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Abstract

Allergic disorders rising in prevalence globally, affecting a substantial proportion of individuals in industrialized nations. The imbalance
in the immune system, characterized by elevated allergen-specific T helper 2 (Th2) cells and immunoglobulin E (IgE) antibodies, is a key
factor in allergy development. Allergen-specific immunotherapy (AIT) is the only treatment capable of alleviating allergic symptoms,
preventing new sensitizations, and reducing asthma risk in allergic rhinitis patients. Traditional AIT, however, faces challenges such as
frequent administration, adverse effects, and inconsistent patient outcomes. Nanoparticle-based approaches have emerged as a promising
strategy to enhance AIT. This review explores the utilization of nanoparticles in AIT, highlighting their ability to interact with the immune
system and improve therapeutic outcomes. Various types of nanoparticles, including polyesters, polysaccharide polymers, liposomes,
protamine-based nanoparticles (NPs), and polyanhydrides, have been employed as adjuvants or carriers to enhance AlIT’s efficacy and
safety. Nanoparticles offer advantages such as allergen protection, improved immune response modulation, targeted cell delivery, and
reduced side effects. This review provides an overview of the current landscape of nanoparticle-based allergen immunotherapy, discussing
its potential to revolutionize allergy treatment compared to traditional immunotherapy.
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1. Introduction from allergic rhinitis. This treatment modality addresses
the underlying immune dysregulation, offering relief and
long-term benefits to allergic individuals [5]. AIT works
by inducing allergen-specific tolerance through various
mechanisms, including changes in memory type allergen-
specific T- and B-cell responses, suppression of allergen-
specific IgE, and increased production of Immunoglobu-
lin G1 (IgG1) and Immunoglobulin G4 (IgG4) antibodies
[2,6]. However, traditional AIT approaches have some lim-
itations, such as the need for frequent administration, the
risk of adverse reactions, and the variable efficacy across
patients [7]. The field of immunotherapy has witnessed a
promising advancement with the introduction of nanopar-
ticles as a novel strategy in recent years. Nanoparticles
have gained attention for their potential to overcome the
limitations associated with traditional immunotherapy ap-
proaches. By utilizing nanoparticles (NPs), researchers aim
to enhance both the safety and efficacy of immunotherapy
treatments. This innovative approach involves designing
nanoparticles to interact with the immune system, harness-
ing their immunomodulatory properties to achieve more
targeted and effective therapeutic outcomes. The applica-
tion of nanoparticles in immunotherapy holds great promise
for improving patient care and managing various immune-

In the context of global health, the prevalence of al-
lergic conditions is on the rise, posing a significant chal-
lenge. Industrialized nations witness a substantial impact,
with over 25% of their population grappling with the con-
sequences of allergies. This statistic emphasizes the critical
need for advanced healthcare solutions to address this bur-
geoning issue [1,2]. Allergic reactions are closely associ-
ated with an increased presence of allergen-specific CD4™
T helper 2 (Th2) cells in affected individuals. These Th2
cells release specific cytokines, including interleukin (IL)-
4, IL-5, and IL-13, which play a crucial role in driving the
allergic response. As a result, the body produces elevated
levels of allergen-specific immunoglobulin E (IgE) anti-
bodies, contributing to the manifestation of allergy symp-
toms [3,4]. The imbalance in the immune response, char-
acterized by the overproduction of certain cytokines and
allergen-specific antibodies, is a critical factor in the de-
velopment of allergic symptoms. Allergen-specific im-
munotherapy (AIT) stands out as a unique and effective
treatment approach in this regard. AIT has proven to be the
only therapeutic strategy capable of significantly improv-
ing allergic symptoms, preventing new allergen sensitiza-
tions, and reducing the risk of asthma in patients suffering
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related disorders [8]. Nanoparticles possess unique capa-
bilities, allowing for their customization to engage with
the immune system’s processes. This tailored design har-
nesses the immunomodulatory attributes of nanoparticles,
presenting a novel therapeutic strategy with significant po-
tential [9]. Various types of nanoparticles (NPs) have
been extensively researched and developed to enhance the
performance and safety of allergen-specific immunother-
apy (AIT). These NPs, such as polyesters, polysaccha-
ride polymers, liposomes, protamine-based nanoparticles,
and polyanhydrides, serve as adjuvants or carriers, im-
proving the overall efficacy of AIT. The diverse range of
nanoparticle categories contributes to the advancement of
immunotherapy by providing targeted and controlled de-
livery systems for allergens, thereby optimizing therapeutic
outcomes [10]. NPs provide multiple benefits in the context
of allergen-specific immunotherapy (AIT), particularly in
the case of oral immunotherapy (OIT). One significant ad-
vantage is their ability to protect the encapsulated allergen
by creating a barrier against proteolytic enzymes, ensuring
the allergen’s integrity. This protection is crucial for OIT,
as the allergen-containing vaccine must survive the chal-
lenging environment of the gastrointestinal tract during its
journey to induce immune tolerance [4,11]. The unique
properties of nanoparticles make them highly suitable as
prospective adjuvants in allergen-specific immunotherapy
(AIT). Their small size facilitates efficient interaction with
immune cells, while surface modification capabilities allow
for targeted delivery and enhanced immunomodulatory ef-
fects. Additionally, biodegradability and biocompatibility
ensure the safety and compatibility of nanoparticles with
biological systems, making them an ideal candidate to im-
prove AIT outcomes [4]. Nanoparticles can enhance the
immune response to the allergen, promoting a desirable T
helper 1 (Th1)/Treg response and suppressing the detrimen-
tal Th2 response [12,13]. Nanoparticles can target specific
cell populations, such as antigen-presenting cells, to im-
prove the efficacy of allergen presentation and modulation
of the immune response. Importantly, nanoparticle-based
AIT formulations have shown the potential to reduce side
effects, such as anaphylactic reactions, by decreasing IgE-
mediated signaling and histamine release, thereby enhanc-
ing patient safety [10]. This comprehensive review will
discuss the current state of nanoparticle-based allergen im-
munotherapy, including the various types of nanoparticle
use.

2. Allergies: Causes and Symptoms
2.1 Types of Allergies

Allergies are heightened immune responses to usu-
ally benign environmental substances known as allergens.
There are various types of allergies, including respiratory
allergies like hay fever (allergic rhinitis), caused by ex-
posure to airborne allergens like pollen, dust mites, mold,
and pet dander. Symptoms include sneezing, runny nose,

nasal congestion, and itchy/watery eyes [14—17]. Food al-
lergies are immune reactions to specific proteins in foods
like peanuts, tree nuts, eggs, milk, soy, wheat, fish, and
shellfish [18,19]. Symptoms can include hives, swelling,
digestive issues, and, in severe cases, anaphylaxis [20—
22]. Skin allergies, such as eczema (atopic dermatitis), are
caused by contact with allergens that trigger inflammation
and skin irritation. Symptoms include redness, itching, and
rashes [15,17,23]. Drug allergies are adverse immune re-
actions to medications, which can range from mild rashes
to life-threatening anaphylaxis [15,24]. Allergic responses
to insect bites or stings, for instance, from bees, wasps, or
mosquitoes, may trigger swelling, rashes, and potentially
life-threatening anaphylaxis in susceptible people [25,26].

2.2 Common Allergens

The most common allergens that trigger allergic reac-
tions include pollen from trees, grasses, and weeds, which
significantly contribute to seasonal respiratory allergies like
hay fever [16,17,25]. Additionally, house dust mites and
their waste products are prevalent indoor allergens that can
provoke asthma and rhinitis symptoms [27]. Proteins found
in the skin, saliva, and urine of pets like cats and dogs can
cause allergic reactions in many people [17,28]. Indoor and
outdoor mold exposure can lead to allergic rhinitis, asthma,
and other respiratory symptoms [17,29]. The most common
food allergens are peanuts, tree nuts, shellfish, fish, eggs,
milk, soy, and wheat [21,22]. Stings or bites from insects
like bees, wasps, hornets, fire ants, and mosquitoes can trig-
ger severe allergic reactions in susceptible individuals [30].
Natural rubber latex, found in many products like gloves
and balloons, can cause contact dermatitis and other aller-
gic responses [31]. The prevalence and specific types of
allergens can vary by geographic region, climate, and other
environmental factors [17,32,33].

2.3 Mechanism of Allergic Disease

The process begins when an allergen is encountered
by antigen-presenting cells (APCs), such as dendritic cells.
These cells process the allergen and present its peptides
to naive T cells in the lymph nodes, leading to their dif-
ferentiation into T helper 2 (Th2) cells. Th2 cells secrete
cytokines, notably interleukin-4 (IL-4), interleukin-5 (IL-
5), and interleukin-13 (IL-13). IL-4 and IL-13 promote
class switching in B cells to produce immunoglobulin E
(IgE), while IL-5 is crucial for the activation and survival
of eosinophils [34,35]. The IgE antibodies bind to high-
affinity IgE receptors (FceRI) on mast cells and basophils,
sensitizing these cells to the allergen. Upon subsequent ex-
posure to the same allergen, it cross-links the IgE on sen-
sitized mast cells and basophils, triggering their degranu-
lation [36,37]. Degranulation releases a variety of media-
tors, including histamine, leukotrienes, and prostaglandins.
These mediators lead to vasodilation, increased vascular
permeability, bronchoconstriction, and recruitment of in-
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flammatory cells [38]. Eosinophils are recruited to the site
of allergen exposure through chemokines released during
the inflammatory response. They contribute further to tis-
sue damage and inflammation through the release of cyto-
toxic granules and additional cytokines [34]. In chronic al-
lergic diseases like asthma or allergic rhinitis, persistent ex-
posure to allergens can lead to ongoing inflammation char-
acterized by; damage to the epithelial barrier can occur
due to proteases released from mast cells and eosinophils,
which disrupt tight junctions between epithelial cells [39].
Eosinophils and other immune cells undergo metabolic re-
programming that supports their activation and survival in
the inflammatory milieu. This includes changes in lipid
metabolism that produce pro-inflammatory mediators [34].
Chronic inflammation can result in structural changes in af-
fected tissues, such as airway remodeling in asthma, char-
acterized by thickening of the airway walls and increased
mucus production. They recruit eosinophils, resulting in
tissue eosinophilia, and promote mucus production, goblet
cell metaplasia and airway hyperresponsiveness. In addi-
tion, innate lymphoid cells (ILCs) are primarily found in
mucosal tissues [40]. When activated, ILCs secrete numer-
ous cytokines that recruit other immune and inflammatory
cells, activate adaptive immune cells, and mediate physio-
logical and pathological responses [41]. IL-21 is a partic-
ipant of the type-I cytokine family manufactured through
numerous subsets of stimulated CD4 T cells and uses con-
trolling properties on a diversity of immune cells. It is con-
sidered the signature cytokine of Follicular cells due to its
role in promoting B cell proliferation and differentiation
into plasma cells. IL-21 is the most potent cytokine secreted
by T follicular helper (Tgy) cells. The ability of IL-21 to de-
crease IgE production indicates that IL-21 could potentially
alleviate the severity of allergies [42]. Fig. | displays the
mechanism of allergic disease.

3. Traditional Allergen Immunotherapy

Allergen-specific immunotherapy (AIT) aims to mod-
ulate the underlying pathophysiological mechanisms of al-
lergic reactions. The allergic response is initiated when an
allergen is endocytosed by the dendritic cells in the airway
epithelium [43]. These antigen-presenting cells then mi-
grate to the nearby secondary lymphoid organs, presenting
the allergen to naive T helper (ThO) cells [44]. The ThO cells
then differentiate into Th2 cells, which secrete a specific
profile of interleukins, including IL-4, IL-5, IL-13, IL-25
and IL-33. The cytokines secreted by Th2 cells are funda-
mental to the allergic response and production of IgE, in-
fluencing various aspects of the immune reaction and con-
tributing to the clinical manifestations of allergic diseases.
Understanding these cytokines provides insights into po-
tential therapeutic targets for managing allergic conditions
[45,46] (Fig. 2a, Ref. [9]).
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3.1 Subcutaneous Immunotherapy

Subcutaneous immunotherapy (SCIT) is an allergen
immunotherapy (AIT) that involves injecting allergens un-
der the skin to treat allergic diseases. This method is com-
monly used to manage conditions such as allergic rhinitis,
asthma, and other respiratory allergies [47,48]. SCIT ex-
poses the body to small amounts of allergens, which helps
desensitize the immune system over time [49,50].

Mechanism of Action

The mechanism of action of Subcutaneous Im-
munotherapy (SCIT) entails a complex series of interac-
tions within the immune system designed to promote tol-
erance to allergens. Initially, the allergen, usually provided
as an extract, is injected under the skin and taken up by lo-
cal immune cells [51]. Following this exposure, antigen-
presenting cells (APCs), particularly dendritic cells in the
skin, capture and process the allergen [52,53]. This pro-
cessing involves breaking down the allergen into smaller
peptides presented on the APC surface via Major His-
tocompatibility Complex (MHC) class II molecules [54].
The interaction between T cells and these allergen-derived
peptides occurs through T cell receptors (TCRs), leading
to T cell activation and proliferation [55]. The polariza-
tion of the immune response is significantly influenced
by the cytokines produced by APCs, such as interleukin-
10 (IL-10) and transforming growth factor-beta (TGF-[3)
[56,57]. These cytokines promote a shift towards produc-
ing allergen-specific IgG4 antibodies rather than IgE, ef-
fectively reducing the potential for allergic reactions [58].
Additionally, the activation of regulatory T cells (Tregs) oc-
curs, further enhancing the production of IL-10 and TGF-
3, suppressing the allergic response, and fostering immune
tolerance [59]. The activation of B cells also plays a crucial
role, as they produce allergen-specific antibodies, predom-
inantly 1gG4, which compete with IgE for allergen binding
[57,60]. This competitive inhibition diminishes the likeli-
hood of an allergic reaction [61]. The presence of adju-
vants, such as aluminum hydroxide, can augment this im-
mune response by prolonging allergen exposure, thereby
enhancing the overall efficacy of the treatment [62]. Re-
peated exposure to the allergen through regular SCIT in-
jections leads to the development of tolerance, character-
ized by a decrease in allergic symptoms over time [63].
As the immune system adapts, it generates higher levels of
IgG4 antibodies, which block allergen binding to IgE, fur-
ther contributing to symptom relief [64]. The cumulative
effects of these mechanisms ultimately result in a signifi-
cant reduction in allergic symptoms and an improvement
in the patient’s quality of life, underscoring the therapeutic
potential of SCIT in managing allergic conditions [52,57]
(Fig. 2b).
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Fig. 1. Mechanism of allergic disease. The process initiates with dendritic cells (DCs) capturing allergens. These DCs then move to

the draining lymph nodes, where they present peptides derived from the allergens on major histocompatibility complex (MHC) class

IT molecules to naive T cells. With the aid of various co-stimulatory signals and cytokines, these T cells differentiate into Th2 cells.

Th2 cells primarily release type 2 cytokines that contribute to allergic inflammation, such as IL-4, IL-5, and IL-13. Additionally, T

follicular helper (Try) cells produce IL-21, IL-4, and IL-13, which facilitate B-cell class switching to IgE, plasma cell maturation, and

the generation of allergen-specific IgE. The IgE antibodies released by plasma cells attach to FceRI receptors on mast cells and basophils.

When exposed to the allergen again, this interaction leads to the degranulation of mast cells and basophils. Importantly, IL-21 promotes

selective apoptosis of IgE-committed B cells, which decreases IgE production in its presence. DC, Dendritic Cell; FceRI, Fc Epsilon

Receptor I; Ig, Immunoglobulin; IL, Interleukin; ThO, T helper Cell. Created with BioRender.com.

3.2 Sublingual Immunotherapy

Sublingual immunotherapy (SLIT) is a form of aller-
gen immunotherapy that involves administering allergen
extracts under the tongue rather than through subcutaneous
injections, as in traditional subcutaneous immunotherapy
(SCIT) [65]. SLIT has emerged as an alternative to SCIT,
offering potential advantages in terms of safety, conve-
nience, and patient acceptance [66].

Mechanism of Action

The mechanism of action of Sublingual Immunother-
apy (SLIT) involves a series of complex interactions within
the immune system. Below is a detailed summary of the
critical processes involved: The allergen is introduced un-
der the tongue and absorbed through the oral mucosa [67].
This route allows direct interaction with the immune system
without needing injection [68]. Antigen-presenting cells
(APCs) capture the allergen, particularly Langerhans cells,

in the oral mucosa [69]. These cells are abundant in IgE
receptors, enhancing their ability to efficiently uptake al-
lergens [70,71]. Once captured, APCs process the allergen,
breaking it into smaller peptides [72,73]. These peptides
are then presented on the surface of the APCs using ma-
jor histocompatibility complex (MHC) class II molecules,
which are crucial for T cell recognition [74,75]. T cells in-
teract with the allergen peptides presented by APCs through
their T cell receptors (TCRs) [76,77]. This interaction leads
to T cell activation and subsequent proliferation, essential
for mounting an immune response [78,79]. Several factors
influence the polarization of the immune response: APCs
secrete cytokines such as interleukin-10 (IL-10) and trans-
forming growth factor-beta (TGF-5) [51,59,80]. These cy-
tokines help direct the immune response towards produc-
ing allergen-specific IgG4 antibodies instead of IgE, which
is typically responsible for allergic reactions; regulatory T
cells are activated during this process and produce IL-10
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Fig. 2. Mechanisms of Allergic Reactions and Immunotherapy: From Allergen Recognition to Antibody Response. (a) The
allergic reaction initiates with the allergen being captured by airway epithelial dendritic cells (DCs) through endocytosis. These DCs
then migrate to nearby secondary lymphoid organs, such as lymph nodes, where they present the antigen to naive T helper cells (ThO).
Subsequently, ThO cells differentiate into Th2 cells, which release specific interleukins that promote the production of allergen-specific
IgE antibodies, triggering an allergic response. In contrast, (b) allergen-specific immunotherapy, including subcutaneous immunotherapy
(SCIT), sublingual immunotherapy (SLIT), and intralymphatic immunotherapy (IIT), introduces the antigen in various forms (peptides,
recombinant, or protein complexes) to stimulate the differentiation of naive T cells into distinct subsets. These subsets include Thl cells,
which produce interferon-gamma (IFN-v), and regulatory T cells (Treg) expressing Foxp3, which secrete interleukin-10 (IL-10) and
transforming growth factor-beta (TGF-3). Additionally, T follicular helper cells (Trn) expressing CXCRS contribute to the production
of IL-21 and IL-4, aiding in the synthesis of IgA1, IgA2, and IgG4 antibodies. These antibodies counteract the allergen-specific IgE
response, thereby mitigating allergic symptoms. AIT, allergen immunotherapy. Reproduced with permission from Pavon-Romero ef al.
[9], Cells; published by MDPI, 2022.

and TGF-4, which suppress the allergic response and pro- 3.3 Intralymphatic Immunotherapy
mote tolerance to the allergen [81]. The allergen also stimu-
lates B cells and produces allergen-specific antibodies, par-
ticularly IgG4. These IgG4 antibodies compete with IgE for
allergen binding, diminishing the likelihood of an allergic
reaction [82]. The oral mucosa is considered an immune-
privileged site, which enhances the potential for tolerance
induction [83]. The presence of mucosa-associated lym-
phoid tissue (MALT) and the unique environment of the
oral cavity play significant roles in developing oral toler-
ance [84,85]. Over time, the immune system becomes de-
sensitized to the allergen, reducing allergic symptoms. The
long-term efficacy of SLIT is attributed to the production of
blocking antibodies (IgG4) and the induction of regulatory
T cells, which help maintain this tolerance [86] (Fig. 2b).

Intralymphatic immunotherapy (ILIT) represents a
novel approach to treating allergies, particularly allergic
rhinitis [87]. This method aims to enhance the efficacy and
safety of allergen immunotherapy by delivering allergens
directly into the lymphatic system [3,88]. Conventional
allergen-specific immunotherapy (AIT) requires multiple
injections over several years, which can be inconvenient
and lead to poor patient compliance [89,90]. ILIT offers
a more efficient alternative, requiring fewer injections and
potentially achieving faster desensitization [91-93]. This
therapy particularly appeals to patients who struggle with
the lengthy protocols of traditional immunotherapy [88].

Mechanism of Action

ILIT injects allergens directly into a lymph node, a
critical site for immune response modulation [94]. This
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method leverages the lymphatic system’s natural role in
immune function, allowing for a more targeted and effi-
cient immune response [95]. By delivering allergens di-
rectly to the lymph nodes, ILIT stimulates a robust immune
response, promoting the production of specific antibodies
(IgG) that can block the effects of IgE, the antibody respon-
sible for allergic reactions [92,96]. ILIT enhances the ac-
tivation of regulatory T-cells, which play a crucial role in
developing immune tolerance [97]. This shift in immune
response can lead to long-term tolerance to allergens, reduc-
ing symptoms even after treatment cessation. Compared
to traditional subcutaneous immunotherapy, ILIT has been
associated with fewer systemic allergic reactions, as the al-
lergen is introduced in a controlled manner directly into the
lymphatic system rather than circulating through the blood-
stream [98] (Fig. 2b).

4. Application of Nanotechnology in the Field
of Immunotherapy

Nanotechnology has been used in immunotherapy to
improve effectiveness and reduce side effects, particularly
in treating cancer and infectious diseases. In the last thirty
years, a range of polymers have been employed to produce
nanoparticles (NPs) that can transport proteins and nucleic
acids for medicinal intentions [99,100]. NPs are regarded
as the primary element of nanomaterials (NMs), possess-
ing distinct physical boundaries and at least one dimension
within the nano-scale range [101]. These particles come
in different forms with varying chemical compositions and
physical properties, such as size, solubility, morphology,
surface chemistry, and charge [102]. These properties can
be adjusted to suit specific biomedical needs. The biocom-
patibility of NPs is crucial for their biological applications
and is heavily influenced by their physicochemical proper-
ties. Moreover, attributes such as biodistribution, mecha-
nisms of cellular uptake, and potential toxicity of nanopar-
ticles are predominantly influenced by their surface proper-
ties and size [103].

4.1 Potential Therapeutic Use of Nanoparticles for
Treating Allergies

Recent research has shown that nanoparticles (NPs)
have the potential to positively impact the way allergenic
extracts or single allergens interact with the immune sys-
tem. The development of safer and more potent vaccines
and immunosuppressive agents is a direct outcome of har-
nessing this innovative approach. NPs can act as adjuvants,
stimulating the immune system to respond more effectively
to vaccine antigens. The size of the particles can be ad-
justed to improve antigen delivery, and their chemical na-
ture, solubility, and shape can protect antigens from degra-
dation and allow for targeted delivery to specific tissues
or cells. This strategy holds the potential to revolutionize
treatment by significantly reducing the required antigen or
drug dosage while maintaining optimal efficacy, particu-

larly in oral or mucosal administration where antigens are
vulnerable to degradation.

Furthermore, NPs can specifically target immune cells
by incorporating ligands or agonists, enhancing their abil-
ity to engage in adjuvant activities [104]. By protecting
antigens at the administration site and allowing for gradual
release, NPs can create a “depot” effect, maintaining sta-
bility and conformation of the antigens. Additionally, the
repetitive spatial organization of antigens within NPs can
further enhance their therapeutic potentially conjugating
nanoparticles (NPs) with specific ligands of Toll-like recep-
tors (TLRs) or other receptors present on antigen-presenting
cells (APCs), it becomes possible to not only target these
cells precisely but also modulate their functional response.
This targeted approach can elicit a more tailored and ef-
fective immune reaction, offering a promising strategy for
various immunotherapeutic applications. The ability to in-
fluence APCs behavior contributes to the development of
customized immune responses, which is essential for treat-
ing immune-related disorders [105]. Nanoparticles (NPs)
not only promote immune tolerance but can also be utilized
to suppress or hinder undesired immune responses linked
to autoimmune conditions and allergies. This is achieved
by directly exerting immunosuppressive effects on immune
cells such as antigen-presenting cells (APCs), T cells, and
B cells or by enhancing the delivery of immunosuppressive
agents through increased solubility and bioavailability. The
elevation of cytokines like TGF-3 and IL-10, associated
with regulatory T cells (Tregs) responsible for regulating
effector cell function and inducing cell death, is crucial in
directly impacting immune cells [104,106]. The steps of
the nanoparticle-based allergy immunotherapy mechanism
to reduce allergy are summarized as follows; The process
begins with the administration of allergen-loaded nanopar-
ticles. These nanoparticles are designed to carry allergenic
molecules to the immune system. The nanoparticles are
taken up by professional antigen-presenting cells (APCs),
such as dendritic cells. The APCs process the allergen anti-
gens and present them on their cell surface. The APCs
present the allergen peptides on MHC class II molecules
to naive CD4 T cells, leading to their activation. The
nanoparticle-based delivery system helps to redirect the al-
lergic TH2 responses towards a Ty; or T regulatory (Treg)
cell response. This shift is characterized by an increase
in Ty cytokines (IL-2, IL-12, and IFN-v) and/or Tgeg Cy-
tokines (IL-10 and TGF-f3), and a decrease in Ty, cytokines
(IL-4, IL-5, IL-13), which in turn reduces IgE production.
The shift in the immune response leads to a decrease in the
activation of basophils, mast cells, eosinophils, and the re-
lease of inflammatory mediators, which are responsible for
allergic symptoms (Fig. 3).

An illustration of this concept is demonstrated by
spherical fullerene nanoparticles, which exhibit immuno-
suppressive properties in cases of anaphylaxis. These
nanoparticles exhibit the ability to mitigate IgE receptor-
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mediated signaling, hindering the degranulation of human
mast cells and basophils in vitro. Furthermore, in vivo study
demonstrate their efficacy in preventing histamine release
and reducing body temperature during allergen exposure in
a mouse anaphylaxis model, showcasing their potential in
managing allergic reactions [107]. Moreover, nanoparti-
cles can be specifically engineered to engage with the im-
mune system, utilizing their immunomodulatory properties
for therapeutic purposes. This suggests that novel nanopar-
ticle formulations involving allergens could pave the way
for alternative therapeutic strategies or routes of adminis-
tration [108]. Additionally, recent advancements have in-
troduced nanoparticle-based approaches in allergy diagno-
sis, showcasing that encapsulating hydrophobic allergens
within poly-e-caprolactone nanoparticles can enhance the
detection of allergic contact dermatitis [109].

4.2 Delivery Systems for Allergens Using Nanoparticles

Nanoparticles have emerged as a promising approach
for delivering allergens in immunotherapy, garnering sig-
nificant attention due to their potential as adjuvants in al-
lergy treatment. The incorporation of allergens into these
delivery systems has been shown to significantly impact the
effectiveness of allergy vaccines, highlighting the impor-
tance of this innovative approach in allergen immunother-

apy [110].

4.2.1 Biodegradable Polymeric Nanoparticles

Among the various types of nanoparticles in Table 1
(Ref. [110-123]), biodegradable polymeric nanoparticles
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have been extensively studied for their potential in allergen
delivery systems. These colloidal carriers, ranging in size
from 10 to 1000 nm, can be categorized into nanocapsules
and nanospheres based on their structure and drug delivery
mechanisms [124]. The choice between these nanoparticle
types depends on the specific preparation method, show-
casing the versatility and customization options available
in nanoparticle-based allergen-delivery systems. Catego-
rizing NPs for allergen complex preparation based on chem-
ical composition may involve polyesters with adjustable
properties. Polysaccharide polymers like chitosan are fa-
vored for their ability to target mucosal tissues and boost
mucosal immunity. Carbohydrate-based particles, lipo-
somes, protamine-based nanoparticles, and polyanhydrides
offer customization options for immunogenicity and deliv-
ery routes [125].

Research has revealed the potential of poly (gamma-
glutamic acid) (7-PGA) nanoparticles as powerful acti-
vators of human monocyte-derived dendritic cells, stim-
ulating the release of chemokines and inflammatory cy-
tokines, and upregulating costimulatory molecules essen-
tial for effective T cell priming. These biodegradable NPs
can also activate innate immune cells in vitro and trig-
ger antigen-specific responses in vivo via the TLR4 and
MyD88-dependent pathway. Moreover, their ability to
modulate both innate and adaptive immunity by acting
as host sensors makes them highly promising candidates
as adjuvants and antigen carriers in allergen-specific im-
munotherapy, offering a novel approach to allergy treat-
ment [126].
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Table 1. Categories of nanomaterials/nanoparticles applied in allergen immunotherapy.

Nanomat.erlals/ Definition Advantage Example of application References
nanoparticles
Polyesters Polymeric nanoparticles are Biocompatibility, safety, Poly (glutamic acid) (PGA) and [111-113]

used as carriers for vaccines, biodegradability. poly (lactic-co-glycolic acid)

allowing for precise delivery (PLGA) as biodegradable

of antigens or adjuvants. synthetic polymer nanocarriers.

Polysaccharide Polymers readily produced Reduced production expenses, Chitosan carries a cationic [114,115]
polymers and from natural sources include compatibility with biological charge that can boost endocytosis

carbohydrate-based

poly(d-glucosamine) and  systems, ability to decompose

and acts as an adjuvant by

particles chitosan. This particular ~ naturally, and lack of harmful promoting the maturation of
polysaccharide is notably effects. dendritic cells (DCs).
abundant and is extracted
from shrimp shells and other
crustaceans.
Liposomes Spherical vesicles are made Improve how well the protein Oligomannose-coated liposomes, [116—119]

of one or more layers of dissolves and is absorbed,

phospholipids that create  ensure it stays stable inside the
water-filled spaces. This  body, and target the drug to the
unique structure helps trap right place.
and transport both
water-loving and

water-repelling molecules.

OMLs, made from mannotriose
and dipalmitoyl
phosphatidylethanolamine
(Man3-DPPE), can trigger a
robust Th1 immune response in
mice, leading to high IFN-y
production and reduced IL-4
production.

Protamine-based Biodegradable peptides rich Protamine-based nanoparticles DNA or RNA oligonucleotides [120,121]
NPs in arginine, around 4 kDa in  can effectively deliver their can form complexes with
size, have been used in contents into the nucleus, Protamine nanoparticles (NPs)
human medicine for many enhancing the effectiveness of  via electrostatic interactions,
years. targeted gene therapy. leading to highly stable and
biocompatible structures.
Polyanhydrides Amphiphilic polyanhydride The polymer composition can Gantrez AN-119 is a unique [122]
nanocarriers have special ~ be adjusted to control release copolymer synthesized from
abilities to control immune kinetics, antigen retention, and  methyl vinyl ether and maleic
responses and are also adjuvant effect, especially by  anhydride, offering a versatile
considered safe. focusing on the level of platform for allergen-based
hydrophobicity. therapies. Its reactive nature
towards amino groups facilitates
the efficient loading and
conjugation of various proteins,
including allergens, making it a
valuable tool in the development
of allergen-specific
immunotherapies.
Poly (gamma- It is a substantial protein ~ The amphiphilic nature of the Ovalbumin (OVA) was [110,123]
glutamic acid) produced by specific strains ~ hydrophobically modified effectively enclosed in the

(v-PGA)

of Bacillus bacteria. It is ~-PGA copolymer facilitates

composed of ~-linked the spontaneous formation of
glutamic acid units with nanoparticles. This inherent
«a-carboxylate side chains, property simplifies the process
contributing to its unique of creating nanostructures,

biological properties and  making it an attractive material
potential applications in for various applications in
immunology and nanotechnology and drug

biotechnology. delivery systems.

nanoparticles without causing
harm to HL-60 cells.
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In the pursuit of effective allergen delivery systems,
poly(vinylpyrrolidone) (PVP) nanoparticles have shown
great promise. A notable study by Madan et al. [127],
demonstrated the successful entrapment of antigens from
Aspergillus fumigatus, a fungus associated with various al-
lergic diseases. This research revealed that PVP nanoparti-
cles provided sustained release, maintaining IgG antibody
levels for an extended period of 12 weeks in male BALB/c
mice, compared to just 7 days with free antigen immuniza-
tion. Furthermore, the nanoparticles exhibited lower IgE
levels compared to free allergens, suggesting their poten-
tial in reducing allergic reactions and providing a more con-
trolled immunological response [106].

4.2.2 Non-biodegradable Polymeric Nanoparticles

Studies are underway to investigate the use of non-
biodegradable nanoparticles, crafted from diverse materials
like latex, gold, silica, or polystyrene, as antigen carriers to
enhance immune responses [egs. [128]]. These particles
can present the antigen to the immune system for longer, en-
hancing immunogenicity [129]. Polystyrene nanoparticles
provide technological advantages in immunotherapy due to
their customizable surface functional groups. These groups
enable effective binding with various antigens, ensuring a
robust connection. When the antigen is chemically linked
to the nanoparticle, it elicits stronger cellular and humoral
immune responses compared to instances where the anti-
gen is merely absorbed, highlighting the significance of this
design in enhancing immunological reactions [130]. Latex
particles have been demonstrated to exhibit superior presen-
tation by MHC-Class I molecules compared to soluble anti-
gens or those presented through MHC-Class 11 molecules.
Additionally, gold nanoparticles have shown promise in
enhancing the delivery of DNA vaccines into cells, fur-
ther expanding the potential applications of nanoparticles
in immunotherapy and gene delivery systems [131]. Re-
cent studies have revealed that combining gold nanoparti-
cles with alum can significantly boost the immune response
to specific antigens, suggesting a synergistic effect. How-
ever, it is important to note that non-biodegradable particles
generally demonstrate lower efficiency in antigen presenta-
tion compared to their biodegradable counterparts, which
may impact their overall effectiveness in immunological
applications [132—134].

4.2.3 Solid Lipid Nanoparticles (SLNs) an Advanced
Allergen Immunotherapy Delivery

Solid lipid nanoparticles (SLNs) are considered to be
more advanced nano-delivery systems than vesicular sys-
tems [135]. SLNs were created and hold potential for
extended stability, drug targeting, and controlled release
[136,137]. SLNs provide several significant advantages
including improved solubility, minimized side effects, en-
hanced drug bioavailability, ability to encapsulate both hy-
drophilic and hydrophobic drugs, improved stability, speci-
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ficity, and potential for mass production [138,139]. Herein,
several studies demonstrate the ability of lipid nanoparti-
cles to be used in the industry as a method of delivering
allergens; Nassimi et al. [140] showed how phospholipid-
and triglyceride-based SLN in a 30:70 ratio can be used
for potential pulmonary purposes. In addition to evalu-
ating cytokine activation, they also evaluated the toxic-
ity profile of these SLNs using in vitro, ex vivo, and in
vivo models. Upon nebulizing the SLN into mice, re-
searchers observed no activation of the pro-inflammatory
cytokines keratinocyte-derived chemokine (KC) and TNF-
« [140]. Lv et al. [141], developed innovative solid lipid
nanoparticles (SLNs) loaded with rhynchophylline (Rhy)
to enhance treatment outcomes in a mouse model of aller-
gic asthma. The researchers utilized ovalbumin to induce
the asthma model and subsequently evaluated the thera-
peutic potential of these SLNs. The study revealed that
Rhy-loaded SLNs exhibited superior efficacy in mitigat-
ing inflammation, airway remodeling, and oxidative stress
associated with ovalbumin-induced allergic asthma when
compared to pure Rhy. Furthermore, the researchers dis-
covered that these SLNs containing Rhy effectively alle-
viated allergic asthma by modulating cytokine signaling
1 levels and inhibiting the p38 signaling pathway [141].
In a different investigation, Wang et al. [142] showcased
the enhanced effectiveness of curcumin-loaded SLNs in
asthmatic rat model induced by ovalbumin. The findings
showed that SLNs containing curcumin resulted in higher
plasma concentrations than curcumin by itself. The cur-
cumin levels in all tissues rose following the administration
of curcumin-loaded SLNs, with the liver and lungs experi-
encing the most significant increases. In the animal model
of asthma, the presence of curcumin in solid lipid nanopar-
ticles (SLNs) greatly reduced the levels of T-helper 2-type
cytokines like interleukin-4 and interleukin-13 in bron-
choalveolar lavage fluid, as compared to both the asthma
group and the curcumin-treated group. These impacts con-
sisted of effectively reducing airway hyperresponsiveness
and the infiltration of inflammatory cells [142]. Madgulkar
et al. [143], formulated intranasal solid lipid nanoparticles
(SLNs) loaded with mometasone furoate, employing a hot
homogenization method that yielded high entrapment effi-
ciency and reduced particle size. Notably, glyceryl monos-
tearate demonstrated the highest solubility as a lipid phase,
establishing its suitability as a solid lipid component in
the development of SLNs containing mometasone furoate
[143].

5. Current Research and Clinical Trials

Current clinical trials explore nanoparticle formula-
tions, including those combining allergens with immune-
modulating agents to enhance safety and efficacy. One no-
table study highlighted the use of decorated nanoparticles
that target mast cells, pivotal in allergic reactions. This
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dual-action approach delivers the allergen and inhibits the
mast cells’ activation, potentially preventing severe aller-
gic responses such as anaphylaxis [144]. The findings from
these trials suggest that nanoparticle-based therapies could
significantly reduce the risk of adverse effects commonly
associated with traditional allergen immunotherapy. Nan-
otechnology is an emerging technology due to its ability to
create innovative products with unique characteristics and
functionalities. It holds significant promise in a wide range
of applications and has a substantial influence on healthcare
[145].

Furthermore, using nanoparticles in allergy im-
munotherapy encompasses food allergies and respiratory
allergens. To improve patient compliance and treatment
outcomes, nanoparticles can enable the precise delivery of
allergens through different oral, sublingual, and intranasal
routes [3]. The capacity to modify nanoparticle properties,
including size, surface charge, and composition, enables
customization according to individual patient profiles and
particular allergies and sensitivities.

Despite the encouraging progress, obstacles persist
in allergy immunotherapy based on nanoparticles. To
fully comprehend and optimise the interactions between
nanoparticles and immune cells, it is necessary to consider
the intricate nature of the immune system. Current re-
search is primarily concerned with clarifying these interac-
tions to guarantee the safety and efficacy of these modalities
[146]. Conducting comprehensive clinical trials to assess
nanoparticle-based therapies’ long-term effects and dura-
bility is crucial as the area advances.

The unique physicochemical features and im-
munomodulatory capabilities of nanoparticles (NPs)
have proven tremendous promise in boosting allergy
immunotherapy (AIT) [4]. The efficient penetration
of tissues by short nanoparticles enhances the accessi-
bility of allergens to lymph nodes and blood arteries.
Prior study has shown that amorphous silicon dioxide
nanoparticles have more immunomodulatory properties
than microparticles in allergic contact dermatitis models.
Furthermore, mono-dispersal silica nanoparticles have
demonstrated effectiveness in penetrating the epidermis
and localizing lymph nodes, validating their effectiveness
in anti-inflammatory therapy (AIT) [147]. The attraction of
nanoparticles (NPs) is influenced by their size, shape, and
surface charge. Small, negatively charged NPs demonstrate
immunosuppressive effects in models of skin allergies.
Significantly, biocompatible polymeric nanoparticles
can mitigate the adverse effects of existing treatments,
providing a reassuring prospect for future therapies [148].
Their surface features considerably influence the cellular
absorption of nanoparticles (NPs), whereas macrophages
demonstrate a greater preference for globular particles.
Polylactic-co-glycolic acid particles functionalized with
lectin are suggested as effective platforms for oral anionic
immunotherapy (AIT), improving the absorption of aller-
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gens and increasing their resistance to breakdown in the
gastrointestinal tract [149].

The depot effect is classified as a fundamental mech-
anism for stimulating immunological tolerance. Antigen
persistence refers to the extended release of antigens, re-
sulting in heightened exposure of immune cells and poten-
tially causing immunomodulation [150]. The phenomenon
above enables a decrease in the required therapeutic dosage.
Within the realm of nanoparticles (NPs), allergens can
be enclosed within carriers, and their release can be cus-
tomized by altering the surface and polymer composition of
the particles. Chitosan-coated polylactic-co-glycolic acid
nanoparticles (NPs) exhibit a refined and regulated release
of active components compared to uncoated NPs [151]. An
investigation by Henriksen-Lacey ef al. [152], also high-
lighted the immunologically enhancing depot impact of a
liposome vaccination that includes antigens specific to TB.
Therefore, the capacity of nanoparticles to form depots may
provide several therapeutic benefits.

Nanoparticles (NPs) can protect antigens by encapsu-
lation, sheltering them from protease enzymes in the body,
which is critical for oral immunotherapy (OIT), particu-
larly in overcoming the severe circumstances of the gas-
trointestinal system [11]. OIT is a promising technique for
treating food allergies, showing success in 60—80% of in-
stances tested. Research by Brotons-Canto et al. [153],
indicated that mannosylated NPs are acceptable for oral
immunotherapy against peanut allergies in mice, employ-
ing a new polymer system developed by attaching man-
nosamine to a polyanhydride backbone. Similarly, a study
has demonstrated that polyanhydride NPs confer consider-
able benefits for peanut allergy treatment by boosting Treg
and Th1 responses while lowering Th2 activation. Srivas-
tava and coworkers [154] also reported effectiveness us-
ing CpG-coated polylactic-co-glycollic acid NPs in mouse
models, leading to a prolonged reduction in peanut-specific
IgE/IgG1 and Th2 cytokines, accompanying an increase
in IgG2a and IFN-v levels. Additionally, these NPs were
safe, as they did not elicit anaphylaxis. Thus, NPs’ ability
to avoid antigens and stimulate desired immune responses
makes them suitable for allergen immunotherapy [4,155].

5.1 Studies on Efficacy and Safety of Nanoparticle-based
Allergen Immunotherapy

Research into nanoparticle-based totally allergen im-
munotherapy (AIT) has gained momentum due to the grow-
ing incidence of allergic illnesses and the limitations of con-
ventional therapies. This approach utilizes nanoparticles to
beautify the efficacy and safety of allergen delivery, aiming
to improve patient results [156].

5.1.1 Efficacy of Nanoparticle-based Immunotherapy

Nanoparticle-based immunotherapy has emerged as a
promising approach to cancer treatment. These nanoparti-
cles can effectively deliver tumor antigens, costimulatory
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molecules, and immune adjuvants to enhance the immune
response against cancer cells [157,158]. The versatility of
nanoparticles allows for improved efficacy of conventional
cancer vaccines, sustained drug delivery, and modulation
of the tumor microenvironment [ 158]. Various nanoparticle
designs, including those made from polylactic-co-glycolic
acid (PLGA), liposomes, and gold, have been explored for
cancer immunotherapy applications [159]. These nanocar-
riers can be engineered to target specific immune cells, such
as dendritic cells, and overcome limitations of traditional
immunotherapies [160]. The ability of nanoparticles to co-
deliver multiple immunotherapeutic agents and their poten-
tial for combination therapies make them a valuable tool in
the fight against cancer [157,159]. Studies in animal fash-
ions have shown that nanoparticle-allergen complexes can
improve balance, bioavailability, and centered delivery to
precise immune cells, at the same time as reducing immuno-
toxicity in comparison to standard immunotherapy [1,13].

5.1.2 Safety Considerations

While the ability of nanoparticle-based total cures is
promising, protection remains a crucial subject. Research
shows that nanoparticle formulations do not induce ana-
phylactic reactions, which is a significant benefit over tra-
ditional immunotherapy techniques that regularly bring a
danger of severe detrimental consequences [4].

5.1.3 Suggested Strategies for Safer Nanoparticle Use

To alleviate the toxic effects of nanomaterials,
researchers can alter the physicochemical features of
nanoparticles (NPs), optimising their size, surface charge,
and aggregation behaviour to diminish cytotoxicity while
improving clearance from the body to lessen organ accu-
mulation. Addressing oxidative stress and DNA damage
generated by nanomaterials may involve employing antiox-
idants and producing particles with inherent antioxidant
characteristics. To lessen allergic reactions and respiratory
difficulties, effort can be directed on producing nanomate-
rials with minimal allergenic potential by changing surface
features to prevent interaction with immune cells. Develop-
ing biocompatible and non-immunogenic nanomaterials for
hypersensitive reactions while understanding their interac-
tions with innate and adaptive immunity can boost safety.
To handle pseudoallergy reactions, researchers should ex-
amine the complement system and inflammasome activa-
tion to design nanomaterials that do not trigger these path-
ways. Preventing skin harm from nanoparticles can be ad-
dressed by optimizing size, shape, and surface qualities to
prevent skin penetration. Overcoming scientific barriers
necessitates focussing research into nanoparticle-allergen
interactions and completing long-term safety assessments.
This underscores the urgency of improving understanding
in the realm of nanotechnology. Establishing a robust regu-
latory framework is crucial for clear standards for evaluat-
ing and approving nanoparticle-based therapeutics. Prac-
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tical impediments can be addressed by collaboration be-
tween researchers and pharmaceutical corporations to en-
hance development procedures and promote accessibility.
Lastly, teaching healthcare providers about nanoparticle-
based allergy immunotherapy through specialised training
programs is vital for assuring informed practice. These
methods strive to overcome the hurdles of nanomaterials
and impediments to implementation, necessitating greater
study, collaboration, and legislative developments to ensure
patient safety and accessibility in nanomedicine.

5.2 Comparison with Traditional Methods

Nanoparticle-based immunotherapy and traditional
immunotherapy differ in their mode of action and adminis-
tration. Nanoparticle-based immunotherapy uses nanopar-
ticles to encapsulate allergens, allowing for targeted deliv-
ery and modulation of immune responses, which can be
administered via oral, subcutaneous, or intranasal routes.
This method promises enhanced efficacy and potentially
faster results by improving allergen delivery and immune
modulation. It also offers flexible delivery methods, which
may improve patient compliance. On the other hand, tradi-
tional immunotherapy requires multiple treatment sessions
and is administered through subcutaneous, sublingual, or
intratympanic routes. While it is a well-established treat-
ment for various allergies, it can be significantly expen-
sive for patients. Nanoparticle-based immunotherapy, an
emerging field with ongoing research, shows promising re-
sults with lower risks of anaphylactic reactions and adverse
effects, potentially leading to lower long-term costs. How-
ever, it is not yet widely implemented, and the safety profile
is still under investigation (Table 2, Ref. [6,9,10,13,68,79,
108,161-178]).

6. Challenges and Future Directions
6.1 Negative Impacts of Nanomaterials

The emergence of various applications utilizing di-
verse nanomaterials in biomedicine has necessitated an as-
sessment of potential adverse consequences, specifically
toxicity and hypersensitivity reactions [179].

6.1.1 The Toxic Effect

Nanoparticles (NPs) induce cytotoxicity through
many mechanisms, such as necrosis and apoptosis [180].
Substance toxicity is influenced by many physicochemi-
cal features such as morphology, size, surface charge, sol-
ubility, redox-active qualities, and aggregation capability
[181,182]. A study conducted in a laboratory setting have
demonstrated a relationship between smaller size and in-
creased toxicity. This is likely since tiny nanostructures are
more effectively dispersed throughout the body, leading to
their accumulation in certain organs and absorption by cells
[183].

Nanostructures have the potential to induce the gener-
ation of reactive oxygen species (ROS), leading to oxidative
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Table 2. Comparison between traditional and nanoparticle-based immunotherapy.

Aspect

Traditional immunotherapy

Nanoparticle-based immunotherapy

Mode of action

Gradual exposure to increasing doses of
allergens to build tolerance [162—164].

It uses nanoparticles to encapsulate allergens
for targeted delivery and modulation of
immune responses [10,13,79,161].

Administration

It can be delivered via various routes,
including oral, subcutaneous, and intranasal
[165,166].

It can be delivered via various routes,
including oral, subcutaneous, and intranasal
[165,166].

Efficacy

It is effective for many patients but may take
years for full benefits [9].

It promises enhanced efficacy by improving
allergen delivery and immune modulation,

potentially yielding faster results [10,108].

Safety profile

The risk of severe side effects, including
systemic reactions, occurs in approximately
1-4% of patients, with anaphylaxis being a
rare but severe concern, particularly within
the first doses of treatment [167,168].

Studies suggest a lower risk of anaphylactic
reactions and fewer adverse effects, though

safety is still under investigation [10,108].

Dosage

Requires gradual dose escalation, which can
be time-consuming [170—174].

It allows tailored dosing through controlled
release mechanisms, potentially reducing the

overall dosage needed [169].

Patient compliance

sublingual tablets, which can affect adherence

[175].

Requires regular visits for injections or

Flexible delivery methods may improve
patient compliance due to convenience
[165,166].

Research status

allergies, though with limitations [6].

It is established and widely used for many

Emerging field with ongoing research
demonstrating promising results but not yet
widely implemented [169].

Cost Traditional immunotherapy is a
well-established treatment for various
allergies. It requires multiple treatment
sessions, which can be significantly
expensive for patients [68,178].

Due to reduced side effects and improved
efficacy, there is potential for lower costs in
the long term, though initial development
costs may be high [176,177].

stress within biological systems. This oxidative stress can
cause damage to DNA molecules, affecting their structure
and function. Understanding and mitigating these effects
are crucial in nanomaterial research to ensure their safe uti-
lization in various applications [ 184]. This has been demon-
strated in keratinocytes, fibroblasts, and macrophages when
exposed to carbon nanotubes [185]. Substance toxicity can
be influenced by how they are administered, with intra-
venous injection often leading to enhanced toxicity due to
increased dispersion throughout the body. However, while
there are no absolute guidelines, toxicity may be altered by
modifying nanostructure features, such as decreasing posi-
tive charges on the surface Cationic dendrimers have been
associated with higher cytotoxicity [186], which may limit
their biological applications. However, incorporating low
cytotoxic groups, such as Zwitterionic moieties [187].

6.1.2 Allergic Reactions

Immune cells can identify nanostructures as foreign
substances, leading to two possible outcomes: they can
either trigger an allergic or sensitizing response or en-
hance the immune response as boosters or adjuvants, poten-
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tially serving as immunomodulators [188]. Nanomaterials
harm the respiratory system, worsening asthma symptoms
and causing allergen reactions [188]. Nanoparticles, such
as TiO;NPs, possess the unique ability to amplify allergen
exposure by locally storing and gradually releasing aller-
gens. This mechanism results in increased allergen levels,
persistence, and prolonged release, thereby enhancing al-
lergen presentation to the immune system. This property
has significant implications for immunotherapy, offering a
novel approach to desensitization and allergy management
[189]. Interestingly, even without penetrating the epider-
mis, allergen-nanomaterial complexes have been found to
exhibit this phenomenon. This observation highlights the
complex interactions between nanomaterials and the im-
mune system, providing valuable insights into the devel-
opment of topical or transdermal allergy treatments [150].

Several nanostructures have been identified to exac-
erbate Th2-mediated allergic responses [190]. Pulmonary
exposure to nanoparticles (NPs) can induce the release of
inflammatory mediators in the lungs, even in the absence
of allergens, suggesting an innate immune response. How-
ever, when an allergen is present, this effect may be am-
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plified, leading to heightened inflammation. This observa-
tion is significant in understanding the complex interplay
between NPs, allergens, and the respiratory system’s im-
mune response [191]. Although these findings imply that
tiny NPs may enhance allergic lung inflammation [192],
the other study suggests that these reactions can be re-
duced [193]. The observed interaction between nanopar-
ticles (NPs) and the immune system is indeed intricate and
warrants further investigation. Understanding the complex
relationship between NPs and immune responses is crucial
for developing safe and effective nanomedicines, particu-
larly in the context of allergy and immunotherapy. More
research in this area can contribute to the advancement of
precision medicine and personalized treatment strategies.

Nanomaterials have the potential to trigger hypersen-
sitivity reactions by interacting with both innate and adap-
tive immunity. This involves antigen processing and pre-
sentation to T cells by antigen-presenting cells, particularly
dendritic cells, ultimately resulting in the activation of ef-
fector cells. Such interactions highlight the complex role of
nanomaterials in immune system engagement [ 188]. Nano-
materials possess the ability to activate multiple compo-
nents of the immune system, including the complement sys-
tem and pattern recognition receptors. They can also stim-
ulate the release of alarmin molecules, which play a cru-
cial role in triggering inflammasome activation. This mul-
tifaceted interaction between nanomaterials and immune
pathways can significantly influence immune responses and
inflammation [190]. Metal-based nanomaterials can pro-
vide an extra risk in terms of allergies due to the presence of
metals known to induce allergic contact dermatitis, asthma,
and allergy adjuvants [179]. TiO;NPs and ZnONPs are
widely used in sunscreens and skin care products because
they protect against UV radiation [194]. AgNPs are inte-
grated for their antibacterial qualities, while SiNPs are used
in cosmetics and to modify other materials’ characteristics
[195]. Due to their wide range of applications and ability to
deeply penetrate the skin, these substances can cause sensi-
tization [179]. Smaller particles induce a more pronounced
inflammatory reaction due to their ability to infiltrate tissues
and increase surface area [196]. When the skin barrier fails,
TiO2;NP might worsen atopic dermatitis symptoms [197].
Polystyrene NPs can cause skin rashes without an allergen
by stimulating CC-chemokines production.

6.1.3 Pseudoallergy Reactions

Non-IgE-mediated hypersensitivity responses, known
as pseudoallergy or idiosyncratic reactions, have been
linked to a broad spectrum of NPs [190]. A proposed mech-
anism suggests that nanomaterials activate the complement
system, resulting in the release of anaphylatoxins. This ac-
tivation subsequently stimulates mast cells, basophils, and
other inflammatory cells in the bloodstream [198]. Addi-
tionally, certain studies revealed that nanoparticles (NPs)
can activate the NLRP3 inflammasome, an intracellular re-
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ceptor, leading to the production of pro-inflammatory cy-
tokines IL-1/3 and IL-18 [199,200].

6.1.4 Skin Injury

Nanoparticles (NPs) can contribute to the develop-
ment of allergies and asthma by compromising the body’s
protective barriers, such as the pulmonary and intestinal
mucosa and the skin. This disruption affects the integrity
of tight junctions, the mucus layer, efflux proteins, and
cell viability, leading to increased permeability. Conse-
quently, NPs can initiate an innate immune response and
facilitate the entry of allergenic proteins, potentially trig-
gering allergic reactions and exacerbating respiratory con-
ditions [201,202]. Before commercializing these nanoma-
terials, it is essential to conduct an assessment to identify
potential adverse effects. In addition, it is essential to eval-
uate their safety and effectiveness. The generalization of
these effects is impossible due to the strong dependence
of immunological effects on the physicochemical structure
and features of each specific nanomaterial. Furthermore,
even when considering the same material, administration
circumstances play a significant role. Therefore, it is nec-
essary to determine the possible dangers in each specific
situation through preclinical investigations [203].

6.2 Barriers to Implementation

Several barriers hinder the widespread adoption of
nanoparticle-based allergen immunotherapy (AIT) in clini-
cal settings. These challenges can be categorized into sci-
entific, regulatory, and practical aspects.

6.2.1 Scientific Barriers

Understanding the interactions between nanoparticles
and allergens is crucial for developing effective therapies.
Research is still needed to elucidate these interactions’
molecular mechanisms, including how nanoparticles influ-
ence immune responses, antigen processing, and T-cell ac-
tivation [1,10]. Although nanoparticle-based formulations
show promise in enhancing the stability and bioavailability
of allergens, there are unresolved questions regarding their
long-term safety and potential adverse effects [10,13,204—
206]. Concerns about immunotoxicity and the risk of induc-
ing unwanted immune responses remain significant. Dif-
ferent types of nanoparticles (e.g., liposomes, dendrimers,
metal-based) exhibit varying characteristics that can affect
their performance in immunotherapy. This variability com-
plicates the standardization of formulations and necessitates
extensive testing to determine the most effective types for
specific allergens [1,4,207]. In addition, nanoparticles must
retain their stability in the biological milieu sufficiently to
deliver their therapeutic target successfully [13].
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6.2.2 Regulatory Barriers

The regulatory framework for nanoparticle-based
therapies is still developing. Authorities must create
clear protocols for testing, approving, and monitoring
nanomedicines [208]. The development of nanoparticle-
based AIT formulations necessitates a robust regulatory
framework with clear guidelines for testing and approval.
Regulatory bodies demand extensive data on safety, effi-
cacy, and manufacturing processes, which can be both time-
consuming and costly for pharmaceutical companies. This
rigorous process is essential to ensure the quality and safety
of novel treatments, ultimately benefiting patients and ad-
vancing medical care [1,13]. Designing clinical trials for
nanoparticle-based therapies poses unique challenges, in-
cluding determining appropriate dosing regimens and as-
sessing long-term outcomes [10]. The complexity of these
formulations may also complicate the interpretation of trial
results, making it challenging to establish apparent efficacy
compared to conventional therapies [1,10].

6.2.3 Practical Barriers

The development and production of nanoparticle-
based therapies can be expensive, which may limit acces-
sibility for patients [209]. High costs associated with re-
search, development, and regulatory compliance can in-
crease treatment prices, potentially making them unafford-
able for many patients [13]. Immunotherapy often requires
a long-term commitment from patients, and introducing
nanoparticles may not significantly change the duration or
frequency of treatment needed [1]. Additionally, patients
may be hesitant to adopt new therapies due to unfamiliarity
or concerns about safety [13]. Effective implementation of
nanoparticle-based AIT requires healthcare providers to be
well-informed about the technology and its benefits [13].
There may be a gap in knowledge and training among prac-
titioners, which can hinder the integration of these therapies
into clinical practice [4]. These limitations emphasize the
necessity for ongoing study and advancement in nanoparti-
cle technology for allergy therapy.

6.3 Approaches to Alleviate Inmune Reactions and
Allergies Caused by Nanoparticles

The prolonged stability of nanoparticles within the
body raises substantial issues owing to their distinctive size
and structural characteristics, which influence their ability
to interact with biological systems. A significant concern
is their interaction with the immune system. Immunolog-
ical cells, including macrophages, can identify nanoparti-
cles, triggering an immune reaction that might cause an in-
flammatory response or other negative consequences. To
address this difficulty, one strategy is to engineer nanopar-
ticles that elude immunological detection by encapsulating
them in biocompatible substances like polyethylene glycol
(PEG). PEGylation diminishes the immune system’s capac-
ity to recognize nanoparticles, decreasing the likelihood of
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an immunological response [210]. Another technique is the
fabrication of nanoparticles that emulate the body’s native
chemicals, reducing the likelihood of their recognition as
alien entities [211].

Nanoparticles pose the risk of causing allergic reac-
tions. These reactions may result from the surface chem-
istry of nanoparticles, causing them to interact with pro-
teins in the body to generate substances that may func-
tion as allergy triggers. A potential response to this is-
sue is the surface enhancement of nanoparticles to improve
their biological compatibility. Incorporating selected non-
immunogenic agents or proteins might diminish the proba-
bility of an allergic reaction [212]. Moreover, comprehend-
ing the molecular pathways that govern these allergic re-
actions enables researchers to engineer nanoparticles with
customized surface characteristics to prevent eliciting un-
desirable allergic reactions [213].

An alternative method to mitigate safety concerns is
the creation of biologically degradable nanoparticles that
decompose into non-toxic metabolites once they complete
their therapeutic function. This mitigates the risk of chronic
buildup and toxicity within the body. Nanoparticles com-
posed of natural polymers such as chitosan or poly (lactic-
co-glycolic acid) (PLGA) have demonstrated safe degrada-
tion in biological settings, reducing the possibility of persis-
tent toxicity [214]. Moreover, enhanced in vivo study and
modeling are crucial for accurately forecasting the long-
term impacts of nanoparticles. Conventional in vitro as-
says frequently neglect the intricate relationships present in-
side the body. Consequently, researchers are concentrating
on creating more precise animal models and computational
simulations to forecast the performance of nanoparticles in
living beings over prolonged durations [215]. These ad-
vancements provide a more thorough evaluation of possi-
ble dangers and contribute to ensuring the long-term safety
of nanoparticles. Regulatory frameworks must advance
to incorporate more rigorous criteria and sustained assess-
ment of nanoparticles following their use in medicinal ap-
plications. Thorough regulatory control, encompassing
post-market surveillance, may facilitate identifying and ad-
equately managing any unanticipated long-term impacts
[216].

6.4 Strategies to Reduce Costs and Address Regulatory
Challenges in Nanoparticle-based Allergen
Immunotherapy

Nanoparticle-based allergen immunotherapy holds
significant potential but also comes with distinct chal-
lenges. In this context, we outline various strategies to
effectively address these challenges, ultimately leading to
more accessible and effective treatment options.

6.4.1 Optimise Nanoparticle Design and Manufacturing

B Utilising Food and Drug Administration (FDA)-
approved materials for nanoparticles can expedite the regu-
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latory approval procedure. This method improves safety
and mitigates manufacturing difficulties. By choosing
FDA-approved chemicals, companies can conserve time
and resources on regulatory clearances, hence reducing
costs and expediting their goods’ market entry [217,218].

B Focus on scalable manufacturing techniques that
allow for the cost-effective production of nanoparticles.
Techniques such as microfluidics or continuous flow pro-
cesses can enhance efficiency and reduce costs associated
with batch production. Adopting these scalable techniques
can significantly reduce the per-unit production cost, mak-
ing the treatment more affordable and accessible to patients
[217,218].

B Make nanoparticles from biocompatible materials
to minimize adverse effects and enhance patient safety,
which can streamline regulatory approvals [218,219].

6.4.2 Enhance Targeting and Efficacy

B Develop nanoparticles that can specifically target
immune cells, such as dendritic cells (DCs), to improve the
efficacy of allergen delivery while minimizing off-target
effects. This could involve modifying particle size and
surface characteristics to enhance uptake by target cells
[217,219].

B Implement controlled release systems within
nanoparticles to ensure sustained delivery of allergens, po-
tentially reducing the frequency of administration and asso-
ciated costs [217,218].

6.4.3 Regulatory Strategy Development

B Proactively engage with regulatory agencies early
in development to clarify requirements and expectations.
This approach can help identify potential hurdles before
they become significant issues, giving more control over
the process [160].

W Develop standardized protocols for testing nanopar-
ticle formulations, including their immunogenicity and tox-
icity profiles. Standardization can facilitate smoother regu-
latory reviews by providing precise data sets for evaluation
[220,221].

6.4.4 Cost-effective Clinical Trials

B Employ adaptive clinical trial designs that permit
alterations depending on interim findings, perhaps resulting
in more efficient resource utilization and reduced expenses
related to protracted trials [220].

B Partnering with academic institutions for research
and development initiatives can provide access to funding
opportunities and shared resources, significantly reducing
overall costs. Such collaborations offer valuable expertise
and resources, easing financial burdens on organizations
and accelerating research and development efforts [221].

&% IMR Press

6.4.5 Education and Awareness

B Inform healthcare providers and patients about
the advantages and safety of nanoparticle-based therapies.
Raising awareness can enhance acceptance rates, ultimately
contributing to market growth and cost recovery [217,219].

B Conduct public engagement initiatives to inform
stakeholders about ongoing research and its implications.
This fosters a supportive environment for innovation in
allergen immunotherapy, making everyone feel part of a
larger mission [160,220]. By integrating these strategies,
stakeholders in nanoparticle-based allergen immunother-
apy can effectively address both cost challenges and reg-
ulatory hurdles, paving the way for more accessible and ef-
fective treatment options.

6.5 Future Innovations and Developments

Several solutions exist for the difficulties mentioned
above. Before large-scale manufacturing, it is imperative to
utilize carriers with low toxicity to manufacture nanoparti-
cles and streamline the preparation process [222]. Further-
more, nanoparticles with positive charges cannot penetrate
airway mucus successfully [223]. Cationic carriers fre-
quently need to be changed on their surfaces to mitigate po-
tential toxicity, including neutral or anionic groups. Anti-
inflammatory nanoparticles can regulate pharmaceutical re-
lease with specialized response capabilities. Nanoparti-
cles can be engineered with pH-sensitive hydrophobic seg-
ments, allowing for targeted drug release in specific physio-
logical conditions. For example, pH-responsive nanoparti-
cles can be designed to release drugs selectively in inflamed
organs, where the pH environment differs from healthy tis-
sues. This innovative approach ensures that medications
are delivered precisely where they are needed, enhancing
treatment efficacy and minimizing off-target effects. Ul-
timately, to facilitate nanoparticle penetration through the
mucus layer and enhance their retention, it is advantageous
to create smaller nanoparticles, include targeted molecules,
possess electrical neutrality, exhibit high encapsulation ef-
ficiency, and have low toxicity [224]. Substances like chi-
tosan, known for their mucoadhesive properties, can be
integrated into nanoparticles to enhance their capacity to
linger within the organs for a prolonged duration. The sur-
face of nanoparticles may be altered using polyethylene gly-
col. Research has demonstrated that nanoparticles modified
with polyethylene glycol may readily traverse the mucus
layer [225].

The latest allergy treatment strategies are marked by
significant innovations, including precision medicine, en-
dotype/phenotype analysis, biomarker-based diagnostics,
and biologic therapies. These advancements are reshaping
allergy management, offering personalized and targeted in-
terventions for improved patient outcomes. Individualized
therapeutic strategies and precision medicine for allergy
patients have significant potential as the future of allergy
treatment [226]. Nanotechnology has significant potential
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for enhancing targeted allergy therapy by precisely regulat-
ing medication release at specific sites [227]. In forthcom-
ing research endeavors, researchers might have the poten-
tial to offer individuals personalized and meticulously cus-
tomized therapies that precisely control the release of medi-
cations. This can be achieved by acquiring a thorough com-
prehension of allergy immunology [228]. Nanoparticle-
based medications can be tailored to specific allergy sub-
types, such as targeting eosinophil release in Th2-high al-
lergies, offering personalized treatment. Similarly, phar-
maceuticals designed to modulate neutrophil release could
provide relief to patients with Th2-low allergies, highlight-
ing the potential of customized therapies in addressing di-
verse allergic conditions [229]. The targeted approach to
allergy treatment, focusing on specific immune pathways
and cellular responses, holds great promise in enhancing
therapeutic efficacy. By tailoring interventions to individ-
ual allergy subtypes, this strategy can lead to more suc-
cessful outcomes and improved patient satisfaction. While
numerous preclinical investigations have centered on nan-
otechnology as a potential alternative for treating allergies,
there have been no clinical trials conducted as of yet [203].
Hence, nanotechnology is anticipated to be employed in
treating allergy, from the laboratory to the clinical setting.
Challenges still need to be addressed in this process. De-
veloping nanoparticles designed explicitly for administra-
tion is crucial for allergies [4]. Additionally, it is critical to
research the anti-allergy mechanism of these nanomaterials.

6.6 Future Prospects for Clinical Trials in
Nanoparticle-based Allergen Immunotherapy: A
Comprehensive Framework

The potential of nanoparticle-based allergen im-
munotherapy warrants further exploration, and clinical tri-
als play a pivotal role in advancing this field. Here, we pro-
pose a structured approach to guide future research endeav-
ors, ensuring a rigorous and efficient process.

Phase I: Strategic Planning and Design

A comprehensive clinical trial strategy is imperative,
outlining the study’s objectives, methodologies, and antici-
pated outcomes. This phase involves meticulous consider-
ation of patient selection criteria, optimal dosing regimens,
and the exploration of diverse nanoparticle combinations.
By defining these parameters, researchers can pave the way
for a well-structured and focused investigation.

Phase II: Navigating Regulatory Pathways

Obtaining regulatory approval is a critical step, requir-
ing submission of the trial plan to competent authorities,
such as the Food and Drug Administration (FDA). Com-
pliance with established safety and efficacy guidelines for
nanoparticles is essential. To streamline this process, lever-
aging previously FDA-approved materials can be a strategic
advantage, facilitating a smoother regulatory journey.
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Phase III: Enhancing Patient Engagement

Active collaboration with healthcare professionals and
advocacy groups is key to facilitating patient recruitment.
By incorporating feedback from research partners, trials can
be tailored to address patient needs and preferences, thereby
enhancing enrollment rates. A patient-centric approach en-
sures a more inclusive and successful clinical trial process.

Phase IV: Adaptive Trial Innovations

Implementing adaptive trial designs is a strategic
move, allowing for dynamic adjustments based on interim
results. This approach optimizes resource allocation and
accelerates decision-making regarding trial continuation or
modification. By embracing adaptability, researchers can
enhance the efficiency and effectiveness of clinical studies,
as evidenced by existing literature [230,231].

6.6.1 Personalized Nanoparticle Technology: Tailoring
Allergen Immunotherapy for Individual Patients

By utilizing innovative strategies, researchers can de-
velop precise and customized therapies for individual pa-
tients. This involves identifying specific biomarkers to un-
derstand immune responses, creating personalized nanopar-
ticles with targeted allergens, and implementing individu-
alized dosing regimens. The integration of real-time mon-
itoring systems further enhances this approach, allowing
healthcare providers to continuously track patient responses
and adjust treatment plans accordingly. With these ad-
vancements, nanoparticle-based allergen immunotherapy
becomes a powerful tool, offering improved patient out-
comes and an enhanced quality of life. This patient-focused
methodology paves the way for a new era of precision
medicine, ensuring that each patient receives a treatment
plan tailored to their unique needs [232].

6.6.2 Accelerating Research and Development through
Industry-academia Collaboration

Enhancing nanoparticle-based allergen immunother-
apy through collaborative innovation requires a strategic
approach that unites industry and academia. By initiat-
ing joint research projects, we can bridge the gap between
theoretical knowledge and practical application, leveraging
the expertise of both sectors. Creating knowledge-sharing
platforms fosters a collaborative environment, accelerating
innovation and driving the field forward. Securing fund-
ing through grants and investments is crucial for support-
ing these initiatives, ensuring the continuity and growth of
nanoparticle research. Developing training programs that
involve academic researchers in industry projects enhances
practical skills and creates a pipeline of talented experts.
Forming public-private partnerships aligns industry needs
with academic capabilities, resulting in focused and impact-
ful solutions to address specific health challenges. This col-
laborative framework empowers the field, leading to im-
proved patient outcomes and a dynamic ecosystem for im-
munotherapy advancement [231].
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7. Conclusion

Nanoparticles (NPs) offer several advantages over tra-
ditional Allergen Immunotherapy (AIT) methods. They
can enhance allergen delivery to lymph nodes and blood
vessels, modulate immune responses more effectively, and
provide a depot effect for sustained antigen release. NPs
also protect allergens from degradation, enabling new
routes of administration like oral, sublingual, and in-
tranasal, which could improve patient compliance. How-
ever, there are significant challenges to the widespread
adoption of NP-based AIT, including scientific uncertain-
ties about long-term safety and immunotoxicity, the need
for robust regulations, and practical issues like high devel-
opment costs and patient hesitancy due to unfamiliarity with
the technology. While NP-based AIT shows great potential
in improving allergy treatment, further research is required
to fully understand the interactions between NPs and the
immune system. Overcoming these barriers is essential to
unlock the full potential of this innovative approach in clin-
ical practice.
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