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Abstract

Skin cancer is one of the most common cancer types affecting major population of world,
particularly in fair-skinned populations. Broadly, skin cancer is categorized into two major forms,
carcinoma, and melanoma, based on their physiological conditions. Skin carcinoma, but more
particularly melanoma, remains a significant global health concern, with increasing incidence rates
observed across various demographics. While traditional approaches such as surgery,
chemotherapy, and radiation therapy remain cornerstones of treatment, latest developments in skin
cancer treatment encompass novel therapeutic modalities, targeted drug delivery systems, and
personalized approaches to patient care. Polyethyleneimine (PEI)-based nanosystems have
emerged as a promising avenue for personalized cancer immunotherapy and also as a potential
targeted therapeutic approach to combat skin cancer. PEI is a highly cationic polymer that has
garnered significant interest in the field of nanomedicine for its potential in delivering therapeutic
agents, including nucleic acids and small molecules, specifically to cancer cells. In this review, we
have discussed and summarized the challenges with PEI and strategies for modification, PEI as
potential therapeutic carrier, skin cancer types and pathogenesis, and the potential role PEI-based

nanosystems in effective skin cancer management.

Keywords: Melanoma; Polyethyleneimine; Polyethyleneimine-based Nanosystems; Skin

cancer; Skin carcinoma; Targeted delivery
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1. Introduction

Polyethyleneimine (PEI) is a positively charged polymer consisting of repeating units of
amino groups and ethylene (CH,CH,). It is derived from the ring opening of aziridine and is also
mentioned to as polyfunctional aziridine (polyaziridine)'->. PEI has two main structural variants:
linear PEI ((CH,CH,NH), ; L-PEI) and branched PEI (H(NHCH,CH,CH,),NH, ; B-PEI)! 3- 4.
B-PEI, may consists of all kinds of primary (1°), secondary (2°), and tertiary (3°) amino groups
whereas L-PEI mainly comprises 1° and 2° amino groups (Fig. 1). L-PEI exists as solid at the
room temperature (melting point about 73—75 °C) whereas B-PEI exists as liquid, regardless of
the molecular weight. L-PEI is soluble in hot water at low pH, and in various organic solvents
including chloroform, ethanol, and methanol. PEI is widely utilized as a synthetic polycation due
to its chemical configuration and functionality, characterized by the existence of cationic 1° (25%),
2° (50%), and 3° amines (25%)°®. The polymer's high positive charge potential, attributed to
protonable amino nitrogen chains occurring every third atom, enables efficient complex formation
with nucleic acids and protects cells against nuclease-mediated degradation. Additionally, the
abundance of protonable amino nitrogen allows PEI to act as a proton sponge, which buffers
endosomal pH to induce osmotic swelling and rupture of the endosomal membrane. This helps in

the release of polymer-nucleic acid complexes (polyplexes) into the cytoplasm* 7. PEI first forms

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

complexes with DNA through counter-condensation, which helps in reducing intramolecular

repulsions and releasing chloride and salt ions®. Its unique structure and properties enable
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stabilization or modification of various inorganic hybrid nanoparticles (NPs)®!2. Also it can bind
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to anionic remains within the DNA templates and polymerase through electrostatic interaction
which significantly enhances the effectiveness of transfection!®. PEI has a high buffering capacity,
which makes it beneficial for the endosomal escape of gene payloads during transfection!4.
Compared to other polycations, the polycation PEI has a high intrinsic endosomal activity and is
effective at condensing DNA'>- 16, To improve the effectiveness of targeted medications and gene
therapy, it is frequently utilized as a transfection reagent and nanocarrier for drug delivery
systems* 12, The high transfection efficiency of its polyplexes has led to its status as the gold

standard for polymer-based gene carriers!’.
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Fig. 1. Schematic diagram showing various properties and applications of PEI-based nanosystems.
Reproduced from ref. '8 with permission from Elsevier, copyright 2024.

Beyond biomedical use, PEI's unique structure and abundance of amino groups find

applications in various industries (Fig. 1). For example, PEI serves as a flocculant in oil removal
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from synthetic water and as a wet strength agent in paper and shampoo production'? 17- 19, PEI is
frequently employed in biomedicine to immobilize enzymes!3, immobilize viruses on cellulose?,
promote cell adhesion'3: 2!, transfect genes??, and synthesize NPs to increase their stability as well
as anticancer effectiveness'?-23. To explore a potential mechanism for the activation of apoptosis,
Kafil V. et al. (2010) evaluated the effects of linear and branched PEI (L-PEI and B-PEI) over
cytogenomic changes in A431 lung cancer cells. A431 cells were treated to PEI at the prescribed
dose for 4 hours when they were 40-50% confluent. Additionally, analyses using flow cytometry
showed that the B-PEI caused more internalization when compared to linear PEI, leading to more
cytotoxicity. B-PEI's early and late apoptosis was validated by the annexin V assay, imposing part
of the DNA damage seen in the comet experiment. A biomolecule that may be impacted by PEI is
Akt-kinase, which was induced by Western blot examination. These findings demonstrate that the

BPEI can induce apoptosis in target cells even when Akt-kinase is activated?* 2°.

According to Wightman et al. (2001), under salt conditions, linear PEI22/DNA complexes
generally had a higher transfection effectiveness in vitro than branched PEI/DNA complexes'®.
Also, they claimed that kinetic instability that exists naturally may be the cause of linear PEI's
higher transfection effectiveness®. Studies have revealed that the most reliable indicator of the

effectiveness of gene transfection and cytotoxicity is the molecular weight of PEI?6-28, While

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

cytotoxicity seems to rise with increasing polymer size, it was noticed that PEI gene transfer

actions augmented with an upsurge in molecular weight. For instance, low molecular weight
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(LMW) PEI (2 kDa) was safe but had very poor transfection ability and could not efficiently
condense DNA. High molecular weight (HMW) PEI (25 kDa) on the other hand demonstrated
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good transfection efficiency but also notable cytotoxicity. Moreover, HMW-PEI's long-term safety
is troublesome because it is nonbiodegradable and likely would result in the development of
cytotoxicity in vivo?®. Variations in its properties may impact PEI's capacity for drug delivery. It
has been reported that polymer-based nanocarriers are used as co-delivery systems for gene-
targeted therapy and anticancer medications’® 3!, PEI spontaneously attaches and condenses
nucleic acids to produce toroidal multiplexes that are easily endocytosed by the cells, although few
studies are using PEI for co-delivery in cancer. At practically every physiological pH, PEI can
maintain a considerable buffering capacity, preserving nucleic acids and preventing lysosomal

nuclease degradation’.
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1.1.  Challenges with PEI and strategies for modification

The safety of PEI, however, remains a constant worry for its clinical application*. The
safety of PEISs in clinical applications can vary based on factors such as molecular weight, chemical
structure, and concentration. High MW PEIs can adversely affect various cell types, including
neurons. High-MW PEIs have been observed to alter the plasma membrane, leading to changes in
a manner resembling necrosis, followed by the activation of mitochondrial-mediated apoptosis
across different cell types 3233, Low-MW PEIs, in contrast, showed significantly reduced toxicity
but generally lack transfection efficiency. These PEIs have been reported to induce necrotic cell
death and apoptosis both in vitro and in vivo, leading to toxicity, which limits their clinical
application*. In the interim the buffer capacity of these protonable polymers causes extra proton
accretion within endosomes resulting in counterion and water gathering which causes osmolysis,
PEI toxicity seems to be associated to the interruption of the endosome-lysosome complexes, the
same mechanism accountable for their transfection efficiency. The solubility, biodegradability,
and chemical homogeneity of high-MW PEIs have all been altered in an effort to increase their

biocompatibility?.

PEI, being a cationic polymer with multiple amino groups, exhibits inherent cytotoxicity.
By attaching to negatively charged transmembrane heparan proteoglycans, cationic PEI enters the
cellular environment and can damage or impair the cellular components or whole cell by disrupting
the membrane 34. Moreover, PEI induces apoptosis by creating pores in the mitochondrial
membrane, leading to cell death3> 36, PEI exhibits poor biodegradability in living organisms, and
its cytotoxicity is directly influenced by molecular weight and degree of branching?’. A higher
molecular weight branch PEI has a higher cytotoxicity. Simple changes that shield PEI's surface
amines greatly increase its biocompatibility> 3%. Hence, reducing cytotoxicity of PEI and
increasing the biocompatibility through nullifying its surface potential using various physical or
chemical modifications. It's important to note that these surfaces allow it to acquire additional

capabilities, like biomarker and targeting>.
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Fig. 2. Illustration showing various techniques used for the modification of PEI for biomedical
applications. The figure also represents various influencing factors for PEI stability and considered
during PEI modification using various approaches.

To overcome several issues associated with PEIs as previously discussed, researchers have
investigated several physical and chemical modifications of PEI (Fig. 2). Zintchenko et al. have
developed various derivatives of branched PEI through methods such as ethyl acrylate
modification of amines, acetylation of 1° amines, or coupling of negatively charged groups such
as propionic acid or succinic acid. These modifications led to enhanced gene silencing efficiency
in siRNA-mediated gene knockdown experiments. Furthermore, they found that succinylation of
branched PEI significantly reduced the toxicity of polymer compared to unmodified PEI. This
reduced cytotoxicity was presumably due to the incorporation of biodegradable linkages in the PEI
structure which facilitate polymer decomposition®. In 2008, Xu et al. reported the synthesis of a
biodegradable PEI biscarbamate conjugate (PEIC) by combining LMW-PEI (MW = 800) with 1,4-
butanediol bis(chloroformate). The resulting PEIC had a molecular weight of 2800 and a number-
average molecular weight (M,) of 910. When compared to PEIs with molecular weights of 2 kDa
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or 25 kDa, this modified PEIC demonstrated reduced cytotoxicity. A similar biodegradable
carbamate linkage was utilized in subsequent works to synthesize a variety of polymers*. Wen et
al. improved the biocompatibility of PEI various chemical modifications such as carboxylation,
acetylation, hydroxylation, and PEGylation of the polymer3®. The cytotoxicity of the PEI was
significantly decreased or masked by these techniques. For biomedical applications, functional
groups including folic acid (FA), polyethylene glycol (PEG), fluorescent tags, hyaluronic acid
(HA), and protein can be altered with PEI> 4143,

Degradable cross-linking reagents, including diacrylate?’, glutaraldehyde**, dithiobis
(succinimidyl propionate), oligo-(L-lactic acid-co-succinic acid)®*, , and dimethyl-3,3'-
dithiobispropionimidate-2HCI46 have also been utilized for modifications. The results presented
that the transfection efficacy of these crosslinked-PEIs was comparatively more than PEI (MW
25k or even more), and also exhibited comparatively lesser cytotoxicity. Another method involved
connecting LMW-PEIs using linear chains. Wong et al. produced chitosan-graft-PEI (PEI-g-CH)
through cationic polymerization method using aziridine and oligochitosan. PEI-g-chitosan
exhibited greater transfection effectiveness than PEI (MW 25k), confirmed through broth in vitro
and in vivo experiments*’. Tang et al. crosslinked LMW-branching PEI (MW 600) with
cyclodextrins to produce HMW-cationic polymers with an average molecular weight of 61 kDa.
These polymers exhibited higher gene transfection efficiency and lower cytotoxicity in vitro®.
Jiang et al., synthesized PEI-g-CH copolymer through imine reactions amongst periodate (I104)-
oxidized CH and LMW-PEI (MW 1800 Da). Their research demonstrated that PEI-g-CH exhibited
superior cell transfection capabilities compared to PEI 25k, along with reduced cytotoxicity®.
Stearic acid blocks added to PEI demonstrated increased transfection in antigen-presenting cells
(APCs) and decreased toxicity, resulting in improved immune responses against the HIV-1 gag

protein with high antigen-specific antibody secretion and pro-inflammatory cytokine production®.

2. Skin cancer: Types, Pathogenesis and Causing factors

Broadly, skin cancer is referred for two major forms, carcinoma, and melanoma. Skin
carcinoma encompasses a spectrum of malignancies, including basal cell carcinoma (BCC),
squamous cell carcinoma (SCC), and melanoma, each presenting unique challenges in diagnosis

and treatment. Skin cancer progresses through three main stages. Initially, it is confined to the
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epidermis, the outermost skin layer (Fig. 3). In this early stage, BCC appears as pearly bumps,
while SCC shows as rough, scaly patches, and melanoma is identified by the ABCDE rule
(Asymmetry, Border, Color, Diameter, Evolving)’!. As the cancer advances, it penetrates the
dermis, the deeper skin layer, increasing the risk of rapid growth and local damage. In the final
stage, the cancer spreads to the lymph nodes and other organs, significantly raising mortality

risks>> 3. Key risk factors include genetics, age, UV radiation, nevi, and skin pigmentation.

Basal Cell Carcinoma Squamous Cell Carcinoma Metastatic Melenoma
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Fig. 3. Diagrammatic representation of types of skin carcinoma (basal cell carcinoma, squamous
cell carcinoma, and metastatic melanoma) and melanoma progression stages.

Melanoma is a type of cancer that originates in melanocytes, the cells responsible for
pigment production’* 3. This cancer develops when normal melanocytes acquire somatic
mutations or inherit genetic flaws, transforming into malignant melanoma®¢. Melanocytes, derived
from the neural crest, are pigment-producing cells found in various parts of the body including the
skin, hair follicles, uvea of the eye, inner ear, heart, and mucosal tissues>’-°. Melanocytes produce

melanin within specialized structures called melanosomes through complex biochemical
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processes. Skin pigmentation, both across different ethnicities and within them, is determined by
the amount of melanin produced by melanocytes and the size of melanosomes, rather than the
number of melanocytes present®’- %% 1. Due to higher concentrations of melanin in the epidermis,
individuals with darker skin tones are less prone to developing melanoma compared to those with
lighter skin tones, who typically have lower epidermis melanin contents®?-%5. Melanoma must be
recognized as a heterogeneous cluster of diseases rather than as a singular disease, with faults
affecting critical physiological functions involving cell cycle regulation, cell signaling pathways,
cell adhesion, cell differentiation, and cell death%- ¢7. The requirement for individualized
melanoma diagnosis, prognosis, and treatment is highlighted by the variability of molecular
defects®. Also, Early detection of melanoma is crucial because it is "curable" at this stage®’.
Cytological features such as an uneven and thick nuclear membrane, along with prominent nucleoli
are characteristics of malignant melanoma. The risk of developing melanoma increases
significantly with intermittent sun exposure due to the intensely acute and complex link between
ultraviolet (UV) light exposure and the disease®-7°. Melanoma can be categorized into two main

types based on site specificity: cutaneous and non-cutaneous.

Cutaneous melanoma arises from a complex interplay of phenotypic and constitutional
variables. Along with the incidence of melanoma, this interaction also affects the clinical traits and
oncogenic pathways utilized by the tumor for growth’!. Typically, cutaneous melanoma starts in
the epidermis, the outermost layer of skin, and can progress to become invasive. It can further be

divided into four subtypes:

a) Superficial spreading melanoma (70%): the most common type of melanoma. It
experiences lateral (radial) growth beforehand vertical (invasive) growth arises.

b) Nodular melanomas (15%-30%): rapidly expanding raised or polypoid abrasions that are
frequently bluish or blackish in appearance and displays an initial vertical growth stage.

c) Lentigo maligna melanoma (4%-10%): occurs more usually in elder patients with
frequently sun-exposed skin. It characteristically commences as a minor freckle-like macula
and later on grows, converts darker, irregular, and displays a vertical growth stage.

d) Acral lentiginous (<5%): lesions ascend most frequently on soles, palms, subungual, and
infrequently over mucosal surface.

Any non-cutaneous site with melanocytes, such as the ophthalmic, genitourinary>4,

nasopharyngeal regions, gastrointestinal and vaginal, can also develop melanoma’?. According to
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an analysis of the National Cancer Data Base, which has information on 84,836 people with
cutaneous and non-cutaneous melanoma, these are far less common than cutaneous melanoma.
91.2% of the diagnosed melanomas were cutaneous melanomas>*. Ocular melanoma accounts for
5.2% of cases, 1.3% of which are primary melanoma of the mucosa, and 2.2% of which have an
undetermined primary location. Melanoma prognosis is based on the thickness of the lesion, with
thicker lesions correlating to a higher fatality rate. Therefore, to stop metastasis, melanoma lesions

must be found early and removed>*.

3. PEI-based nanosystems in skin cancer: molecular mechanism and drug targeting

Skin cancer, including both carcinoma and melanoma, remains a significant global health
concern, with increasing incidence rates observed across various demographics. However, recent
years have witnessed remarkable advancements in treatment strategies, revolutionizing the
management of this disease3? 3. The latest developments in skin cancer treatment, encompassing
novel therapeutic modalities, targeted drug delivery systems, and personalized approaches to
patient care. Skin cancer encompasses a spectrum of malignancies, including melanoma, BCC,

and SCC, each presenting unique challenges in diagnosis and treatment3? 33 73, While traditional

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

approaches like surgery, chemotherapy, and radiation therapy remain cornerstones of treatment,

recent breakthroughs have expanded the therapeutic landscape, offering new hope for patients.

Open Access Article. Published on 11 November 2024. Downloaded on 11/23/2024 12:58:00 AM.

PEI-based nanomaterials facilitate the delivery of therapeutic agents into cancer cells primarily

through endocytosis. Once inside the cell, the nanomaterials escape the endosomes via the "proton

(cc)

sponge effect," which is characteristic of PEI's high buffering capacity. This effect leads to osmotic
swelling and ruptures the endosomes, releasing the therapeutic agents into the cytoplasm’. Due to
the higher permeability and retention (EPR) effect in tumors, PEI-based nanomaterials can
accumulate more in the tumor tissue than in normal tissues. This selective accumulation allows for
higher local concentrations of the therapeutic agent, improving its efficacy and reducing systemic

side effects’.

3.1.1. Cellular Uptake and Intracellular Trafficking
PEI-based NPs exhibit a remarkable capacity to facilitate the internalization of therapeutic
agents into cancer cells via endocytosis. Once inside the cell, PEI's proton sponge effect triggers

endosomal disruption, enabling the release of therapeutic cargo into the cytoplasm’®. This
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mechanism ensures efficient delivery of therapeutic payloads, enhancing their effectiveness in

combating skin cancer.

3.1.2. Gene Silencing and Immunomodulation

PEI-based nanomaterials play a pivotal role in gene silencing strategies aimed at targeting
specific oncogenes implicated in skin cancer progression. By delivering nucleic acid-based
therapeutics, such as siRNA or miRNA, PEI NPs can selectively silence key genes involved in
tumor proliferation and survival’®. Additionally, PEI-based nanomaterials can modulate the
immune response within the tumor microenvironment, promoting anti-tumor immunity and

enhancing the efficacy of cancer immunotherapy”’.

3.1.3. Immune Activation and Antigen Presentation

Immunotherapy has emerged as a game-changer in the treatment of advanced melanoma,
leveraging the immune system to combat cancerous cells. Checkpoint inhibitors, including anti-
PD-1 and anti-CTLA-4 antibodies, have established remarkable efficacy in prolonging survival
and inducing durable responses in patients with metastatic melanoma. Additionally, targeted
therapies targeting specific genetic mutations, such as BRAF and MEK inhibitors, have shown
promise in patients harboring BRAF-mutant melanomas, offering personalized treatment
options’®. PEI-based NPs can be designed to promote immune activation and antigen presentation
within the tumor microenvironment, thereby enhancing the efficacy of cancer immunotherapy. By
delivering immunomodulatory agents and tumor antigens directly to antigen-presenting cells,
these NPs facilitate the priming and activation of anti-tumor immune responses’’. PEI-based
nanomaterials, for instance, offer a versatile platform for targeted drug delivery, facilitating the
efficient delivery of therapeutic agents into cancer cells while minimizing systemic toxicity. These
nanomaterials can be tailored to respond to the unique microenvironment of skin tumors, enabling

precise release of therapeutic payloads and enhancing treatment efficacy’”.
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Fig.4. Major molecular mechanism and drug release strategies of PEI-based and
PEI-functionalized nanosystems targeting skin carcinoma and melanoma.

Nanoparticles target cancer cells in skin cancer through both passive and active targeting
mechanisms (Fig. 4). Passive targeting exploits the EPR effect, where the leaky vasculature and
meagre lymphatic draining of tumor tissues allow NPs to accumulate more in the tumor site,
thereby concentrating the therapeutic agents where needed while reducing exposure to healthy
tissues’?8!. Active targeting, on the other hand, involves modifying the NPs' surfaces with specific

ligands, such as antibodies or peptides, which bind to receptors overexpressed on cancer cells. This

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

binding ensures that the NPs are more precisely delivered to the cancer cells, enhancing the

therapeutic effect, and minimizing side effects by sparing normal cells®.
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3.2.  Drug Release Strategies

Several strategies have been employed to achieve controlled release of drugs from PEI-
based nanocarriers, thereby optimizing their therapeutic efficacy and minimizing systemic
toxicity> 26, These include stimulus-responsive drug release systems, such as pH-responsive or
enzyme-responsive NPs, which exploit the acidic tumor microenvironment or specific enzymatic
activities within cancer cells to trigger drug release®® 34, Other strategies involve the use of stimuli
such as light, heat, or ultrasound to remotely trigger drug release from nanocarriers at the site of
the tumor. Furthermore, the design of biodegradable PEI derivatives or hybrid nanomaterials
composed of PEI and other biocompatible polymers can facilitate sustained drug release kinetics

and reduce the risk of long-term toxicity> 2.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00802b

Open Access Article. Published on 11 November 2024. Downloaded on 11/23/2024 12:58:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

Page 14 of 37

View Article Online
DOI: 10.1039/D4MA00802B

Tumor microenvironments typically have a lower pH compared to normal tissues. PEI-
based nanomaterials can be designed to release their cargo in response to the acidic conditions
found in tumor tissues. This pH-sensitive drug release ensures that the therapeutic agents are
released primarily within the tumor, enhancing their therapeutic effect while minimizing damage
to healthy cells®>. Another innovative strategy involves the use of photo-responsive PEI-based
nanomaterials. Upon exposure to specific wavelengths of light, these nanomaterials can release
their therapeutic cargo. This approach allows for precise spatial and temporal control over drug
release, particularly useful in treating accessible skin cancers®. Skin cancer cells often overexpress
certain enzymes, such as matrix metalloproteinases (MMPs). PEI-Ns can be engineered to degrade
in the presence of these enzymes, triggering the release of their therapeutic payload. This strategy

leverages the unique enzyme profile of the tumor to achieve targeted drug delivery®’.

4. Various PEI-based nanosystems in skin cancer therapy

PEI is a highly cationic polymer that has garnered significant interest in the field of
nanomedicine for its potential in delivering therapeutic agents, including nucleic acids and small
molecules, specifically to cancer cells. PEI-Ns (lipid, polymeric and inorganic NPs) can be
engineered using various physical, chemical, and biological strategies for cancer theranostic
applications (Fig. 5). In the context of skin cancer, PEI-Ns offer a promising approach due to their
ability to enhance cellular uptake, facilitate endosomal escape, and enable targeted delivery!”- 8,
The initial step in the therapeutic action of PEI-Ns is their uptake by cancer cells. This process
primarily occurs through endocytosis, a cellular mechanism where the cell membrane engulfs the
nanomaterial to form an endosome. PEI's high positive charge promotes its interaction with the
negatively charged cell membrane, enhancing endocytosis efficiency. Studies have shown that
PEI-based NPs are predominantly internalized via clathrin-mediated endocytosis, although

caveolae-mediated endocytosis and macropinocytosis may also play roles®- %9,
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Fig. 5. Schematic representation of utilization of nanosystems in skin cancer therapy.

4.1.  PEI-based nanosystems for gene delivery and immunotherapy

PEI-based nanomaterials can deliver siRNA or miRNA to target specific oncogenes in skin
cancer cells, leading to gene silencing. This process can downregulate the expression of proteins
critical for cancer cell survival and proliferation, thereby inducing apoptosis. For example, siRNA

targeting BRAF mutations common in melanoma has shown potential in reducing tumor growth’®,

PEI-Ns have gained considerable consideration in the field of cancer therapy due to their
ability to efficiently deliver therapeutic agents, including small interfering RNA (siRNA), to target
cells. In the context of skin cancer, such as melanoma, the progress of effective delivery systems
is vital for enhancing the therapeutic effectiveness of chemotherapeutics with reduced or negligible
systemic toxicity. PEI-based NPs complexed with plasmid DNA encoding tumor suppressor genes

have shown promise in treating melanoma. These complexes can efficiently transfect skin cancer
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cells, restoring the function of tumor suppressor genes and inhibiting tumor growth®. Doxorubicin,
a chemotherapeutic agent, can be conjugated to PEI to improve its delivery to melanoma cells.
This conjugation enhances the drug's solubility and stability, allowing for more effective targeting
of cancer cells while reducing systemic toxicity?*. PEI-Ns have been used to deliver siRNA
targeting specific mutations in melanoma cells. These systems can effectively silence oncogenes
such as BRAF, leading to reduced tumor cell proliferation and increased apoptosis’. A recent
study highlighted the use of poly(D,L-lactic-co-glycolic acid) (PLGA)-PEI NPs covered with
poly(I) for personalized cancer immunotherapy. These NPs leverage the immune-stimulating
properties of poly(I), a synthetic analog of double-stranded RNA, to enhance anti-tumor immune
responses. This strategy has shown potential in boosting the effectiveness of immunotherapy in

skin cancer by facilitating the delivery of immune-modulating agents directly to the tumor site®3.

Once internalized, PEI-Ns are trapped within endosomes. Efficient endosomal escape is
crucial for the release of the therapeutic payload into the cytoplasm, where it can exert its intended
effect. PEI facilitates endosomal escape through the "proton sponge effect." The polymer’s high
buffering capacity causes an invasion of protons and chloride ions into the endosome, causing
osmotic swelling and subsequently disrupts the endosomal membrane. This process releases the
encapsulated drug or genetic material into the cytoplasm'>> %1, After endosomal escape, the
nanomaterials must navigate the intracellular environment to reach their specific target, such as
the nucleus or cytoplasmic components. PEI can be modified with various targeting ligands, such
as peptides, antibodies, or small molecules, to enhance its specificity for cancer cells. For example,
folic acid and RGD peptides have been used to target folate receptors and integrins, respectively,
which are overexpressed in many types of cancer, including skin cancer®> 3. For gene therapy
applications, the therapeutic DNA or RNA delivered by PEI-Ns must enter the nucleus. PEI
facilitates this process through its interaction with the nuclear pore complex. Additionally, the
polymer's positive charge helps condense the genetic material into compact structures that are more

easily transported into the nucleus?® 4.

Several factors influence the efficiency of PEI-Ns in delivering therapeutic agents to skin
cancer cells: The structure of PEI (branched vs. linear) affects its cellular uptake and toxicity.
Branched PEI is often more effective in gene delivery due to its higher buffering capacity and
ability to condense DNA, but it also tends to be more toxic compared to linear PEI®>. The molecular

weight of PEI influences its transfection efficiency and cytotoxicity. Higher molecular weight PEI
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typically shows higher transfection efficiency but also higher toxicity. Therefore, an optimal
balance between molecular weight and safety must be achieved®®. Modifying the surface of PEI-
Ns with PEG or other biocompatible polymers can reduce their cytotoxicity and improve their
stability in biological environments. PEGylation also enhances the circulation time of the
nanosystems in the bloodstream, promoting their accumulation in tumors through the EPR effect”’.
The incorporation of targeting ligands enhances the specificity of PEI-Ns for cancer cells, reducing
off-target effects and improving therapeutic outcomes. For instance, targeting ligands such as folic
acid and RGD peptides have been shown to significantly enhance the uptake of PEI-based NPs by

skin cancer cells®8: %,
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Fig. 6. The schematic illustration highlighting the potential immune response generated using
PLGA-PEI based NPs conjugated with immunotherapy for the specific elimination of melanoma
tumor cells. Reproduced from ref. 77 with permission from Springer Nature, copyright 2024.

PEI-Ns have garnered substantial consideration in the field of cancer immunotherapy due

to their capability to improve the immune responses against tumors (Fig. 6). One promising
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approach involves the use of PLGA-PEI NPs covered with poly (IC) for personalized cancer
immunotherapy”’”. When incorporated into PLGA-PEI NPs, poly (IC) acts as a potent
immunostimulant, promoting the maturation and activation of dendritic cells and enhancing the
presentation of tumor antigens to T cells. PLGA-PEI NPs can be engineered to target specific
tumor antigens, facilitating their uptake by antigen-presenting cells (APCs) like dendritic cells.
Once internalized, the NPs release poly (IC), which activates APCs and promotes the priming of
tumor-specific T cell responses. Poly (IC) promotes the production of pro-inflammatory cytokines
and chemokines, which recruit and activate cytotoxic T lymphocytes (CTLs) to the tumor site. By
enhancing the CTL response, PLGA-PEI NPs covered with poly (IC) can effectively target and

kill cancer cells, leading to tumor regression’’.

Ragelle et al. fabricated chitosan-based NPs tailored for intravenous delivery of small
interfering RNA (siRNA) which demonstrated remarkable stability in biological environment such
as blood, along with strong gene silencing capability with minimal cytotoxicity!?’. Importantly,
they observed that the formulations had a significant level of gene silencing when amine-rich PEI
polymer was added. Furthermore, the activity of gene silencing and its cytotoxicity were assessed
in luciferase-expressing B16 melanoma cells. The study highlighted the critical importance of
nanocarrier stability in achieving the desired therapeutic effects. Notably, the inclusion of PEG
and utilization of high-MW chitosan contributed to the structural integrity of the NPs, leading to
high levels of in vitro gene silencing!%. Kurosaki et al. developed a new vector by electrostatically
coating cationic PEI/pDNA complexes with folic acid (FA). The coating significantly reduced
their cytotoxicity towards the melanoma cell line B16-F10, which expresses the folate receptor
(FR)!%1. Moreover, the anionic FA60/PEI/pDNA complexes demonstrated excellent transgene
efficiency in B16-F10 cells via the FR-mediated pathway. Importantly, these complexes did not
exhibit any erythrocyte agglutination. Several organs (liver, kidney, spleen, and lung) with FR
showed better transgenic effectiveness than PEI/pDNA complexes following intravenous injection
of FA60/PEI/pDNA complexes into mice. Pre-administration of FA substantially reduced the gene
expression of FAG60/PEI/pDNA complexes. Overall, the FA60/PEI/pDNA complexes
demonstrated promise for improving the efficacy of gene therapy, particularly in FR-expressing
cells and tissues!?!. In 2017, Lojk et al. investigated the stress responses of polyacrylic acid (PAA)
and PEI coated NPs against the primary human myoblasts (MYO) and the B16 mouse melanoma
cell lines'?2. Even at high concentrations (100 g/ml), negatively charged PAA did not activate the
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transcription factor NF-xB, cause cell toxicity, or produce reactive oxygen species (ROS). In
contrast, positively charged PEI NPs caused necrosis and an increase in ROS after 24 h of
incubation, even at lower concentrations (>4 g/ml). Furthermore, 30 min after incubation, PEI NPs
caused NF-«B activation in MYO cells, most likely by activating the TLR4 receptor. Surprisingly,
B16 cells did not exhibit an NF-«kB response!?2,

In 2014, Pyshnaya et al. synthesized linear PEI-modified gold nanorods (PEI-GNRs) and
compared their physical, chemical, and biological characteristics to those of GNRs modified with
bovine serum albumin (BSA) and spherical gold NPs (sGNPs) modified with the same substances
(Fig. 7A(a,b)). BHK-21 and HeLa cells were unaffected by PEI-GNRs and GNPs (MTT test).
Using TEM ultrathin sections, the diffusion of GNPs within the melanoma (B16), BHK-21, and
HeLa cells was evaluated post-incubation after 30 min, 3 h, and 24 h (Fig. 7A(1c)). Through
caveolin-dependent and lipid raft-mediated endocytosis, PEI-GNRs and PEI-sGNPs showed rapid
and active cell penetration and accumulated in endosomes and lysosomes. GNPs that had been
altered with BSA exhibited protracted floating and a +\izable delay in cell penetration. The
findings demonstrate that penetration into cells is determined by the initial charge of NPs. As a
result, the created PEI-GNRs were safe, stable in cell culture media, and capable of effectively

penetrating cells!®. Jiang and team investigated the impact of modifying hyaluronic acid (HA) on

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

receptor-associated endocytosis by tagging HA-derivatives with quantum dots (QDots) (Fig. 7B(a-

c)). HA-QDot conjugates (<25 mol% degree of modifications) were more effectively taken up via
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HA receptor-mediated endocytosis compared to QDots alone %4, In B16-F1 cells expressing HA
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receptors, the siRNA/PEI-HA combination demonstrated superior gene silencing efficacy
compared to the siRNA/PEI complex. Specifically, the anti-PGL3-Luc siRNA/PEI-HA complex
achieved gene silencing levels in the range of 50% to 85%, depending on serum levels up to 50%.
siRNA/PEI-HA combination primarily accumulated in tissues rich in HA receptors, including the
kidney, liver, and tumors. Intratumoral injection of the anti-VEGF siRNA/PEI-HA complex in
C57BL/6 mice demonstrated effective tumor growth inhibition through HA receptor-mediated
endocytosis of tumor cells(Fig. 7B(d-¢))!%.
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Fig. 7. (A) TEM images and absorption spectra of (a) citrate-sGNP and of (b) CTAB-GNR
suspensions in aqueous medium. (c¢) Characteristic images of BSA-GNRs related with cell detritus
(enlarged in the box) nearby the surface of a B16 cells after 3 h of incubation. TEM of ultrathin
sections. Reproduced from ref. ' with permission from Wiley, copyright 2014.

(B) (a) Schematic representation of siRNA/PEI-hyaluronic acid (HA) complex. '"H NMR analysis
established the effective development of PEI-HA conjugates with ca. 24 mol % PEI amount. (b)
Agarose gel electrophoresis of siRNA, siRNA/PEI complex and siRNA/PEI-HA complex. (c)
AFM particle size analysis of siRNA/PEI-HA complex. (20 nm with a little negative surface
charge). (d) Tumor volume change in tumor-bearing C57BL/6 mice with increasing time after
intertumoral injection of a control (5% glucose solution), siVEGF/PEI complex, scrambled
siVEGF (scVEGF)/PEI-HA complex, and siVEGF/PEI-HA complex. The results were
represented as mean + SD (n = 3). * P <0.05 versus control. (¢) VEGF levels in tumor tissues in
17 days post-treatment with scVEGF/PEI-HA complex and siVEGF/PEI-HA complex. The
excised tumors were homogenized in PBS with protease inhibitor. After centrifugation, the amount
of VEGF in each supernatant was measured by ELISA. ** P < 0.01 versus scVEGF/PEI-HA.
Reproduced from ref. 1% with permission from Springer Nature, copyright 2024.
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Chen and colleagues developed and reported a chitosan-linked PEI (CP) as a nonviral
vector for dendritic cell (DC) gene delivery. They demonstrated that plasmid DNA can form
positive nanoparticle complexes with CP. The CP/DNA complexes showed superior transfection
efficiency in DCs compared to Lipofectamine 2000 (Lipo), a commercial transfection reagent. The
study revealed that antigen plasmid-engineered DCs using CP have the potential to mediate an
antitumor immune response. The study revealed that antigen plasmid-engineered DCs using CP
have the potential to mediate an antitumor immune response. Physicochemical analysis confirmed
the formation of cationic NPs by CP/DNA complexes. Transfection of DCs with CP/DNA
complexes resulted in higher transfection efficiency and lower cytotoxicity compared to
Lipofectamine 2000. Furthermore, DCs transfected with CP/DNA expressing gpl100 exhibited
increased resistance to B16BL6 melanoma challenges after vaccination!®. In a study by Yao and
team, a nanopolymer for delivering Interleukin-2 (IL-2) was discussed. The nanopolymer, termed
H1, consists of low MW PEI (600 Da) linked by B-cyclodextrin and conjugated with folate. H1
was utilized to form polyplexes with IL-2 plasmid (H1/pIL-2), that resulted in polyplexes with a
diameter of approximately 100 nm. These polyplexes were injected into the tumors of C57/BL6
mice carrying B16-F1 melanoma grafts, which inhibited the growth of the tumors and increased

overall survival. They also discovered that H1/pIL-2 boosted the infiltration of CD4 T and CDS8
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cells as well as natural killer cells into the tumor environment, as well as the activation and
proliferation of these cells in peripheral blood. To summarize, the outcomes demonstrate that

H1/pIL-2 is a safe and efficient melanoma treatment, with efficacy comparable to rAdv-IL-2. This
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innovative approach represents an alternative method of gene therapy for melanoma®®. Cheng et
al. developed and reported reduction-sensitive gene carriers using diselenide bonds cross-linked
to oligoethylenimine 800 Da (OEI800). The findings demonstrated that OEI800-SeSex, containing
diselenide bonds, had the same reduction sensitivity as OEI800-SSx (cross-linked with disulfide
bonds), effectively binding plasmid DNA to form nanosized particles. Compared to the
nondegradable PEI25k control, in vitro tests demonstrated that the reducible OEI800-SeSex and
OEI800-SSx exhibited significantly lower cytotoxicity and higher transfection activity.
Specifically, OEI800-SeSex outperformed OEI800-SSx in terms of transfection efficiency in
B16F10 cells at a C/P ratio of 10, while in HeLa cells, OEI800-SeSex outperformed OEIS800-SSx
across all C/P ratios tested. Interestingly, the reduction sensitivity of diselenide bonds was found

to be cell-dependent!%,
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In a study by Alshamsan et al., siRNA polyplexes of PEI or its stearic acid derivative (PEI-
StA) were investigated for their ability to induce B16 cell death both in vitro and in vivo through
Signal transducer and activator of transcription 3 (STAT3) knockdown in B16 murine melanoma.
The study focused on the physical encapsulation of siRNA/PEI and PEI-StA polyplexes within
PLGA NPs for STAT3 knockdown in dendritic cells (DCs). The average diameter and zeta
potential of PLGA NPs comprising siRNA polyplexes of PEI and PEI-StA ranged from 350 to 390
nm and -13 to -19 mV, respectively. Additionally, encapsulation efficiencies for siRNA in PLGA-
P and PLGA-PS were 26% and 43%, respectively. SiRNA release from both types of NPs
exhibited a triphasic pattern, with PLGA-PS showing a faster release rate. Their fluorescent
microscopy uptake research verified both NP types' endosomal localization and uptake by DC.
DCs displayed high STAT3 and low CD86 expression after being exposed to B16-F10 conditioned
media, indicating decreased function. DC maturation and functionality were restored by STAT3
siRNA when it was silenced by PLGA-P and PLGA-PS, as shown by the elevation of CD86
expression, strong TNF-R production, and considerable allogenic T cell proliferation. Moreover,
encapsulation in PLGA NPs dramatically decreased the toxicity of PEI on DCs!'%’. In 2013,
Kurosaki and team reported a unique and secure gene delivery vector coated with polyglutamic
acid (PGA), offering efficient transfection capabilities!*®. The PGA-coated NPs were precisely
engineered into spherical shapes, enhancing their stability and performance. In mouse models,
intravenously administered plasmid DNA/PEI complexes (non-coated) demonstrated notable
transgenic efficacy in the spleen and lung but led to severe liver damage and mortality. In contrast,
the PGA-coated complexes selectively demonstrated excellent transgenic efficacy in the spleen
without causing toxicity. PGA-coated complexes showed significant accumulation and high levels
of gene expression in the spleen's marginal zone. These findings highlight the potential of PGA-
coated complexes for delivering DNA vaccines effectively. They also utilized a melanoma DNA
vaccine, pUb-M, with the PGA-coated complex. This formulation notably inhibited the growth
and metastasis of the B16-F10 melanoma cell line, underscoring the therapeutic promise of the
pUb-M-containing PGA-coated complex!%, In a recent study by Zhang et al. a precise targeting
delivery system cRGD-R9-cholesterol-PEI-PEG (RRCPP) NPs, was developed by incorporating
cholesterol, PEG, and the cell-penetrating peptide conjugate cRGD (R8-cRGD) into a low-MW
PEI'?, The R8-cRGD alteration helped the RRCPP delivery system's improved siRNA absorption

efficiency The study focused on Weel, an oncogenic nuclear kinase that controls the G2/M
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checkpoint in the cell cycle and is often overexpressed in melanoma and indicates a poor prognosis.
Weel siRNA was delivered using RRCPP NPs, forming an RRCPP/siWeel complex. This
complex strongly suppressed the expression of the Weel gene (>60% suppression), and it also
incited death in B16 tumor cells by inhibiting the G2M checkpoint and DNA damage in vitro.
Moreover, the complex effectively inhibited lung metastasis (almost 66% inhibition rate) and

subcutaneous xenograft model B16 tumor growth (nearly 85% inhibition rate) (Fig. 8)!%.
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Fig. 8. Scheme representing that cRGD-R9-cholesterol-PEI-PEG (RRCPP) NPs/siWeel (Weel-
targeting siRNAs) complex capably induced B16 cells apoptosis by activating cell-cycle disorder
and DNA damage. Reproduced from ref. % with permission from American Chemical Society,
copyright 2024.
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In 2011, Zhou et al. reported a novel cationic nanogel called heparin-PEI (HPEI) for
efficient gene delivery. In their study, they constructed a highly efficient interleukin-15 (IL-15)
plasmid and investigated the impact of HPEI-pIL-15 complexes on lung distribution levels and
their anticancer effects against lung metastases of CT26 colon cancer and B16-F10 melanoma'!?,
Their work demonstrated that animals treated with HPEI-pIL-15 exhibited a reduced tumor
metastasis index compared to other treatments. Intravenous injection of the HPEI-pIL-15 complex
resulted in the maximum plasmid circulation levels in the lungs, as compared to PEI2K-pIL-15
and PEI25K-pIL-15 complexes. Additionally, levels of interferon-y and tumor necrosis factor-o in
the serum increased, along with an increment in the number of natural killer cells infiltrating the
tumor tissues in plL-15-treated mice. In addition, the HPEI-pIL15 group showed activation of
apoptosis and suppression of cell proliferation in lung tumor foci!!?. Liu et al. have established a
nonviral gene vector termed PEI-P123-R13 by crosslinking pluronic P123 (P123) and LMW PEI,
and subsequently conjugating a bifunctional peptide R13 (arginine-glycine-aspartate-cysteine,

RGDC) to the polymer for tumor targeting and enhanced cellular absorption!!! 112,

In comparative studies using two different cell lines, PEI-P123-R 13 exhibited significantly
low cytotoxicity and high gene transfection efficacy than PEI 25 kDa (Hela and B16). This novel
polymer holds promise as a low-cytotoxicity and highly effective gene delivery agent. However,
it is important to find out if PEI-P123-R13 could demonstrate the same exceptional qualities,
including stability over multiple cycles, tumor targeting specificity, non-cytotoxicity, and efficient
in vivo transfection!'!. Following a single subcutaneous dose, the NP vaccination significantly
increased the frequency of neoantigen-specific CD8+ T cells in the systemic circulation, reaching
up to 23 + 7%. This was attributed to the vaccine's ability to enhance dendritic cell activation and
antigen cross-presentation. Despite the potent immune response, the initial anti-tumor efficacy was
modest, as the activated CD8+ T cells in circulation showed restricted tumor infiltration. However,
they achieved high anti-tumor efficacy by promoting tumor infiltration of vaccine-primed CD8+
T cells through local delivery of a STING agonist. In animal models of MC-38 colon cancer and
B16F10 melanoma, the NP vaccine and STING agonist therapy eradicated the tumors and created
long-lasting immune memory. For individualized cancer immunotherapy, this method offers a

fresh treatment approach based on combination nano-immunotherapy ''3.
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4.2.  PEI-based drug co-delivery nanosystems

PEI-based nanosystems, for instance, offer a versatile platform for targeted drug delivery,
facilitating the efficient delivery of therapeutic agents into cancer cells while minimizing systemic
toxicity. Several strategies have been employed to achieve controlled release of drugs from PEI-
based nanosystems, thereby optimizing their therapeutic efficacy and minimizing systemic
toxicity™ 26, These include stimulus-responsive drug release systems, such as pH-responsive or
enzyme-responsive NPs, which exploit the acidic tumor microenvironment or specific enzymatic
activities within cancer cells to trigger drug release®® 34, Kodama et al. reported a novel gene
delivery vector utilizing methotrexate (MTX)-coated plasmid DNA-PEI (pDNA—PEI) complexes
through electrostatic binding. In the B16-F10 mouse melanoma cell line, these pDNA-PEI-MTX
demonstrated gene expression efficiency comparable to cationic pPDNA—PEI complexes. The
MTX complexes were absorbed by the folate receptor through the cell-specific uptake pathways.
Notably, the MTX120 complexes exhibited no signs of blood aggregation. After being
administered intravenously, MTX120 complexes had a higher transgene efficiency in the liver and
spleen than PEI complexes. MTX complexes are therefore anticipated as a potential gene vector

in the future!'!4.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Xu et al. fabricated PEI-CA-DOX conjugates, through the conjugation of doxorubicin
(DOX) to PEI through cis-aconitic anhydride (CA; a pH-sensitive linker). They subsequently
utilized these conjugates to form PEI-CA-DOX/siRNA complex NPs through electrostatically

Open Access Article. Published on 11 November 2024. Downloaded on 11/23/2024 12:58:00 AM.

interaction between anionic siRNA and cationic PEI-CA-DOX. The drug release experiments

(cc)

revealed that DOX was released more quickly at acidic pH levels compared to neutral pH (7.4).
Also, when applied to B16F10 cells, PEI-CA-DOX/Bcl2 siRNA combination NPs exhibit greater
cytotoxicity and apoptosis induction than DOX or Bcl2 siRNA alone (Fig. 9A). The efficacy of
PEI-CA-DOX/Bcl2 siRNA complex NPs was further demonstrated in vivo, when administered
directly into the lungs of B16-F10 melanoma-bearing mice. This localized codelivery approach
led to enhanced anticancer activity with minimal adverse effects on healthy lung tissues (Fig. 9B).
A significant portion of these drugs and siRNA accumulate in lung tumor tissues, but very
infrequently in normal lung tissues. This pulmonary delivery strategy holds promise for effective

cancer therapy while reducing systemic toxicity!!>.
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Fig. 9. (A) Representation of pulmonic co-delivery of DOX and siRNA to the lungs: (I, II) DOX
and siRNA pass in within trachea, bronchi, and alveolus; (III) DOX and siRNA were co-delivered
to cancerous cells (metastatic). (B) Images of lungs attained from C57BL/6 mice. Healthy lungs
of mice without BI6F10 cell implantation was considered as control group ((n = 6) and other
groups represent the lungs status of mice with BI16F10 cell implantations via pulmonary
administration of PBS, PEI/Bcl2 siRNA nanoparticles, free DOX, PEI-CA-DOX/Nc siRNA NPs,

and PEI-CA-DOX/Bcl2 siRNA NPs, respectively, (n= 6). Reproduced from ref. ' with
permission from American Chemical Society, copyright 2024.



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00802b

Page 27 of 37

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 11 November 2024. Downloaded on 11/23/2024 12:58:00 AM.

(cc)

Materials Advances

View Article Online
DOI: 10.1039/D4MA00802B

In 2008, Wang et al. developed Thioketal-crosslinked PEI (TK-PEI) to condense the p53

gene into nanocomplexes (NCs), which were then coated with hyaluronic acid (HA) modified with

pheophytin a (Pha) to enhance their colloidal stability and enable cancer cell targeting!'®. In their

studies they observed that endosomal membranes were disrupted and p53 gene was more

expressed for anti-cancer gene therapy using short-term (8-minute) light irradiation, which in turn

induced controlled levels of ROS. Subsequently, long-term (30-minute) light irradiation during the

post-transfection stage produced fatal levels of ROS, synergistically inducing cancer cell death,

and supporting the efficacy of p53 gene therapy. These results demonstrate a novel approach

utilizing light-triggered ROS generation to enhance targeted cancer therapy via TK-PEI/p53-HA-

Pha nanocomplexes 6. In 2021, Park et al. have reported a personalized immunization platform

based on PEI for the coordinated delivery of neoantigen peptides and CpG adjuvants encapsulated

in small NPs!13,
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Fig. 10. Schematic representation of synthesis of charge-reversal micelles (PPC@HA), targeted
drug delivery and improved cellular uptake of the fabricated chemo-photodynamic nanomedicine
for melanoma therapy. Reproduced from ref.!!” with permission from Elsevier, copyright 2024.
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Huang et al. reported a novel strategy comprising of combinatorial chemo-photodynamic
approach for targeting melanoma, utilizing targeted drug delivery and the charge-reversal
phenomenon to enhance cellular uptake (Fig. 10). They synthesized an amphiphilic Pt(IV)-PEI-
chlorin e6 (Pt(IV)-PEI-Ce6) polymer, which self-assembled into NPs termed PPC in an aqueous
solution'!”. These NPs were further layered with HA to form negatively charged PPC@HA. The
negatively charged PPC@HA decreased the monocyte-phagocyte system (MPS) clearance
throughout system circulation and improved its targeted delivery to melanoma cells that
overexpress CD44. Hyaluronidase overexpression in the tumor caused HA breakdown upon
accumulation to release the positively charged PPC, which led to an increase in PPC internalization

into tumor cells 117,

Recently in 2023, researchers developed a novel gene delivery system termed as GEMNS-
PEI/pDNA, designed to transport genes into B16F10 cells using green fluorescent protein (GFP)
expression in pPDNA and graphene-encapsulated magnetic nanoparticles (GEMNS) coated with
branched PEI. The transfection efficacy of this system was assessed using PCR and confocal
microscopy. The results highlighted that the complex effectively facilitated gene transfection in
melanoma cells when used as intended. This approach represents a promising non-viral vector for
delivering naked nucleic acids into eukaryotic cells for targeted gene delivery in melanoma
therapy!'8. Lei et al.!!? fabricated HA-mediated microneedle biomineralized melanin NPs (derived
from cuttlefish ink (CFI) which possess antioxidative and photothermal properties), and further
entrapped inside amorphous silica shell (a resource for bioactivity towards stimulating skin tissue
regeneration). PEI and silica were coated over these materials for improving the zeta potential,
leading to superior penetrability and release of entrapped compounds through microneedles
systems. Further, this hybrid platform showed superior activity towards scavenging ROS leading
to controlled anti-inflammatory activity and regulating angiogenic gene expressions. Also, due to
their superior penetrability through skin, they exhibited excellent photothermal annihilation of the
residual subcutaneous tumor cells, leading to avoiding of reappearance and inhibition of

Staphylococcus aureus infections in the wound areas!!?.
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5. Conclusion and Future perspectives

Significant advancements in polymer science, materials science, chemistry, and
nanotechnology have facilitated the development and development of a diverse array of PEI-based
nanosystems. These systems are designed with the conjugation of various biological and
therapeutic molecules, making them highly versatile for numerous biomedical applications,
especially for skin cancer. Due to the distinct structural properties of PEIL, it is possible to
physically encapsulate drugs, genes, and proteins within PEI-Nsor to covalently attach these
molecules onto the nanosystems. This enables targeted delivery of these therapeutic agents into
specific cells or tissues. The versatility of PEI allows for the development of diverse nanosystems
tailored to address various challenges associated with skin cancer treatment, including drug
resistance, targeted delivery, and minimizing systemic toxicity!?°. Despite PEI's potential as a
leading second-generation non-viral vector, several critical issues must be discussed before it can
be clinically translated for cancer theranostics. Although PEI exhibits notable cytotoxicity, various
surface modification techniques can enhance its biocompatibility. However, extensive research
studies are warranted to determine the most suitable surface modification methods for specific
research objectives. Moreover, the PEI’s type and molecular weight significantly influence drug

loading efficiency, yet the connection among these factors remains indistinct. It is also important

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

to note that although varied targeting agents have been established, their drug delivery efficacy

remains low, characteristically under 5%. Thus, the delivery effectiveness of PEI-based systems
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must be enhanced for effective cancer theranostics. Nonetheless, while instant toxicity at in-vivo

(cc)

level seems negligeable with suitable surface modifications, the enduring biodegradability and

biosafety of PEI-based systems require thorough investigation.

Efforts should be made to design PEIl-based drug delivery systems that are either
biodegradable or sufficiently small to fall within the renal filtration threshold for rapid renal
clearance’. Lastly, regulatory hurdles and manufacturing challenges must be overcome. The
production of PEI-based nanosystems at a scale suitable for clinical use requires robust and
reproducible methods that meet stringent quality control standards. Furthermore, gaining
regulatory approval demands comprehensive preclinical data demonstrating safety and efficacy,
followed by well-designed clinical trials. Although substantial development has been made in PEI-
based nanomaterials for skin cancer treatment, continued research and collaboration across

disciplines are essential to overcome existing challenges. With sustained effort, these innovative
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nanosystems have the potential to revolutionize skin cancer therapy, offering more effective,

targeted, and safer treatment options for patients.
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