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Skin cancer has become a major public health issue worldwide, with incidence rates steadily increasing due to
factors such as prolonged exposure to ultraviolet (UV) radiation, aging populations, and environmental pollution.
According to the World Health Organization, skin cancer ranks as the 17th most common cancer globally, and is
particularly prevalent in countries with high UV exposure like Australia, the United States, and parts of Europe.
In 2022 alone, over 330,000 new cases were diagnosed worldwide. The most frequent forms — basal cell carci-
noma, squamous cell carcinoma, and melanoma — not only pose serious health threats but also impact quality of
life due to disfigurement and aggressive treatment protocols. While current treatments — such as surgical exci-
sion, radiotherapy, and systemic chemotherapy — can be effective, they often come with significant drawbacks.
Surgical approaches can lead to visible scarring and prolonged recovery; chemotherapy affects both healthy and
cancerous tissues, leading to systemic toxicity; and radiotherapy may damage surrounding healthy skin. Moreo-
ver, these approaches frequently cause patient discomfort and increase the risk of recurrence. To address these
limitations, this study explores the use of high-performance hollow textile fibers as a localized drug delivery sys-
tem for skin cancer treatment. These fibers, created using advanced fabrication techniques such as electrospin-
ning and microfluidic spinning, allow for targeted, sustained release of therapeutic agents — including chemo-
therapeutics, immunomodulators, or gene-editing molecules — directly at the tumor site.
Keywords: Skin cancer, hollow fiber, injections, biocompatibility, immunotherapy, chemotherapy

Recent advancements in material science enabled the development of novel applications,

have significantly expanded the field of textile
materials. Innovations in advanced material
technologies have facilitated the development of
medical textiles capable of enhancing both the
efficiency and responsiveness of healthcare sys-
tems. Historically, natural fibrous materials were
among the earliest used in medical applications,
including wound closures, dressings, and surgi-
cal sutures, with evidence of such usage dating
back to approximately 5000 BCE in ancient
Egypt [1, 2, 3]. The field of textile materials sci-
ence has experienced substantial growth in re-
cent years. Advanced material technologies have

particularly in the area of medical textiles, which
contribute to improved efficiency and respon-
siveness of healthcare delivery systems [1, 2, 3].
The biological properties of various textile mate-
rials were systematically explored beginning in
the 1950s [4]. Since 1952, textiles have been
employed in the fabrication of vascular implants.
The first textile-based vascular graft was devel-
oped by Voorhees and collaborators, who suc-
cessfully replaced infected aortic vessels in a
canine model using woven polyvinyl chloride
(PVC) tubes. Subsequent developments in vas-
cular grafts and heart valve cuffs incorporated
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polyester due to its superior tensile strength,
structural stability, and long-term biocompatibil-
ity [4, 5, 6]. Biomedical textiles incorporating
drug delivery functionalities via hollow fiber
technology have been extensively investigated.
These systems enable controlled release of ther-
apeutic agents directly to target sites through
dermal or tissue interfaces [7, 8]. Hollow fibers
have also been proposed for integration into arti-
ficial bioactive scaffolds, facilitating localized
drug delivery [6, 9]. Moreover, porous hollow
fiber membranes have been considered for in-
corporation into three-dimensional scaffolds to
enhance the delivery of nutrients and culture
media in tissue engineering applications [10].

In addition to drug delivery, hollow fiber-
based biomedical textiles have been implement-
ed to improve the efficiency of dialysis proce-
dures, to evaluate antibiotic efficacy through
hollow fiber cell-culture cartridges, and to screen
anticancer compounds using cell-loaded hollow
fiber implants in mammalian models [11]. Alt-
hough the volume of current research on hollow
fibers in medical applications may be less exten-
sive compared to other material systems, they
continue to represent essential components with-
in the value-added domain of commercial medi-
cal textiles [11]. Skin cancer, including basal cell
carcinoma, squamous cell carcinoma, and mela-
noma, constitutes an escalating global health
challenge. Conventional treatment approaches —
such as surgical excision, radiotherapy, and
chemotherapy — are generally effective but often

associated with significant limitations, including
systemic toxicity, patient discomfort, and the
potential for tumor recurrence. Localized drug
delivery systems, particularly those utilizing hol-
low fiber-based injections, present a promising
therapeutic alternative by facilitating site-
specific administration of anticancer agents di-
rectly to the tumor or affected dermal regions.
The biocompatibility of these hollow fiber sys-
tems is of paramount importance, as the materi-
als employed must interact safely with human
tissue, avoiding immunogenic responses [12,
13], inflammation, or cytotoxicity. This study
aims to evaluate the biocompatibility of hollow
fiber injection systems fabricated from high-
performance materials and to assess their thera-
peutic potential in the management of skin can-
cer. According to data from the World Health
Organization, skin cancer ranks as the 17th most
prevalent cancer globally, and is the 14th most
commonly diagnosed malignancy among both
men and women. Epidemiological statistics from
2022 indicate that the United States, Germany,
and the United Kingdom reported the highest
numbers of skin cancer cases. A comparative
analysis of global incidence rates reveals the ten
countries with the highest reported skin cancer
incidences for both sexes combined, as well as
separately for males and females. Age-
standardized incidence rates (ASRs) for each of
these countries are also included to provide a
normalized comparison across populations [ 14].

Table / Tabauya 1

10 countries with the highest skin cancer incidence in 2022
10 cTpaH ¢ caMbIM BBEICOKUM YPOBHEM 3a00JIEBaEMOCTH pakoM Koxku B 2022 roxy

Rank Country Number ASR/100,000 New cases in men ASR/100,000
Panr Crpana Uucno Ha 100 teicsiu | HoBble citydan y Mmy>xuud | Ha 100 Thicsy
World / B mupe 331,722 3.2 179,953 3.7
1 US/CHIA 101,388 16.5 60,762 19.3
2 Germany / I'epmanns 21,976 16.5 11,667 13.4
3 UK / BenukoOpuranus 19,712 15.3 10,170 15.1
4 Australia / ABcTpanus 16,819 37.0 10,902 459
5 France (metropolitan) 15,729 13.5 7,880 14.5
OpaHuus
6 Italy / Utanmus 13,769 12.7 7.325 133
7 Russia / Poccus 12,903 53 5,223 5.2
8 Canada / Kanazna 11,383 14.5 6.434 159
9 Brazil / bpasunus 9,676 33 4,958 3.6
10 China / Kuraii 8,789 0.37 4,402 0.37
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Etiological Factors of Skin Cancer:

Skin cancer is associated with a range of
environmental, genetic, and physiological risk
factors, including:

1. Ultraviolet (UV) Radiation — Prolonged
and unprotected exposure to ultraviolet radiation
remains the primary risk factor.

2. Fair Skin Phenotype — Individuals with
lighter skin tones possess reduced levels of mel-
anin, decreasing natural protection against UV
damage.

3. Genetic Predisposition and Family His-
tory — A hereditary component is evident, with
increased risk observed in individuals with a fa-
milial history of skin malignancies.

4. Immunosuppression — Patients with
compromised immune systems, such as organ
transplant recipients, exhibit heightened suscep-
tibility.

5. Exposure to Carcinogenic Substances —
Contact with hazardous chemicals, including
arsenic and industrial compounds, may increase
risk.

6. Ionizing Radiation — Previous therapeu-
tic or environmental exposure to ionizing radia-
tion is a recognized contributing factor.

7. Chronic Skin Trauma or Inflammation —
Persistent skin injuries or inflammatory condi-
tions can predispose tissue to malignant trans-
formation.

Emerging Risk Consideration:

An underrecognized but potentially signifi-
cant contributor to dermal pathology is the re-
sidual presence of systemic pesticides in conven-
tionally harvested cotton fibers. This is particu-
larly relevant to textiles in direct contact with the
skin, such as undergarments and medical cotton
fabrics used in wound care. These chemical resi-
dues may pose a risk of dermal irritation, sensiti-
zation, or systemic absorption, thereby contrib-
uting to chronic skin damage. A proposed miti-
gation strategy involves the use of certified or-
ganic cotton, which is cultivated without the ap-
plication of such agrochemicals. Skin Cancer
and Limitations of Conventional Therapies, Skin
cancer represents one of the most prevalent ma-
lignancies globally, with millions of new cases
diagnosed annually. Although advancements in
early detection and standard treatment modalities
have improved patient outcomes, several chal-
lenges persist in conventional therapeutic ap-
proaches:

— Surgical excision, while effective in tumor
removal, is inherently invasive and frequently
results in postoperative scarring.

— Chemotherapy exerts non-selective cyto-
toxic effects, often leading to systemic side ef-
fects due to the destruction of both malignant
and healthy cells.

— Radiation therapy may inadvertently dam-
age adjacent non-cancerous tissues, contributing
to adverse effects and complicating recovery.

— To address these limitations, targeted drug
delivery systems, such as hollow fiber technolo-
gies, offer a promising alternative by enabling
localized administration of therapeutic agents.
This approach enhances treatment specificity,
reduces systemic toxicity, and improves patient
compliance by delivering drugs directly to the
affected site.

Hollow Fibers: Selection of Materials
and Methods

Hollow fibers are tubular filamentous
structures characterized by one or more longi-
tudinal internal cavities (cores). Due to their
unique architecture and functional versatility,
they have attracted considerable attention as
drug delivery systems (DDS). The inherent flex-
ibility of hollow fibers can be precisely modu-
lated during synthesis or fabrication, allowing
control over key structural parameters. The
morphology typically exhibits a distinct separa-
tion between the dense outer wall and the po-
rous internal core (Fig. 1) [15]. These fibers
have been extensively utilized across various
biomedical and biotechnological applications,
including tissue culture, bioreactor systems,
biosensing technologies, micro-level substance
extraction, and gas separation processes [13].
Key physical properties — such as fiber diame-
ter, wall thickness, pore size, and mechanical
elasticity — can be tailored using fabrication and
spinning techniques [16]. Compared to conven-
tional solid fibers, hollow fibers are approxi-
mately 20% lighter by volume, offering en-
hanced performance in weight-sensitive appli-
cations [17]. One of the earliest hollow fiber
systems was developed by DuPont, utilizing
polyamide-based materials. These fibers were
fabricated through the electrospinning process,
where they were deposited and aligned between
two electrodes to form ordered arrays [13, 18].
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Fig. / Puc. 1. Scanning Electron Microscopy (SEM)
images depicting the uniaxial alignment and surface
morphology of ceramic hollow fibers / M300paxenus ¢
IIOMOIIBI0 CKAaHUPYIOLIEH 3JIEKTPOHHOW MHKPOCKOIIUU
(CBM), oTobpakarommue OJTHOOCHOE PACIIONIOKCHHUE H
MOP(QOJIOTHIO TOBEPXHOCTH KEPAMHUYECKHX ITOJIBIX
BOJIOKOH [19].

Hollow Fibers for Drug Delivery:

Pharmaceutical agents, commonly referred
to as drugs, are substances employed in the di-
agnosis, prognosis, and prevention of diseases.
Pharmacology is the branch of science that
studies these substances and their effects on the
body. According to the U.S. Food and Drug
Administration (FDA), a "drug" is defined as
any substance that produces a therapeutic effect
by inducing a biological response in the body
and influencing the function of biological sys-
tems, including biological products such as pro-
teins and hormones. The field of pharmacody-
namics focuses on the study of a drug's molecu-
lar properties, its biochemical interactions, and
its physiological effects within the body [20].
Upon administration into a biological system,
drugs exert specific biological effects by inter-
acting with target sites within the body. These
effects arise from binding interactions between
the drug and its biological targets, which induce
molecular alterations through intramolecular
and intermolecular interactions. Common drug
targets in biological systems include G-protein
coupled receptors (GPCRs), ion channels, en-
zymes, and nuclear receptors. The mechanisms
of drug action can be classified into three cate-
gories: receptor binding, chemical interactions
between the drug and its target, and post-
binding interactions [21].

Microfluidic Spinning:

Microfluidic spinning is a precise technique
capable of generating hollow fibers with high
accuracy, utilizing minimal quantities of poly-

Sol. 1—

meric liquids. This process employs capillary-
based microfluidic devices, which can incorpo-
rate varying numbers of capillaries, typically two
or more. These capillaries are arranged in such a
way that, with the assistance of a micro-pipette-
based puller, the devices enable controlled injec-
tion at the orifice. The capillaries are aligned on
a glass slide, with syringes connected to them,
and arranged in a coaxial configuration. This
assembly is commonly referred to as a microflu-
idic chip [22] (Fig. 2). Using this setup, hollow
calcium alginate microfibers have been success-
fully generated.

To fabricate these fibers, four distinct solu-
tions are prepared: Solution 1 consists of dis-
tilled water and sodium carboxymethyl cellulose,
Solution 2 contains sodium alginate and brome-
osin, Solution 3 includes water and polyethylene
glycol, and Solution 4 is composed of anhydrous
calcium chloride. The microfluidic device as-
sembly includes three cylindrical glass capillar-
ies, with two additional glass tubes fixed on a
glass slide. Two capillaries are utilized as injec-
tors, while a capillary puller ensures that one
injector capillary is securely fixed into the ori-
fice. The other two capillaries serve as outlet
tubes and are affixed to the setup using epoxy
resin, leaving their inlet ends open for the con-
tinuous flow of the solutions.

Sol.2 Sol.3 Sol.4

P
yu

—1

Glass Slide

Rotor collecting the
hollow fiber
Fig. / Puc. 2: Experimental setup for the production of
hollow fibers via microfluidic spinning. This configura-
tion utilizes four distinct solutions to enable the precise
and continuous fabrication of hollow fibers, which are
subsequently collected on a rotor plate with capillary
tubes /  DkcmepuMeHTanbHAas ~ yCTaHOBKA UL
MIPOU3BOJICTBA HOJIBIX BOJIOKOH METOJIOM
MHUKPOKHJIKOCTHOTO TIpsJeHus. B aToit koHdurypammu
HCTIONIB3YIOTCS YeThIpe Pa3IMYHBIX pelieHus, obecrie-
YHUBAIOIIMX TOYHOE M HENPEPHIBHOE M3TOTOBJICHHUE I10-
JIBIX BOJIOKOH, KOTOpBIE 3aTeM COOMpAIOTCS Ha POTOp-

HOW TUTNTE ¢ KaNMUIIPHBIMH TpyOKkamu [19].
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Drug-loading in hollow fiber: Drug loading
into hollow fibers can be effectively achieved
using a vacuum-assisted infusion method. Here,
hollow fibers are immersed in a drug-containing
solution inside a vacuum chamber. Negative
pressure evacuates the internal air from the fi-
bers, allowing the surrounding liquid to enter the
hollow core once pressure is normalized. This
simple yet effective technique ensures efficient
encapsulation of therapeutic agents within the
fiber structure.

Mechanism of Drug Release via Hollow Fi-
bers:

A significant advantage of fiber-based drug
delivery systems (DDS) is their ability to effi-
ciently deliver therapeutic agents with targeted
precision over a defined period. The process by
which the drug is released or transported from
the delivery system is referred to as the drug re-
lease mechanism [23]. In the case of hollow fi-
bers, the release profile is heavily influenced by
the fiber's morphology, including factors such as
fiber length, release duration, hydrophobicity of
the drug, the chemical properties of the drug, and
the specific characteristics of the fiber material
used.

Conventional Methods for Fabricating
Hollow Fibers:

Hollow Fiber Production Technologies:
The fabrication of hollow fiber membranes
involves various spinning techniques, each op-
timized for specific polymers and the desired

Vacuum Pump

As the pressure is allowed
to get back to normal, HF
gets loaded with drug

”‘ — Drug loaded HF

Fig. / Puc. 3.

Drug loading in hollow fibers /
3arpy3ka JIeKapcTBEHHOTO CpE/ICTBA
B IoJibIe BOJIOKHA [19].

properties for targeted applications. These
techniques, depicted in Figure 4, include wet
spinning, dry-jet-wet spinning, dry spinning,
melt spinning, and electrospinning [ 19, 24, 25].

Influence of Spinning Parameters: Operat-
ing conditions such as extrusion rate, air gap
humidity, coagulation bath temperature, and
spinneret design play a crucial role in deter-
mining the final morphology of the fibers (e.g.,
wall thickness, internal diameter, and pore dis-
tribution). Accurate control of these parame-
ters enables the optimization of mechanical
strength, permeability, and separation efficien-
cy [26].

Hollow Fiber Injections for Targeted Ther-
apy

Hollow fibers represent a promising plat-
form for localized therapy, offering the ability to
encapsulate and gradually release therapeutic
agents such as chemotherapeutics or cytokines.
Their design enables controlled release directly
to the tumor, minimizing systemic side effects.
The use of biocompatible and biodegradable
polymers ensures safe interaction with tissues
and gradual decomposition, preventing chronic
inflammation or accumulation [27].

Method for Drug Incorporation Using Elec-
trospinning;:

Electrospinning employs an electric field to
generate nanofibers from a conductive polymer
or composite solution [15, 30, 31].
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[28, 29].

Recent advancements in the medical field
have led to the increased application of this
technique in drug delivery systems (DDS), fa-
cilitating the administration of multiple thera-
peutics with enhanced properties, improved effi-
ciency, reliability, and reduced cytotoxicity [32,
33]. Over the past 15 years, research on electro-
spinning (ES) has grown exponentially, driven
by its ability to provide better control and pre-
dictability in drug delivery compared to tradi-
tional methods. Electrospinning devices utilize
electro-hydrodynamic techniques to load bioac-
tive drugs onto nanofibers, composites, and pol-
ymers for DDS applications. Various methods,
including blending, coaxial electrospinning,
electrospray, surface modification electrospin-
ning, emulsion electrospinning, and coaxial elec-
trospray, are employed to incorporate drugs
while preserving their therapeutic efficacy.

Blending Electrospinning:

In this method, a solution is prepared by
dissolving and dispersing a drug within a poly-
mer prior to the electrospinning process, result-
ing in the formation of nanofibers with encapsu-
lated drugs that exhibit a prolonged-release pro-
file. This technique also enhances the mechani-
cal and physicochemical properties of drug-
loaded nanofibers [34]. The physicochemical
properties of the polymer influence the interac-
tions between the polymer and the encapsulated
drug, thereby improving drug encapsulation effi-
ciency, drug dispersion within the fibers, and the
release rate. Blending electrospinning has been
employed to incorporate a variety of therapeu-
tics, including antibiotics, cytostatic agents, and
anti-inflammatory drugs. Recent studies indicate
that this method facilitates the efficient incorpo-
ration and delivery of small molecules, and it has
also been successfully utilized to encapsulate
antimicrobial peptides [34, 35].

Method of drug incorporation using Clcclmspilnning

T

|

Coaxial Emulsion Blending Electrospray
L]
= o o, ¥
i ? : *a ™ a.
- ) .
Drug " A m Fig. / Puc. 5.
: ! iy p ! Methods of drug incorporation
po-y  Polymer hf = ¥ - : .
Drug-polymer Drug-polymer Drug-incorporated  in electrospun nanofibers
[ emulsion blend nanoparticles
CriocoOb1 BBEICHUS
Core shell drug

loaded nanofibers

R

HeKapCTBeHHBIX Cpe):(CTB B
SJICKTPOCIPAACHBIC HAHOBOJIOKHA
[19].
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Biocompatibility Considerations for Hollow
Fiber Injections: To enhance the biocompatibil-
ity of hollow fiber injections, surface modifica-
tions are frequently employed. These modifica-
tions improve the interaction between the fibers
and adjacent tissues, thereby minimizing the risk
of inflammation and immune system activation.

Bioconjugation Techniques:

Bioconjugation techniques involve anchor-
ing bioactive substances to the surface of textile
materials or polymers through chemical and
physical conjugation methods, allowing the
drug-polymer system to achieve controlled re-
lease and site-specific delivery. To facilitate this
process, the required functional groups must be
present in sufficient quantity on the surface of
the textile material. If these groups are not natu-
rally available, they can be introduced using var-
ious methods, including chemical linkage, plas-
ma treatment, grafting, and co-spinning. In
plasma treatment, functional groups are incorpo-
rated onto the fabric surface through plasma ex-
posure, followed by radiation-induced graft
polymerization and a subsequent ring-opening
reaction with sodium sulfide. The sulfonic
group-functionalized fabric can then be conjugat-
ed with silver ions to impart antibacterial activity.
Co-spinning is another method used to attach
functional groups to the fiber surface, employing
pre-functionalized polymers [19, 24, 36, 37].

Polymer +
(A) Drug solution

Ultrafine-spinneret

yringe pump

(B) Outer solution

Material Selection: The materials utilized in
the construction of hollow fibers are crucial in
determining their biocompatibility. Several syn-
thetic and natural polymers are considered for
medical applications [19, 38]:

— Polyurethane (PU): A flexible, durable
material with established biocompatibility,
commonly used in medical devices due to its
mechanical strength and comfort.

— Polycaprolactone (PCL): Known for its
slow degradation rate, PCL is ideal for sustained
drug release and induces minimal inflammatory
responses in the body.

— Polymeric Materials: High-performance
hollow textile fibers are typically made from
synthetic polymers such as polyurethane (PU),
polylactic acid (PLA), polyglycolic acid (PGA),
or silicone. These polymers are selected for their
durability, flexibility, and biodegradability, en-
suring no harm to the body. They are widely
used in medical devices, sutures, and drug deliv-
ery systems due to their favorable biocompatibil-
ity profiles.

— PLGA (Polylactic-co-glycolic acid): Par-
ticularly relevant due to its biodegradability,
PLGA is extensively used in medical textiles,
enabling gradual drug release and supporting
tissue regeneration without long-term accumula-
tion in the body.

High voltage
supply

Middle solution

| Syringe pump

Metallic collector

Ultrafine-spinneret

Fig. / Puc. 6.

Preparation of nanofibers via (A)

electrospinning and (B) coaxial

B electrospinning techniques /

© supply IlonyyeHne HaHOBOJOKOH C TIO-
MOIIBI (A) METOHOB 3JCKTPO-
cnuaHuHTa ¥ (B) MeTomoB Koak-
CHAJILHOTO  JJIEKTPOCHMHHHUHIA
[30].
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— Incorporation of Smart Polymers into Fi-
bers: Certain high-performance fibers integrate
smart polymers that respond to environmental
stimuli (e.g., pH, temperature, light). These ma-
terials can alter their properties based on the
skin's environment, allowing for targeted drug
delivery or modifications in fiber mechanical
properties to aid in healing [10]. They provide
advanced functionality while maintaining bio-
compatibility [19, 38].

— Bioactive Molecule Incorporation: Mole-
cules like collagen, fibronectin, or peptides are
incorporated to promote cell growth and wound
healing, enhancing tissue regeneration at the ap-
plication site.

— Antimicrobial Injections [35]: Silver na-
noparticles or chitosan coatings are employed to
mitigate infection risks, which are a significant
concern for skin cancer patients with compro-
mised immune systems.

— Anti-inflammatory Injections: Incorporat-
ing corticosteroids or NSAIDs can reduce in-
flammation and improve patient comfort.

Immune and Inflammatory Response: To
ensure medical safety, hollow fibers must exhibit
high biocompatibility. This includes surface
modifications to limit inflammatory responses,
the use of inert polymers like PU or silicone, and
rigorous biological testing (cytotoxicity, geno-
toxicity, immunogenicity) following ISO 10993
standards. These strategies minimize risks of
immune rejection, inflammation, or long-term
tissue irritation.

Therapeutic Application in Skin Cancer
Treatment:

1. Localized Drug Delivery for Chemother-
apy: Hollow fiber injections can deliver chemo-
therapeutic agents directly to the site of skin
cancer, thereby reducing systemic side effects
and enabling higher localized drug concentra-
tions. The controlled release of drugs such as 5-
fluorouracil (5-FU), methotrexate, or doxorubi-
cin can enhance treatment efficacy while mini-
mizing damage to healthy tissues.

2. Immunotherapy and Gene Therapy:

Hollow fibers can function as delivery sys-
tems for immunotherapeutic agents, such as im-
mune checkpoint inhibitors (e.g., nivolumab) or
cytokines (e.g., interferon-gamma). These thera-
pies are especially promising for melanoma and
other aggressive skin cancers, where immune
evasion represents a significant challenge. Gene

therapy could also benefit from hollow fiber in-
jections, enabling the direct delivery of DNA or
RNA-based therapies to skin cancer cells, there-
by enhancing tumor-specific responses and ad-
dressing issues associated with systemic deliv-
ery.

3. Controlled Degradation and Biodegrada-
bility:

Gradual Degradation: A critical factor in the
biocompatibility of high-performance hollow
fibers is their ability to degrade in a controlled
manner. Fibers that persist too long may result
in chronic inflammation, while those that de-
grade too rapidly may fail to deliver their thera-
peutic payload or provide insufficient time for
healing.

Biodegradable Polymers: High-performance
hollow fibers frequently incorporate biodegrada-
ble polymers such as polycaprolactone (PCL) or
PLGA. These materials undergo controlled deg-
radation over time, breaking down into non-toxic
metabolites that can be absorbed by the body,
preventing harmful material accumulation. In the
context of skin cancer treatments, gradual degra-
dation is essential for maintaining a consistent
release of therapeutic agents, such as chemother-
apy drugs, growth factors, or immunomodulato-
ry agents, over an extended period. This ensures
sustained therapeutic efficacy while minimizing
unwanted side effects.

Tuning Degradation Rate: The degradation
rate of fibers can be modulated depending on
their intended use. For instance, fibers intended
for drug delivery or wound healing may require
a different degradation rate compared to those
providing physical support. By adjusting poly-
mer compositions and the molecular weight of
the materials, the fibers can be tailored to de-
grade appropriately without causing tissue dam-
age.

4. Inflammation and Immune Response:

— Minimizing Inflammation: High - perfor-
mance hollow fibers must be engineered to in-
duce minimal inflammatory responses upon
contact with skin or injured tissues. Skin cancer
patients often experience inflammation due to
treatments such as radiation or surgery, and ad-
ditional inflammation from the fiber material
could hinder healing and increase the risk of
infection.

— Polymeric Materials with Low Inflamma-
tory Potential: Polymers such as silicone and
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polyurethane (PU) are well-documented for their
low immunogenicity and minimal risk of caus-
ing inflammation in medical applications. Mate-
rials used for hollow fibers must undergo testing
for cytotoxicity (cell toxicity) and genotoxicity
(DNA damage) to ensure they do not provoke
harmful immune reactions.

— Avoiding Immune Activation: Any com-
ponent incorporated into the fibers should be
carefully chosen to prevent triggering an im-
mune response that could result in chronic irrita-
tion or rejection. Biodegradable polymers are
generally better tolerated by the body over time
compared to non-degradable materials, which
may persist in tissue and heighten the likelihood
of inflammation.

5. Cellular Interactions and Tissue Regener-
ation:

— Supporting Skin Regeneration: For post-
treatment skin cancer wounds, hollow fibers
must facilitate tissue regeneration and cell pro-
liferation at the wound site. These fibers can be
engineered to enhance the regenerative capacity
of the skin, promoting faster recovery and mini-
mizing scarring. Collagen-based fibers, or those
incorporating growth factors such as epidermal
growth factor (EGF) or vascular endothelial
growth factor (VEGF), are especially effective in
supporting skin cell migration and the formation
of new tissue.

— Promoting Keratinocyte and Fibroblast
Growth: The surface of hollow fibers can be
modified to stimulate the growth of keratino-
cytes (skin cells) and fibroblasts (cells responsi-
ble for forming connective tissue). This is essen-
tial for promoting the restoration of a healthy
skin barrier following cancer treatment, ensuring
the skin regains its normal function and appear-
ance.

6. Long-Term Safety and Monitoring:

— Chronic Exposure Testing: Due to the po-
tential for prolonged use, hollow fibers must un-
dergo rigorous long-term safety testing. This in-
volves evaluating their effects over extended pe-
riods to ensure they do not induce chronic irrita-
tion, infection, or systemic toxicity. The fibers
should maintain stability throughout the treat-
ment duration and degrade in a manner that is
safe for the body.

— Biological Evaluation: Continuous evalua-
tion using both in vivo (animal) models and in
vitro (cell culture) models is essential to assess

chronic toxicity and genotoxicity. The fibers
must undergo various biocompatibility tests as
outlined in ISO 10993, which provides standards
for the biological evaluation of medical devices,
ensuring their safety for extended contact with
human tissues.

7. Injection of Hollow Canals into Fibers
with Enhanced Biocompatibility: Surface Modi-
fication for Enhanced Biocompatibility:

— Hydrophilic Injection: Incorporating hy-
drophilic (water-attracting) layers into the fi-
bers reduces friction, improving patient com-
fort. This modification also enhances the inter-
action between the fibers and the skin, facilitat-
ing better absorption of therapeutic agents (e.g.,
drugs, growth factors) and promoting faster
healing.

— Bioactive Functional Groups: Injection of
bioactive molecules such as fibronectin, colla-
gen, or gelatin into the fibers can improve cell
adhesion and stimulate tissue regeneration. This
modification is particularly beneficial for skin
cancer patients requiring wound healing after
treatment or surgery.

— Antimicrobial and Anti-inflammatory In-
jection: Hollow fibers used in cancer treatment
may be coated with antimicrobial agents like
silver nanoparticles [2, 35, 39], chitosan, or
honey, which help prevent infection, a critical
concern for patients with weakened skin due to
cancer treatments. Additionally, injection with
anti-inflammatory agents (e.g., corticosteroids
or nonsteroidal anti-inflammatory drugs) can
help reduce inflammation at the treatment site
[19].

Case study:

The hollow fiber assay, initially developed
by Hollingshead and colleagues, was designed to
provide an efficient method for prioritizing com-
pounds exhibiting activity in the 60-cell line
panel for subsequent evaluation in the human
tumor xenograft assay [25]. This assay has effec-
tively achieved its intended purpose. In 2001, the
National Cancer Institute (NCI) published a
study assessing the predictive value of both the
hollow fiber and xenograft assays for identifying
potential clinical agents [40]. The study evaluat-
ed thirty-nine agents that had progressed to
phase II trials and had been tested in the tumor
xenograft assay [40]. Compounds demonstrat-
ing in vivo activity in at least one-third of the
xenograft models also exhibited efficacy in cer-
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tain phase II trials, highlighting the utility of the
xenograft assay in forecasting clinical activity
[41].

The investigators also compared the activity
of 564 compounds in both the hollow fiber assay
and tumor xenograft models. The results demon-
strated that the probability of detecting xenograft
activity in at least one-third of the models in-
creased with higher intraperitoneal (ip) hollow
fiber activity, rising from 8% for all compounds
tested to 20% for agents active in more than six
fibers implanted ip. Moreover, intraperitoneal
hollow fiber activity was found to be a more re-
liable predictor of xenograft activity than subcu-
taneous (sc) hollow fiber activity. These findings
were further validated and expanded upon in a
subsequent analysis of 690 compounds tested
across both models [42]. The authors concluded
that activity in ip-implanted hollow fibers serves
as a useful predictor of subsequent activity in the
xenograft assay. A similar conclusion was
reached by Voskoglou-Nomikos et al. in their
review of the xenograft model's predictive utility
for clinical efficacy in the Canadian NCI study
[43]. Additionally, as previously discussed, the
hollow fiber assay is relatively simple, rapid, and
enables researchers to advance compounds
through the drug discovery process while mini-
mizing animal use, representing a significant
advancement in terms of animal welfare [44].
Thus, the assay has effectively fulfilled its origi-
nal purpose [41].

Results and Discussions:

The integration of hollow fiber technology
into textile-based platforms presents a compel-
ling opportunity to transform skin cancer thera-
py. By enabling localized delivery of drugs,
light, or heat, such systems can enhance thera-
peutic efficacy while reducing patient discomfort
and systemic side effects.:

1. Localized Drug Delivery Systems: Con-
trolled Release of Chemotherapy or Immuno-
therapy Drugs. Hollow fibers incorporated into
fabrics are engineered to transport and release
chemotherapy or immunotherapy agents directly
at the skin cancer site. This system facilitates
localized and sustained drug delivery, minimiz-
ing systemic side effects. For instance, a fabric
could be designed as a bandage or dressing con-
taining hollow fibers loaded with drugs such as
S5-fluorouracil (5-FU), a widely used treatment
for superficial skin cancers. This setup would

enable prolonged, targeted drug delivery directly
to the tumor site. Additionally, hollow fibers can
be employed to deliver immune-modulating
agents, such as cytokines or checkpoint inhibi-
tors, directly to the tumor, enhancing the body’s
immune response to the cancer cells [30].

2. Photodynamic Therapy (PDT) Enhance-
ment: Fiber-Based Light Conduits for PDT
Photodynamic therapy (PDT) utilizes a photo-
sensitizer drug that becomes activated upon light
exposure, leading to the destruction of cancer
cells. Hollow fibers can function as light guides
embedded within fabrics, directing light precise-
ly to the cancerous regions. These fibers can be
integrated into a fabric designed to deliver a pho-
tosensitizing agent to the tumor site. Subsequent-
ly, an external light source can activate the drug
via the hollow fibers, enhancing the effective-
ness of PDT while minimizing damage to sur-
rounding healthy tissue.

3. Thermal Ablation via Hyperthermia: Lo-
calized Heat Treatment Thermal ablation
through localized hyperthermia is an effective
treatment strategy for superficial skin cancers.
Hollow fiber-based fabrics can be engineered to
transport heated fluids or conduct thermal energy
from external sources directly to the tumor site.
These fibers may serve as conduits for micro-
wave or radiofrequency-induced hyperthermia,
enabling precise temperature elevation at the
cancerous region. This targeted thermal treat-
ment induces cancer cell death while preserving
adjacent healthy tissue integrity.

4. Wound Healing and Skin Regeneration:
Accelerating Post-Surgical Recovery. Following
surgical excision of skin cancer, efficient wound
healing is essential. Hollow fiber-integrated fab-
rics can function as advanced dressings, promot-
ing tissue regeneration by delivering therapeutic
agents directly to the wound site. These fibers
may be engineered to release bioactive mole-
cules such as epidermal growth factor (EGF),
which facilitates epidermal regeneration and
minimizes scarring. Additionally, hollow fibers
can be utilized for the localized delivery of anti-
inflammatory agents to reduce edema and accel-
erate the healing process.

5. Oxygen Delivery to Tumor Sites: En-
hancing Treatment Efficacy via Localized Oxy-
genation Tumor hypoxia, characterized by re-
duced oxygen levels, is a common condition that
diminishes the effectiveness of therapies such as
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radiation and chemotherapy. Hollow fiber-based
fabrics can be engineered to deliver molecular
oxygen directly to hypoxic tumor regions in the
skin. These fibers may be designed for con-
trolled oxygen release at the tumor site, thereby
increasing cellular oxygenation and sensitizing
cancer cells to therapeutic interventions, includ-
ing radiotherapy.

6. Gene Therapy Delivery: Direct Genetic
Modification via Hollow Fiber Systems. Hollow
fiber fabrics present a novel platform for the lo-
calized delivery of gene therapy in the treatment
of skin cancer. These fibers can be engineered to
transport gene-editing agents such as CRISPR-
Cas9 or RNA-based therapeutics directly to ma-
lignant cells. The fabric may be designed to fa-
cilitate the controlled release of targeted DNA or
RNA sequences aimed at correcting oncogenic
mutations or silencing genes implicated in tumor
proliferation. This approach offers a promising
alternative to conventional modalities such as
chemotherapy and radiation therapy [19].

7. Immunotherapy Enhancement: Localized
Stimulation of Immune Response. Hollow fiber
systems offer a targeted approach to enhance
immunotherapy efficacy in skin cancer treat-
ment. These fibers can be engineered to deliver
immune-modulating agents, including check-
point inhibitors or cytokines, directly to the tu-
mor microenvironment. By releasing compounds
that activate T-cells or other immune effector
cells locally, the fibers can potentiate the im-
mune response against malignant cells, thereby
improving therapeutic outcomes while minimiz-
ing systemic immune-related side effects.

8. UV Protection for Prevention: Prophylac-
tic Application of Hollow Fiber Fabrics. Hollow
fiber-based textiles can be engineered as a pre-
ventive strategy against ultraviolet (UV)-induced
skin carcinogenesis. These fibers may be de-
signed to effectively block or attenuate harmful
UV radiation, a primary etiological factor in the
development of skin cancer. Integration of such
fibers into wearable protective garments — e.g.,
shirts, hats, or scarves — provides continuous,
passive photoprotection, particularly beneficial
for high-risk individuals or patients with a histo-
ry of skin malignancies.

9. Customizable Treatments for Individual
Patients: Personalized Therapeutic Delivery via
Hollow Fiber Systems, Hollow fiber-based de-
livery platforms can be customized to accommo-

date patient-specific therapeutic requirements in
the treatment of skin cancer. These fibers may be
selectively loaded with pharmacological agents
tailored to the histopathological subtype and mo-
lecular profile of the tumor. By targeting specific
biomarkers or genetic mutations present within
the cancerous tissue, hollow fiber systems enable
precision medicine approaches, enhancing thera-
peutic efficacy while minimizing off-target ef-
fects and systemic toxicity.

10. Personalized Treatment Approaches:
Tailored Hollow Fiber Fabrics for Patient-
Specific Therapies Hollow fiber-based textile
systems can be customized to accommodate in-
terpatient variability in skin cancer type, loca-
tion, and molecular characteristics. These fabrics
may be engineered to target tumor-specific bi-
omarkers, enabling site-specific delivery of per-
sonalized therapeutics. By aligning drug release
profiles and fiber properties with the unique bio-
logical profile of the tumor, such systems offer a
precision medicine approach that optimizes
treatment efficacy while minimizing adverse ef-
fects [19].

Conclusion:

Prospective ~ Applications  of  High-
Performance Hollow Fiber Systems in Skin
Cancer Therapy, High-performance hollow fiber
(HF) injection systems present a novel and
promising modality for the localized treatment of
skin malignancies. The biocompatibility of these
systems — achieved through strategic material
selection, surface functionalization, and control
over degradation kinetics — ensures minimal
immunogenicity and cytotoxicity, rendering
them suitable for clinical deployment in im-
munocompromised patients [45]. Their design
facilitates precise, sustained, and site-specific
delivery of chemotherapeutics, immunomodula-
tors, and regenerative agents, thereby enhancing
therapeutic efficacy while minimizing systemic
toxicity.

Integration of HF systems into textile-
based platforms extends their applicability to
multifunctional therapeutic fabrics capable of
addressing diverse clinical needs such as wound
healing post-excision, photodynamic therapy,
thermal ablation, and gene therapy. These smart
textiles may significantly enhance patient com-
pliance by providing non-invasive, wearable,
and comfortable solutions for long-term treat-
ment.
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Future development must address the fol-
lowing critical parameters to ensure clinical via-
bility:

Biocompatibility: HF systems must exhibit
non-immunogenic behavior and maintain struc-
tural and chemical stability upon prolonged der-
mal contact, especially in oncology patients.

Controlled Drug Release: Engineering re-
lease kinetics through morphological or chemi-
cal modulation of HF walls is vital for achieving
therapeutic concentrations while preventing dose
spikes.

User Comfort: The textile matrix must ex-
hibit mechanical flexibility, breathability, and
skin-friendliness to mitigate treatment-related
discomfort and encourage prolonged use.

Continued translational research and clinical
validation will be essential to optimize these sys-
tems for large-scale adoption, focusing on long-
term biosafety, drug loading versatility, and effi-
cacy across various skin cancer subtypes.

Recommendations: Mitigation of Sys-
temic Pesticide Exposure via Cotton-Based
Medical and Personal Textiles To enhance pub-
lic health safety and minimize potential dermal
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W3IIy4YEHHUsI, CTApeHHe HACEJICHUSI M 3arps3HeHue okpyxaromieit cpeasl. [lo manapim Beemuphoit Opranuzanumn
31paBoOXpaHEHHS, paK KOXH 3aHHUMaeT 17-e MEeCTO 1o pacrpoCTPaHEHHOCTH B MUPE U OCOOCHHO pacIpocTpa-
HEH B CTpaHax C BEICOKMM ypOBHEM BO3CHCTBHUS yIbTpaduoseTa, Takux kak Ascrpanus, CoenunerHble [1ITaTer
u HekoTopble pernoHsl EBponsl. Toasko B 2022 roxy Bo BcéM Mupe ObU10 auarHoctupoBaHo 6osee 330000 Ho-
BBIX CiTydaeB 3a0oneBanus. Haubosee pacnpoctpan€nnsle GopMbl — 6azannoma, MIOCKOKJIETOYHBIA paK M Me-
JIaHOMa — He TOJIBKO NPEACTABIAIOT CEPhEIHYIO0 YTPo3y 3I0POBBIO, HO U BIUSIOT Ha Ka4eCTBO JKU3HM M3-3a 00e3-
00paxMBaHUsI U arPECCUBHBIX IPOTOKOJOB JIeueHHs. XOTsI COBPEMEHHBIC METOIbI JICUCHHS, TAKUE KaK XUPYpPIH-
YecKoe yHaJcHUe, JydeBas Tepamnus W CUCTEMHAs XMMHOTEepamwus, MOTYT OBITh 3(PEeKTUBHBIMH, OHH YaCTO
HUMEIOT CYIIECTBEHHBIE HETOCTATKH. XUPYPrUIecKue BMEIIATEIHCTBA MOTYT MPUBECTH K MOSBICHHIO BUIUMBIX
PYOLIOB M JUTUTEIHHOMY BOCCTAaHOBIICHHIO; XMMUOTEPAIIHs BO3IEHCTBYET KaK Ha 37J0POBBIC, TaK M HA PaKOBEIC
TKaHH, YTO NIPUBOJUT K CUCTEMHOI TOKCHYHOCTH; a JIyueBas Tepamusi MOXKET MOBPEIUTh OKPY>KAIOIIYIO 370PO-
BYIO KOXY. bojee Toro, Takue noaxonpl 4acTo NPUUUHSAIOT AUCKOM(OPT MALUEHTY U MOBBIMIAIOT PUCK PELIUIU-
Ba. UTOOBI yCTpaHHUTh 3TH OIpaHWYEHHMS, B JTAHHOM HCCJIEOBAaHWH PACCMATPHBACTCS MCIOJIB30BAHNE BBICOKO-
3(Q(EKTHBHBIX IMOJBIX TEKCTUIEHBIX BOJOKOH B KaU€CTBE CUCTEMBI JIOKAIBHOW TOCTABKH JIEKAPCTB JUIS JeUEeHHs
paka KOXH. DTH BOJIOKHA, CO3/IaHHEIEC C UCIIOIB30BaHNUEM IIEPEIOBBIX TEXHOJIOTHI, TAKUX KaK JIEKTPOCTIMHHUHT
U MUKpO]IIONIHOE TpsAeHHEe, 00CCIICUNBAIOT LIEICHANIPABICHHOE M JUTUTENFHOE BHICBOOOKICHNE TEPATICBTH-
YEeCKUX areHTOB, BKIIOYAs XUMHOTEPANIEBTHICCKUE MpPEnapaThl, IMMYHOMOIYJIATOPH! MJIH MOJIEKYJBI JUIS pe-
TaKTHPOBAHUS T€HOB, HEIIOCPEICTBEHHO B 0Yare OITyXOJIH.

Knioueswvie cnosa: pak Koxxu, IONbIe BOIOKHA, HHBEKIUH, OHOCOBMECTUMOCTh, UMMYHOTEpAMNUs, XUMHOTE-
panus
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