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Abstract. Nanomaterials have shown broad application prospects in the medical industry due to
their unique physical and chemical properties. In recent years, their functional innovation in the
plastic surgery field has attracted more attention. This paper studies the functional design strategies
of nanomaterials and their application efficacy in the fields of skin anti-aging, maxillofacial repair,
hair regeneration, etc., and conducts a multi-dimensional evaluation of their safety, stability and
industrial bottlenecks. The results of this paper show that through size control and pH-sensitive
design, nanomaterials can accurately deliver drugs and respond to environmental changes, such as
thermosensitive gel to achieve a dynamic wrinkle filling rate of 95%; nano-pearl powder improves
skin elasticity by 28%, and nano-titanium dioxide enhances sunscreen efficiency by 3 times. In
addition, surface nanotextured PEEK implants promote osteoblast proliferation by 60%, while
targeted delivery of nanoliposomes increases hair density by 41%. However, long-term safety
evaluations show that metal nanopatrticles are prone to accumulation in organs and cause oxidative
damage, and photodegradation of silver nanoparticles may lead to functional failure. In terms of
industrialization, high energy consumption and high cost of microfluidic technology are the main
obstacles. This study provides a scientific basis for the optimized application of nanomaterials in
plastic surgery, while emphasizing the need to establish a long-term safety monitoring system and
break through the difficulty of industrial production to promote sustainable development in this field.
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1. Introduction

With the vigorous development of nanotechnology in the early 21st century, the application of
nanomaterials in drug delivery, tissue engineering, and disease diagnosis has continued to expand. In
the field of plastic surgery, traditional technologies are limited by problems such as poor
biocompatibility and low targeting of materials. The precise control capabilities of nanomaterials
provide disruptive solutions for anti-aging, tissue repair and minimally invasive treatments. For
example, silver nanoparticles have been used in wound dressings and implant materials for anti-
infection treatment due to their strong antibacterial properties. However, the risk of long-term
accumulation in the body has also caused controversy [1]. This "double-edged sword" effect
highlights the necessity of balancing the efficacy and safety of nanomaterials in functional design,
and also provides a new proposition for interdisciplinary research.

International research has made significant progress in the functionalization strategies of
nanomaterials, and their applications have gradually moved from basic research to clinical practice.
For example, researchers used gold nanoparticles to functionalize implants, which not only
significantly improved the osseointegration efficiency, making it twice that of traditional materials,
but also showed excellent biocompatibility, providing new ideas for the upgrade of orthopedic
implants [2]. In addition, a new type of photoresponsive nanogel, with its sensitivity to infrared light,
can achieve precise and controllable drug release, thereby achieving non-invasive dynamic wrinkle
repair effects.

At the same time, domestic research focuses more on the nanotechnology improvement of
traditional materials to enhance their biological performance and clinical application value. A new
type of nano-pearl powder was prepared through high-pressure homogenization technology. Research
results show that this material can significantly accelerate skin wound healing, shorten the body's
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repair cycle by 30%, and promote tissue regeneration by activating the collagen synthesis pathway of
fibroblasts [3]. This research not only expands the application of pearl powder in the field of modern
biomedicine, but also provides a new technical path for the nanotechnology of traditional Chinese
medicinal materials. Overall, the functionalization strategies of nanomaterials are developing towards
precision, efficiency, and personalization.

Despite significant progress, existing research still faces three key challenges. First of all, there is
insufficient adaptability to dynamic environments. Most current designs of nanomaterials are based
on static models. In application scenarios such as plastic surgery and beauty, materials need to have
excellent mechanical response capabilities to adapt to complex biomechanical environments [4].
Secondly, there is a lack of long-term safety data. Although animal experiments have revealed that
nanoparticles may have the risk of organ accumulation, long-term tracking studies on humans are
almost blank, limiting the clinical transformation process. Finally, equipment costs and energy
consumption are too high, and high-precision nanopreparation technology has strict requirements on
instruments and high energy consumption, which has become the core bottleneck restricting its large-
scale application and commercialization.

This article aims to systematically analyze the functionalization strategy, application efficiency
and multi-dimensional challenges of nanomaterials in plastic surgery, so as to promote their
sustainable transformation from laboratory to clinic. The article will integrate the synergistic
advantages of metals, polymers and inorganic nanosystems, mainly discussing the aspects of
composite carriers integrating photothermal therapy and drug-controlled release and the construction
of long-term safety database to make up for the shortcomings of chronic toxicity assessment in the
existing studies. This paper also explores green and low-cost preparation techniques to help break
through the bottleneck of high threshold industrialization such as microfluidic process [5].

Based on the material classification and functionalization strategy and focusing on the three
application scenarios of skin anti-aging, maxillofacial repair and hair regeneration, this paper
evaluates their clinical efficacy and limitations. Through multidisciplinary analysis and data-driven
research, this article aims to provide a theoretical paradigm for the precise and safe application of
nanomaterials and help them achieve the leap from scientific exploration to market implementation.

2. Basic Classification of Nanomaterials and Functionalization Strategies

2.1. Classification and properties of nanomaterials

Nanoparticles (10-1000 nm) play an important role in drug delivery, antimicrobial protection and
photothermal therapy due to their excellent biocompatibility as well as outstanding physicochemical
properties. Based on the suitability of the material properties to the medical needs, nanoparticles can
be classified into metallic nanosystems, polymer nanosystems and inorganic nanosystems.

Typical representatives of metallic nanosystems include gold and silver nanoparticles, which have
significant advantages in photothermal therapy and antimicrobial field by virtue of their ionic
resonance properties. Among them, silver nanoparticles can inhibit Staphylococcus aureus up to
99.7%, which can be applied to wound healing and anti-infection treatment of implant materials.
Meanwhile, its optical absorption peak can be precisely matched from visible to near-infrared region
by particle size modulation [6].

In polymer nanosystems such as PLGA and chitosan, these nanoparticles are usually composed of
degradable polymers. They are the core carriers of drug delivery systems due to their excellent
biocompatibility and controlled degradation rate.

Inorganic nanosystems including hydroxyapatite and silica have excelled in the field of bone repair.
In particular, hydroxyapatite, as the main inorganic component of human and animal bone tissues,
possesses excellent bioactivity and mechanical strength, and is often used as bone filler material and
tissue repair.

In addition, some nanoparticles can diversify their functions through synergistic effects. Such
nanoparticles combine the advantages of different materials and are called composite nanoparticles.
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For example, metal - polymer composite nanoparticles have the ability of both controlled drug release
and photothermal therapy, which provides a broader space for the subsequent functionalization of
nanomaterials.

2.2. Functionalization Strategy of Nanomaterials

The functionalization of nanomaterials needs to consider the synergistic optimization of size effect
and biological effect. By modulating the physicochemical properties of the materials, not only the
efficient delivery of drugs, genes and other active substances can be realized, but also the targeted
and intelligent biological response can be generated in vivo, which can significantly improve the
therapeutic effect.

In the design of delivery systems, particle size modulation is a key parameter in determining their
tissue permeability. 20-50 nm particles can effectively penetrate the epidermal stratum corneum,
while 100-200 nm particles are more likely to be retained in the dermis to form drug reservoirs [7].
Therefore, controlling the size of nanoparticles in the range of 20-200 nm can effectively regulate
their depth of penetration in different biological barriers, such as skin and bone tissues, which can
help to increase the local concentration while reducing the interference with healthy tissues.

In the field of controlled release, nanosystems constructed with pH-sensitive polymer materials
can achieve precise release of drugs in specific environments. A novel pH-sensitive chitosan
nanoparticle rapidly disintegrates to release benzoyl peroxide in the acidic environment of acne
lesions (pH 4.5-5.5), while remaining stable on the normal skin surface (pH 5.5-6.5) [8]. This smart
release mechanism utilizes differences in the local environment to trigger drug release, ensuring
efficient drug action at the site of the lesion while reducing toxic effects on surrounding normal tissues.

With the development of cutting-edge technologies, researchers have designed biomimetic
nanoscaffolds with dynamic regulatory capabilities by mimicking the pore structure of natural bone
tissue. Such scaffolds not only help promote cell migration and proliferation, but also accelerate neo
angiogenesis, thus providing strong support for tissue repair and regenerative medicine.

3. Functionalized Applications of Nanomaterials in the Cosmetic Industry
3.1. Skin Anti-aging Application

The traditional pearl powder is favored for its natural ingredients and anti-aging efficacy. As early
as in the Chinese “Compendium of Materia Medica”, there is a record: "Pearls on the face, people
moist and good color,” which shows that the ancients have long recognized the beauty benefits of
pearl powder for external use. Nowadays, the advantages of pearl powder are even more prominent
after adopting nano technology. The average particle size of pearl nanopowder prepared by ball
milling is only about 80 nm. This change not only greatly increases the specific surface area of the
material, but also gives it a porous structure, which provides an ideal carrier for the loading of
antioxidant ingredients and allows them to penetrate into the dermis, increasing the skin elasticity
coefficient by 28 per cent in clinical trials [9].

Sun protection is an important part of the skin's anti-ageing process. Compared with traditional
micron-sized particles, nanoscale titanium dioxide not only has the advantage of maintaining
transparency, but also its ultraviolet ray absorption efficiency is more than three times higher, which
can more effectively resist the attack of rays. In this way, it not only reduces the damage caused by
sunlight exposure to aging skin, but also provides a refreshing and non-heavy experience to meet
consumers' dual needs for efficient sun protection and aesthetic texture.

For dynamic wrinkle repair in medical aesthetics, the temperature-sensitive nanogel can form a
three-dimensional network structure triggered by body temperature, with an immediate filling rate of
up to 95% after injection into the face, and its structure can dynamically deform with muscle
movement, significantly avoiding the rigidity problems caused by traditional facial fillers.
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3.2. Maxillofacial Restoration

Nano-topography (PEEK) is an emerging bio-implant in recent years. It has been widely adopted
in the plastic and cosmetic industry for its excellent mechanical strength and chemical stability, but
its ability to integrate with bone tissue has been the focus of improvement. In recent years, researchers
and scholars have found that the roughness and microstructure of the material surface can be
significantly increased by nano-texturing the PEEK surface, effectively mimicking the topological
environment of natural bone tissue. The construction of periodic micro-nanocomposite structures by
electron beam lithography can increase the proliferation rate of osteoblasts by 60%, while inhibiting
the formation of bacterial biofilm, which dramatically reduces the risk of infection and provides a
more reliable implantation option for facial fillers and maxillofacial prosthetics [10].

In the field of soft tissue fillers, the uniform dispersion of nanoscale hydroxyapatite particles in
injectable hydrogels not only improves the mechanical stability of the filler, but also provides an ideal
environment for new bone generation due to its compression modulus close to that of natural cartilage
tissue [11]. The injectable nature of the procedure makes it easier to perform, and the gel rapidly
forms a three-dimensional scaffold after filling, ensuring that the localized area is adequately
supported.

For complex curved surface repairs such as rhinoplasty, the flexibility and adaptability of the
scaffold material are required. The new 4D printing technology allows the scaffold not only to have
a precise initial structural design, but also to respond to environmental factors such as temperature in
vivo. The material can automatically adjust its shape according to the patient's internal temperature
to better fit the individual anatomy, which greatly improves the precision and stability of the surgery.
This intelligent stent design effectively reduces the possibility of secondary surgery due to poor post-
operative expectations.

3.3. Hair Transplantation

In the field of hair regeneration and repair, the use of liposomes encapsulating minoxidil can
significantly improve the bioavailability and targeting of the drug. Liposomes with a bilayer
membrane structure can effectively penetrate the hair follicle barrier to deliver the drug precisely to
the root of the hair follicle. Tan and his group developed a minoxidil nanoliposomes (particle size
150 nm) that resulted in a 4-fold increase in the concentration of the drug in the hair papilla cells
through targeted enrichment of the follicle-sebaceous gland pathway, which resulted in a 41%
increase in the density of the hairs in patients with androgenetic alopecia [12]. This technology not
only ensures that the active ingredient acts directly on the papilla cells, but also helps to reduce the
non-specific effects of the drug in other tissues, thus reducing side effects.

To address the challenge of low follicle graft survival, nanofiber scaffolds by electrostatic spinning
mimic the structure of the extracellular matrix. This bionic scaffold not only provides an excellent
environment for the attachment and growth of hair follicle cells, but also promotes intercellular
signaling and nutrient exchange. It was found that after inoculating human hair papilla cells with
polycaprolactone scaffolds, the activity of Wnt/p-catenin signaling pathway was up-regulated by 3.2-
fold, and the follicle formation cycle was shortened to 14 days.

4. Assessment of Nanomaterials in the Cosmetic Surgery Industry

4.1. Long-term Safety Assessment

It has been found that some metal nanoparticles have the property of long-term retention in the
body, especially easy to accumulate in the liver, spleen and other vital organs. Metabolomics analyses
found that mice chronically exposed to titanium dioxide nanoparticles had an average 60% decrease
in glutathione levels in the liver and a 45% decrease in mitochondrial membrane potential, suggesting
a cumulative risk of oxidative damage [13]. In human follow-up studies, it was found that a 5%
residual amount of injectable PLGA nanomicrospheres was still detected after 180 days of
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subcutaneous retention, and the degradation product lactic acid could be metabolized but the local
acidic microenvironment may induce chronic inflammation. This continued accumulation may have
potentially adverse effects on local tissues as well as systemic health. It is thus particularly important
to establish a long-term tracking database covering a period of at least 10 years, and only by
systematically monitoring the distribution metabolism and possible chronic toxicity of nanoparticles
in organisms can the long-term safety of nanoparticles be effectively enhanced.

4.2. Structural Stability Assessment

The structural stability of materials directly affects the durability of clinical efficacy. However, it
has been found that silver nanoparticles may undergo structural rupture and decomposition after
undergoing multiple simulated sunlight irradiation, resulting in the attenuation of their original optical
properties and antimicrobial activity. This process not only weakens the effect of photothermal
conversion, but also poses potential safety hazards to the local environment and even biological
systems. Therefore, an in-depth study of the degradation mechanism of silver nanoparticles under
different irradiation parameters and times is of great significance for optimizing their design and
application.

Nanocomposite fillers applied in dynamic areas such as the face are often subjected to repeated
physical stretching and compression. Prolonged facial expression pulling may lead to fatigue
phenomena at the interface between the material and the matrix, which in turn triggers interfacial
peeling and microstructural damage. To address the problem of filler mechanical fatigue, a novel
nanodiamond-reinforced hydrogel was developed by adding 0.1 wt% of nanodiamond to increase the
tear strength of the material by 80% and to maintain the structural integrity after 100,000 cycles of
stretching, which provides a good guarantee of the durability of the facial filler [14]. The result is that
the material can be used for a wide range of applications, including facial fillers, facial expressions
and facial expressions, and can also be used as an alternative to other materials.

4.3. Assessment of Other Dimensions

Despite the promising potential of nanomaterials in the cosmetic industry, nanoscale raw materials
often have extremely high requirements for purity, which is directly related to the performance and
stability of the products. Taking the nano pearl powder in the previous article as an example, due to
the strict control of the purity of raw materials in the production process, its energy consumption is
up to 7 times that of the traditional grinding process and the qualified rate of particle size control is
only 65%, resulting in an increase in the cost of the end product by 3-5 times. This not only affects
the final pricing and market competitiveness of the product, but also brings considerable challenges
for its commercial application. Therefore, how to achieve cost control while ensuring high
performance in the process of product development and industrial optimization is still a debatable
issue.

Currently, microfluidic technology has attracted much attention for its consistency and
controllability in the preparation of nanoliposomes. Continuous preparation of PLGA nanoparticles
can be achieved by designing Y-shaped microchannels (50 um in width), which can reduce the
coefficient of variation of the particle size from 15% to less than 5% in batch production and achieve
a daily throughput of up to 10 liters [15]. However, there are still significant barriers to the large-
scale application of this technology. Specifically, although microfluidic platforms can significantly
improve the homogeneity of the preparation process, their equipment investment usually requires a
high cost of more than a million dollars, which constitutes a high economic threshold for large-scale
production. How to ensure product quality while reducing equipment and operating costs has become
an important challenge in driving the commercial application of this technology.
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5. Conclusion

The functional design of nanomaterials has brought revolutionary breakthroughs in the field of
plastic surgery, but their full promotion still faces multiple challenges such as safety, stability and
large-scale production. Through systematic research, this paper reveals that metal, polymer and
inorganic nanosystems have significantly improved drug delivery accuracy, tissue repair ability and
dynamic adaptability by virtue of size effect, environmental response characteristics and composite
structure optimization. At the same time, the paper reveals its strong skin permeability and antioxidant
capacity by comparing the differences between nanoparticles and traditional micron-sized particles
in anti-aging, sun protection and other fields. However, metal nanoparticles are prone to accumulation
in organs such as the liver, and the photodegradation of silver nanoparticles may weaken the
antibacterial activity. Moreover, since most equipment costs exceed one million US dollars,
researchers must balance the challenge of high energy consumption with the demands of large-scale
production.

The significance of this study is to provide theoretical support and practical guidance for the
functional application of nanomaterials in plastic surgery, and at the same time warn that innovation
and safety need to be balanced. However, there are still many limitations in current research: first,
there is a lack of long-term human tracking data, and the existing conclusions are mostly based on
animal experiments or short-term clinical observations; second, the mechanism of the impact of
dynamic environment on material stability has not been fully elucidated; finally, the exploration of
cost control and green preparation technology is still in its infancy.

Future research should focus on establishing an interdisciplinary database, integrating data on the
metabolism, toxicity and long-term efficacy of nanomaterials in vivo, and developing intelligent
monitoring technology. At the same time, develop low-cost, low-energy large-scale production
technology, such as improving microfluidics, to lower the threshold for industrialization. Future study
should realize the transition of nanomaterials from laboratory to market in the field of plastic surgery
and serve the needs of safe and inclusive medical beauty.
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