1)Ied

ordrourig

]}

o >~ 0 O

(parerpawr-1owAodorq ‘[erqorsrux
9uerd) sayoeoxdde resrSojorq/usain

(rewrrdyy0apAy ‘uorneirdroaxd reorwrayd
‘198-10s “8-9) sayseoxdde dn-wroyyog

(AydesSoyy
‘Surqmua “§-3) soyoeoadde umop-dog,

IdroweIed

ou g

"soyoeoidde s1SayjuAs [elIsIRWOlq-ouRy JO sisA[eue aaneredwo) |

¢ HdI14dVL

23656549, 2026, 20, Downloaded from https://chemistry-europe.onlinelibrary.wiley.com/doi/10.1002/slct. 73519 by Venkatesan Rgja - Y eungnam University College Of , Wiley Online Library on [26/05/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

7 of 21

ChemistrySelect, 2026



Comparative evaluation of translational feasibility and biological performance of nano-biomaterial synthesis approaches.

TABLE 3

References

Translational feasibili

imitations

Major strengths Keyl

Synthesis approach

S. no.

[69, 70]

Favorable for large-scale production but
requires post-processing to improve surface

Surface defects, structural damage, possible

High scalability; industrial
compatibility; suitable for robust

Top-down methods (e.g.,

1

contamination, limited fine size control

milling, lithography)

quality and biocompatibility

inorganic nanostructures

[71,72]

Highly suitable for precision drug delivery and

Potential use of toxic solvents/reagents;

Excellent control over particle size,

Bottom-up methods (e.g.,

2

engineered nanocarriers; regulatory compliance

purification steps required

morphology, and crystallinity;
reproducible under optimized

sol-gel, hydrothermal,

depends on purification efficiency

precipitation)

conditions

[73, 74]

Promising for biomedical and antimicrobial
applications; requires standardization protocols

Green/biological methods Eco-friendly; reduced toxicity; intrinsic Batch-to-batch variability; limited precise

3

size control; scale-up challenges

surface functionalization; improved

(plant, microbial,
biopolymer-mediated)

for clinical translation

biocompatibility

erating a wide range of metallic and metal oxide nanoparticles,
including silver (Ag), gold (Au), zinc oxide (Zn0O), and cadmium
sulfide (CdS), among others. One of the most important factors
influencing bacterial nanoparticle formation is the pH of the
growth or reaction medium.

The pH plays an important role in regulating the morphology
(shape and size) and location (intracellular or extracellular) of
produced nanoparticles [81-83]. Bacteria can combine a wide
range of inorganic nanomaterials via both internal and external
mechanisms. One well-studied example is the production of silver
nanoparticles (AgNPs) using bacterial strains, in which metal
ions are reduced to nanoscale form by bioreduction processes.
This procedure involves adding silver ions (Ag*) to a bacterial
culture or cell-free supernatant. Microbes help convert Ag+
to metallic silver (Ag°) via a variety of metabolic processes.
Extracellular reductase enzymes, which are released by bacterial
cells into the surrounding medium, play an important role in this
transformation. These enzymes act as biological reducing agents
by catalyzing the conversion of ionic silver into nanometer-sized
particles. In addition to reductases, additional microbial metabo-
lites such as peptides, proteins, flavonoids, or polysaccharides
may participate in the reduction process or act as stabilizing and
capping agents, avoiding agglomeration and altering the size and
shape of the final nanoparticles [84].

3.2 | Yeastin Biosynthesis of Nanoparticles

Yeast-based systems offer several advantages for nanoparticle
biosynthesis due to their rapid growth, ease of laboratory culti-
vation, and ability to grow on simple and inexpensive nutrient
media. These properties make yeasts a scalable and environ-
mentally friendly platform for the sustainable production of
metal nanoparticles. Yeast species such as Candida glabrata and
Schizosaccharomyces pombe have been widely investigated for
their ability to biosynthesize intracellular metal nanoparticles. In
this process, metal ions are absorbed by yeast cells and reduced
by cellular metabolites, reductase enzymes, or thiol-containing
biomolecules, leading to the formation of nanoparticles such as
cadmium sulfide (CdS), silver (Ag), selenium (Se), titanium (Ti),
and gold (Au). The formed nanoparticles are often stabilized by
proteins or peptides, which improve their stability and reduce
toxicity [85].

In addition to intracellular synthesis, extracellular biosynthesis
has also been reported, particularly for CdS nanoparticles. In
this approach, metal ions are reduced in the culture medium
by enzymes or metabolites secreted by yeast cells, allowing
nanoparticles to form outside the cell. This simplifies recovery
through centrifugation or filtration [86].

3.3 | Plantsin Biosynthesis of Nanoparticles

Using biological techniques, metallic nanoparticles in a variety of
sizes and shapes are synthesized from the stem, root, fruit, seed,
callus, peel, leaves, and flower of plants. Through its bioactivity,
an extract with durable medicinal and antioxidant qualities
creates the ideal dispersive medium for stabilizing nanoparticles.
Its features also work in synergy to improve its effects on its
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targets. For example, a plant extract might have antimicrobial
qualities. Combining nanoparticles with this potential has a
synergistic effect that enhances action while lowering cytotoxicity
and disposal effects. Precursor consumption is reduced because
the combined movements of the nanostructure and the plant
extract, they are connected to will support the nano system [87].
When biosynthesizing metallic nanoparticles using plant extract,
three essential components are (1) metal salt, (2) a reducing
agent, and (3) a stabilizing or capping agent to control the
size of the nanoparticles and prevent them from aggregating.
Plant biomolecules, such as proteins/enzymes, amino acids,
carbohydrates, alkaloids, terpenoids, tannins, saponins, phenolic
compounds, reducing sugar, and vitamins, may be involved in
the bio reduction, synthesis, and stability of metal nanoparticles.
The reduction potential of ions and the capacity of plants that
depend on the presence of polyphenols, enzymes, and additional
chelating agents have a substantial influence on the creation of
nanoparticles [88].

Numerous researches have shown the production of metal
nanoparticles using plant leaf extracts and their potential appli-
cations. Researchers have investigated the bio reduction of
gold and silver ions using Azadirachta indica and Pelargonium
graveolens leaf broth. Additionally, authors investigated Cym-
bopogon flexuosus (lemongrass) extracts formed triangular gold
nanoprisms. They discovered that a process involving rapid bio
reduction, assembly, and room-temperature sintering of “liquid-
like” spherical gold nanoparticles appeared to be responsible for
the development of the nano-triangles. Stable gold nanotriangles
could also be produced quickly by using Tamarindus indica
(tamarind) leaf extract as a reducing agent. Their electrical and
optical properties were significantly restored by the shape of

synthesis strategies: comparative analysis, mechanistic insights, translational

metal nanoparticles. They have also shown how to use plant
extracts from Aloe vera to synthesize gold and silver nanopar-
ticles in a range of sizes and forms, including spherical and
triangular [98]. Since most plants are readily available, cost-
effective, and nontoxic, the usage of plant extracts has grown
significantly. Additionally, Plant extracts contain a wide variety
of capping and reducing agents. As a result, these techniques
may generate nanoparticles in a variety of shapes and have a
significant potential for expanding further. Differences such as
temperature, concentration of the extract, concentration of the
metallic ions, and pH can impact the size and morphology of
the nanoparticles [90]. Table 4 provides a comparative summary
of the common synthesis methods utilized to generate nano-
biomaterials.

3.4 | Characterization for Nano-Biomaterials
Establishing structure-property—function linkages and guar-
anteeing repeatability, safety, and translational reliability in
biomedical applications need thorough characterization of nano-
biomaterials. Atomic force microscopy (AFM), scanning electron
microscopy (SEM), and transmission electron microscopy (TEM),
which offer nanoscale insights into surface topography, particle
size distribution, internal structure, and crystallinity, are fre-
quently used to assess morphological and structural features [81,
101-114]. X-ray photoelectron spectroscopy (XPS) allows surface-
sensitive analysis of elemental composition and oxidation states,
which is especially important for doped, core-shell, and surface-
functionalized nanoparticles [115-121]. X-ray diffraction (XRD)
determines crystalline phase identification, lattice parameters,
and grain size.
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Dynamic light scattering (DLS) and zeta potential analysis,
which measure hydrodynamic diameter, polydispersity index,
and surface charge—important factors influencing protein
corona formation, biodistribution, and cellular uptake—are
frequently used to evaluate colloidal stability and dispersion
behavior under physiological conditions [122-126]. UV-visible
spectroscopy, Fourier-transform infrared spectroscopy (FTIR),
and Raman spectroscopy, including surface-enhanced Raman
scattering (SERS), are used to characterize optical and sur-
face chemical properties. This allows for the confirmation of
nanoparticle synthesis, plasmonic behavior, and biomolecular
conjugation [127-133]. Advanced analytical methods improve
the assessment of nano-biomaterials even further. For the
investigation of protein-nanoparticle interactions and core-shell
structures, small-angle x-ray scattering (SAXS) offers ensemble
structural information in solution [134-136].

In pharmacokinetic and toxicological investigations, very sensi-
tive metal content quantification and biodistribution profiling are
made possible by inductively coupled plasma mass spectrometry
(ICP-MS) and single-particle ICP-MS (SP-ICP-MS) [137-141].
Superconducting quantum interference device (SQUID) mag-
netometry is used to evaluate magnetic properties related to
MRI contrast enhancement and hyperthermia applications in
magnetically responsive systems [47, 143]. To ascertain elasticity
and tensile strength, mechanical characterization of nanofibrous
scaffolds and biomimetic matrices is carried out employing
MEMS-based testing and nanoindentation techniques [144-147].
New operando and in situ spectroscopic techniques improve
the predictive evaluation of biological performance by enabling
real-time monitoring of chemical transformations and nano-bio
interfacial dynamics under functional settings [65, 148-151].

3.5 | Biomedical Applications of
Nano-Biomaterials

Nano-biomaterials have emerged as transformative tools in
biomedical science due to their unique physicochemical prop-
erties, high surface-area-to-volume ratio, and ability to interact
with biological systems at the molecular level. These materials—
including nanoparticles, nanofibers, nanotubes, nanogels, and
nanocomposites—are increasingly engineered for applications in
diagnostics, therapeutics, regenerative medicine, and biosensing.
Their nanoscale size enables efficient cellular uptake and targeted
delivery of therapeutic agents, thereby reducing off-target effects
and improving treatment efficacy [152-156]. One of the most
significant applications of nano-biomaterials is in drug delivery
systems. Nanocarriers such as liposomes, polymeric nanopar-
ticles, dendrimers, and metallic nanoparticles can encapsulate
drugs and release them in a controlled and targeted manner.
In cancer therapy, these nanocarriers can accumulate in tumor
tissues through the enhanced permeability and retention (EPR)
effect, thereby reducing systemic toxicity and improving thera-
peutic outcomes. Additionally, stimuli-responsive nanocarriers
that respond to internal signals (pH, enzymes, temperature) or
external triggers (light, magnetic fields) are being developed for
controlled drug release. Nano-biomaterials also play an essential
role in biosensing and diagnostic imaging [157-161].

For example, graphene is a multifunctional nano-material, and
hydroxyapatite nanoparticles are used in bone tissue engineer-
ing. Graphene and its derivatives, including graphene oxide
(GO) and reduced graphene oxide (rGO), have gained signif-
icant attention as nano-biomaterials due to their exceptional
mechanical strength, high electrical conductivity, large surface
area, and good biocompatibility [50, 159, 162-164]. These prop-
erties enable graphene-based materials to be used in various
biomedical applications such as tissue engineering, drug delivery,
biosensing, and antimicrobial coatings. The two-dimensional
honeycomb structure of graphene allows efficient adsorption
of biomolecules and drugs through 7-7 interactions, facilitat-
ing controlled drug release and targeted therapeutic delivery.
Graphene-based scaffolds have also been reported to enhance
cell proliferation and osteogenic differentiation, making them
promising for bone tissue engineering [165-167]. In addition,
graphene nanocomposites exhibit antibacterial activity through
membrane disruption and oxidative stress generation. Hydrox-
yapatite (HA), Ca,;,(PO,)s(OH),, is a calcium phosphate mineral
that closely resembles the inorganic component of human bone.
Due to this similarity, hydroxyapatite nanoparticles are widely
used in orthopedic and dental applications. At the nanoscale,
HA exhibits enhanced surface area and reactivity, improving cell
adhesion, proliferation, and differentiation for bone regeneration.
Nano-hydroxyapatite is commonly used as a coating material for
metallic implants and is incorporated into polymeric scaffolds
such as chitosan, collagen, and polycaprolactone to mimic natural
bone structure. It can also serve as a carrier for therapeutic agents,
enabling controlled drug delivery for bone-related diseases.

Silver nanoparticles are widely studied because of their strong
antimicrobial, antifungal, and antiviral properties. Their high
surface-to-volume ratio enables effective interaction with micro-
bial cell membranes, causing structural damage and increased
permeability. AgNPs exert antimicrobial activity through several
mechanisms, including the generation of reactive oxygen species
(ROS), release of Ag* ions, disruption of cellular respiration, and
inhibition of DNA replication. As a result, they are widely used
in wound dressings, medical coatings, drug delivery systems, and
antimicrobial textiles. Silver nanoparticle-based nanocomposites
have shown strong activity against multidrug-resistant pathogens
such as Staphylococcus aureus and Escherichia coli.

Figure 5 shows that nano-biomaterials play a crucial role in
biomedical applications. Silver, copper oxide, zinc oxide, and
chitosan nanoparticles exhibit strong antibacterial qualities and
are being added to dressings for wounds, dental materials,
implants, and surgical instruments to reduce the risk of infections
[84, 168]. Nano-biomaterials also exhibit significant antibacterial
activity through multiple mechanisms, including disruption of
bacterial cell membranes, interference with microbial DNA and
proteins, and the generation of reactive oxygen species, which
induce oxidative stress and cellular damage in pathogens. In
addition to antimicrobial applications, nanocarriers are widely
used in gene therapy for the delivery of nucleic acids such
as DNA, RNA, and CRISPR-Cas components to specific target
cells. Lipid nanoparticles (LNPs) have emerged as one of the
most effective delivery platforms for messenger RNA (mRNA)
therapeutics and vaccines, including those developed against
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FIGURE 5 | Nano-biomaterials and its applications (reproduced with permission from Ref. [180]).

COVID-19. Furthermore, nano-biomaterials are being integrated
into bioelectronics and implantable devices, such as nano-sensors
for continuous glucose monitoring or neural interfaces for brain—
machine communication. Their flexibility, biocompatibility, and
sensitivity make them ideal candidates for wearable health
monitoring systems and smart implants [169, 170]. The wide range
of these applications is summarized in Table 5, highlighting their
roles, advantages, and examples in modern biomedicine.

3.5.1 | Biomedical Applications of Nano-Biomaterials:
Critical Insights into Performance, Challenges, and
Limitations

The clinical performance of nano-biomaterials is still heavily
reliant on biological complexity and material design, despite its
transformative potential in drug transport, imaging, antimicro-
bial therapy, regenerative medicine, and bioelectronics. Through
the increased permeability and retention (EPR) effect, nanocarri-
ers like liposomes, PLGA nanoparticles, dendrimers, and metallic
nanoparticles enhance pharmacokinetics, bioavailability, and
tumor accumulation in drug delivery [190, 191]. Recent research,

however, highlights how highly variable the EPR effect is in
human malignancies, which frequently leads to inadequate and
uneven nanoparticle accumulation in therapeutic settings [192,
193]. Therapeutic efficacy is greatly diminished by rapid opsoniza-
tion, protein corona formation, early drug leakage, restricted
endosomal escape, and clearance by the mononuclear phagocyte
system [194, 195]. Moreover, batch-to-batch repeatability, formu-
lation stability, and scalable production continue to be significant
translational obstacles [196].

Quantum dots, gold nanoparticles (AuNPs), and superparam-
agnetic iron oxide nanoparticles (SPIONs) improve contrast in
fluorescence imaging, SERS platforms, and magnetic resonance
imaging (MRI) in cancer imaging and theranostics [197-199].
Long-term biodistribution and toxicity issues still exist despite
increased sensitivity. For instance, inorganic nanoparticles fre-
quently build up in the liver and spleen as a result of slug-
gish biodegradation, whereas cadmium-based quantum dots
may produce harmful ions [200]. Under physiological circum-
stances, SPION aggregation can change magnetic responsiveness
and lower imaging accuracy [201]. Through the production
of reactive oxygen species (ROS), breakdown of membranes,
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and interference with DNA, antimicrobial nano-biomaterials
including silver, zinc oxide, and copper oxide nanoparticles have
broad-spectrum bactericidal effects [202, 203]. However, safe
dosage ranges are limited by the potential for oxidative stress
caused by nanoparticles and cytotoxicity toward mammalian
cells at bactericidal quantities [204]. Additional mechanistic
research is also necessary for emerging adaptive resistance
mechanisms.

Lipid nanoparticles (LNPs) have transformed nucleic acid trans-
port in gene therapy and vaccine delivery, especially in mRNA
vaccines [205, 206]. Although LNP systems aid in endosomal
escape and shield mRNA from enzymatic destruction, inflamma-
tory reactions, complement activation, restricted tissue targeting
beyond hepatic accumulation, and repeated-dose safety issues
continue to be current research difficulties [208].

For tissue engineering and regenerative medicine, nanofibrous
scaffolds, nano-hydroxyapatite, graphene oxide, and hydrogel-
based bioinks mimic extracellular matrix (ECM) architecture
and promote cell differentiation. Lipid nanoparticles have trans-
formed nucleic acid transport in gene therapy and vaccine
delivery, especially in mRNA vaccines [209, 210]. Although
LNP systems aid in endosomal escape and shield mRNA from
enzymatic destruction, inflammatory reactions, complement
activation, restricted tissue targeting beyond hepatic accumu-
lation, and repeated-dose safety issues continue to be current
research difficulties [211, 212]. However, clinical translation is
hampered by inadequate vascularization, mismatched biodegra-
dation rates, mechanical instability, immune-mediated fibrosis,
and challenges with large-scale production [213]. Many scaffolds
enabled by nanotechnology still require a standardized long-term
in vivo safety evaluation.

Although long-term device stability, biofouling, signal drift, and
fibrotic encapsulation limit operational lifespan, applications in
bioelectronics and implantable nanosensors show promise in
glucose monitoring and neurological interfacing [214]. Over-
all, even though nano-biomaterials have many benefits, such
as multifunctionality, tunable physicochemical properties, and
targeted delivery, systematic biological interaction optimization,
long-term toxicity profiling, scalable production methods, and
regulatory standardization are necessary for successful clinical
translation [215]. Reproducibility, clinically relevant performance
validation, and mechanism-driven design should be given top
priority in future development.

Figure 6 illustrates the diverse biomedical applications of nano-
biomaterials, including drug delivery, diagnostic imaging, and
antibacterial therapy. These materials enable targeted delivery,
controlled release, and improved imaging sensitivity and resolu-
tion. They also exhibit antibacterial activity through membrane
disruption and reactive oxygen species generation. However,
challenges such as toxicity, biodegradability, immune response,
and scalability remain critical considerations.

4 | Challenges and Future Perspectives

This review main objective is to give a summary of nano-
biomaterials on many different types of applications. Despite
substantial advances, numerous major difficulties continue to
impede the clinical translation of nano-biomaterials. Long-term
biocompatibility and toxicity are still key concerns, as nano-
bio interactions are heavily influenced by size, shape, surface
chemistry, and dosage. Protein corona formation, immunological
activation, unexpected biodistribution, and inadequate biodegra-
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dation can jeopardize safety and therapeutic efficacy. Standard-
ized toxicological techniques and dependable in vitro-in vivo
correlation models are consequently required. Reproducibility
and large-scale production can pose significant challenges. The
variability of synthesis processes, particularly in green and biolog-
ically derived systems, has an impact on consistency, stability, and
regulatory acceptance. Commercialization requires the establish-
ment of scalable, GMP-compliant production procedures as well
as agreed characterization criteria.

Future research should concentrate on mechanism-driven
design, a better understanding of nano-bio interface dynamics,
and the integration of intelligent, stimuli-responsive, and
multifunctional theranostic systems. Greater interdisciplinary
collaboration, regulatory clarity, and long-term clinical validation
will be critical for transforming nano-biomaterials from
experimental platforms to safe and effective medical treatments.

5 | Conclusion

Nano-biomaterials have developed as very adaptable platforms at
the intersection of nanotechnology, biotechnology, and materials
science, with important implications for diagnostics, therapeu-
tics, antimicrobial applications, and regenerative medicine. The
evolution of green and biologically inspired synthesis tech-
niques has improved their biocompatibility, sustainability, and
functional flexibility. Advanced characterization techniques have
allowed for precise control of size, shape, surface chemistry, and
stability, improving the link between physicochemical qualities
and biological performance. Nano-biomaterials outperform tra-
ditional systems in terms of targeting efficiency and therapeutic
results due to their high surface area-to-volume ratio, variable sur-
face functionality, and ability to manage therapeutic loading and
release. Despite these encouraging improvements, many obsta-
cles remain, including repeatable large-scale production, long-
term toxicity evaluation, biodistribution and clearance profiling,
immunogenicity assessment, and regulatory standardization.
Addressing these restrictions through mechanism-driven design,
thorough safety validation, and interdisciplinary collaboration
will be critical for advancing nano-biomaterials from experi-
mental research to clinically reliable technology. Overall, nano-
biomaterials have revolutionary potential for next-generation
biomedical applications, as long as future efforts prioritize safety,
scalability, and translational practicality.
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