
REVIEW
www.advhealthmat.de

𝜷-1,3 Glucan Microparticles & Nanoparticles: Fabrication
Methods & Applications in Immunomodulation & Targeted
Drug Delivery

Nate Dowdall and Todd Hoare*

Innate immune cells such as macrophages and dendritic cells play major roles
in the progression of many cancerous, fibrotic, and autoimmune diseases,
often due to environmental cues that skew these cells toward a phenotype
that progresses or exacerbates the disease state. As such, a growing focus in
treating such diseases is placed on exploiting the high plasticity of these cells
to modify or reverse their pro-disease phenotypes using immunomodulatory
materials. 𝜷-1,3 glucans are one such type of material that has exhibited
diverse immunomodulatory effects on immune cells, including the mitigation
or reversal of the adverse effects of dysregulated immune cells. In this review,
we outline various fabrication techniques to produce 𝜷-1,3 glucan-derived
microparticles and nanoparticles and discuss the diverse particle properties
that can be obtained by tuning glucan chemistry, fabrication method, and
formulation components. Furthermore, the immunomodulatory applications
of 𝜷-1,3 glucan particles are highlighted with a focus on immune cell
targeting, modulation, and the delivery of small molecule and macromolecular
therapeutics.

1. Introduction

Many diseases, such as cancer and fibrotic diseases, involve the
aberrant behavior of the body’s own cells, particularly cells of the
innate and adaptive immune system. For instance, macrophages
(MΦ) play key roles in many pro- and anti-inflammatory pro-
cesses including pathogen recognition and killing, phagocytosis
of foreign particles, and injury resolution.[1] Due to this func-
tional versatility, MΦ exhibits a wide range of properties that
can be roughly divided into pro-inflammatory (M1-like) and anti-
inflammatory (M2-like) phenotypes that exist on a spectrum that
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can be altered by various endogenous and
exogenous stimuli. Similarly, dendritic cells
(DCs) possess a diverse set of cell surface
receptors for recognition and response to
various stimuli. However, irregularly behav-
ing immune cells contribute to poor or
misaligned immune responses to diseases,
such as overactive inflammatory responses
or immunosuppression, that can signifi-
cantly exacerbate both disease progression
and severity. For example, one of the many
ways cancerous cells avoid immune recog-
nition is by releasing cytokines that inhibit
the inflammatory responses and antigen-
presenting abilities of innate cells like MΦ
and DCs[2] while promoting local angio-
genesis, tumor cell proliferation, and im-
munosuppression of the adaptive immune
system.[3] Dysfunctional immune response
is also a hallmark of progressive fibrotic dis-
eases such as liver cirrhosis and pulmonary
fibrosis, in which a chronic wound healing
state (often resulting from repetitive tissue

injury) is driven by pro-fibrotic MΦ that secrete cytokines that
drive angiogenesis, fibroblast proliferation, and ultimately exces-
sive extracellular matrix (ECM) deposition bymyofibroblasts that
alters tissue architecture and thus impedes organ function.[4] In
all these cases, immune cells play an important role in both dis-
ease pathogenesis and progression and have thus become an im-
portant research area for developing novel and more effective
therapeutics for immune-dysregulated diseases.
Traditional strategies to treat cancerous and fibrotic diseases

have focused on the delivery of small molecule drugs designed
to kill cells at the disease site and/or to inhibit one or more
functions of the disease-progressing cells. Chemotherapy is one
of the most commonly used cancer treatment methods in which
potent cytotoxic drugs are delivered to the tumor to induce tumor
cell death. However, most of these drugs do not possess cancer
cell-specific cytotoxicity, and thus major systemic side effects
are often induced due to the depletion of healthy cells in other
tissues throughout the body. Similarly, in fibrotic diseases such
as idiopathic pulmonary fibrosis (IPF), small molecule drugs
such as nintedanib and pirfenidone have been shown to inhibit
tyrosine kinase receptors on fibroblasts and MΦ in the lung,
resulting in reduced ECM production and thus a slower rate
of fibrotic progression.[5] However, these treatments also come
with significant systemic side effects and are typically limited
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Figure 1. Chemical structures of BGs derived from various biological sources.

to only reducing the rate of fibrosis rather than preventing or
reversing this process. As a result, there is currently a strong
emphasis on developing alternative treatment methods with
higher specificity and/or lower toxicity to both minimize side
effects and improve treatment efficacy.
Immunomodulatory materials that are designed to target spe-

cific immune cells and alter their phenotype to achieve a desired
function represent an emerging strategy to challenge and supple-
ment or replace traditional therapeutic approaches.[6] By leverag-
ing to the diverse range of cell surface receptors on immune cells,
several natural and synthetic materials have been identified that
can bind and activate one or more of these receptors to induce a
desired cellular and thus immune response.Many of these recep-
tors belong to the class known as pattern recognition receptors
(PRRs), which evolved to identify specific pathogen-associated
or damage-associated molecular patterns (PAMPs/DAMPs) ex-
pressed on pathogens or damaged cells, respectively.[7] Activa-
tion of these receptors can result in a myriad of cellular re-
sponses including the production of pro- or anti-inflammatory
cytokines, the clearance of cellular debris, and/or the regulation
of apoptosis.[7] Synthetic analogs as well as purified extracts of
PAMPs/DAMPs have been developed that can effectively bind
these receptors, thus opening the door to new material design
strategies that can not only target immune cells but alsomodulate
their behavior in a predicable fashion. One such material is 𝛽-1,3
glucan (BG), a polysaccharide PAMP expressed by several species
of bacteria and fungi; several BG sources have been designated
as Generally Recognized as Safe (GRAS) for food and beverage
applications by the FDA.[8] BG binds the PRR Dectin-1 found on
innate immune cells and, upon activation, induces a wide vari-
ety of immunomodulating responses that have sparked decades
of research focused on harnessing these modulatory effects in
applications ranging from vaccine development to targeted drug
delivery. Indeed, several clinical trials have been conducted using
various BGs for treating a broad range of indications including
respiratory issues,[9] fatigue reduction,[10] vaccines,[11] and can-

cer therapy,[12] although there are currently no FDA-approved BG
products available for biomedical applications. Furthermore, the
immunomodulatory properties and appropriate application of
BG-derived materials depend strongly on many material design
parameters such as particle size, morphology, and surface chem-
istry that are critical to understand and thus engineer to promote
the desired immune response with the desired specificity to opti-
mize disease treatment. For example, soluble 𝛽-1,3 glucans, while
capable of binding Dectin-1, induce poor Dectin-1 signaling[13] or
no signaling at all[14] depending on molecular weight and chain
conformation[15]; conversely, particulate 𝛽-1,3 glucans are typi-
cally strong inducers of Dectin-1 signaling, although both bind-
ing affinity and downstream biological effects depend strongly
on particle purity and particle size. As such, rational engineer-
ing of BG-based micro/nanoparticles is essential to leverage
the immunomodulatory potential of BG for practical clinical
applications.
In this review, we discuss the potential of utilizing 𝛽-1,3 glu-

cans in microparticle or nanoparticle form as a therapeutic to
modulate innate immune cells like MΦ and DCs. We specifically
focus on the various fabrication methods to prepare BG-derived
particles (both on the micro and nanoscale), their physicochem-
ical and immunomodulatory properties, and the major applica-
tions associated with these materials.

2. Beta-Glucans as Immunomodulatory Materials

BGs are a class of glucose homopolymers linked by 𝛽-1,3, 𝛽-1,4,
or 𝛽-1,6 glycosidic bonds or combinations thereof that are found
in a wide variety of natural sources including bacteria, fungi, and
cereals like oats and barley. The chemical structures of some com-
mon BGs are shown in Figure 1. BGs typically function as struc-
tural components in cereals and fungi and as storage polysaccha-
rides in various bacteria.[16] Depending on the source, BGs can
vary widely in their physicochemical properties. Oat and barley
BGs are linear polysaccharides comprised of a combination of
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𝛽-1,3 and 𝛽-1,4 linkages with molecular weights (MWs) ranging
from tens of thousands to millions of Daltons[17] and are typi-
cally water soluble, forming viscous solutions or even gels de-
pending on their concentration, molecular weight, and the ratio
of 𝛽-1,3 to 𝛽-1,4 linkages.[17] Linear BGs are also produced by bac-
teria, the most common being curdlan which is produced by var-
ious bacterial genera including Agrobacterium and Rhizobium.[18]

Similar to cereal-derived BGs, the molecular weight of curdlan
can vary widely; however, since it is composed entirely of 𝛽-1,3
linkages, curdlan produces single and triple helical structures
in aqueous solutions that introduce thermoresponsive gelation
properties.[18] Conversely, the BGs produced by fungi like yeast
and mushrooms typically consist of a 𝛽-1,3 linked backbone with
𝛽-1,6 linked sidechains and comprise up to 90% of all glucans
in the fungal cell wall[19] and ≈50% of the cell wall by mass,[20]

making them one of the cell wall’s major structural components.
Fungal BGs are high molecular weight polysaccharides (rang-
ing from hundreds of thousands to millions of Daltons)[19,21]

that adopt triple helical structures in solution via strong hydro-
gen bonding, resulting in water-insoluble supramolecular struc-
tures that can be denatured via heat, alkaline pH, or some or-
ganic solvents like DMSO.[22] Due to the wide range of physic-
ochemical properties accessible between different types of BGs,
their use has been explored in several areas including food, cos-
metics, veterinary medicine, and pharmaceutical/nutraceutical
applications.[23]

While a variety of 𝛽-glucans have been reported to exhibit at
least weak immunomodulatory properties, 𝛽-1,3 glucans from
fungal and bacterial sources have been demonstrated to induce
particularly strong immunomodulatory effects and thus have
been researched for this purpose over several decades. Zymosan,
a crude yeast cell wall extract containing various polysaccharides
and proteins, was first reported in the 1940s and subsequently
studied for its ability to induce immune responses like increased
pro-inflammatory cytokine production[21,24]; it was not discov-
ered until the 1970s that 𝛽-1,3 glucan was the component re-
sponsible for such immunomodulatory effects. Subsequent ef-
forts were focused on isolating 𝛽-1,3 glucans from several fun-
gal sources, including lentinan (a 𝛽-1,3/1,6 glucan from Lenti-
nus edodes)[25] and schizophyllan (a 𝛽-1,3/1,6 glucan from Schizo-
phyllum commune),[26] that yielded better-defined properties while
limiting the intensity of the inflammatory response associated
with Zymosan.[27]

The mechanism behind the immunomodulatory properties
of such 𝛽-1,3 glucans was clarified in 2001 when Brown and
Gordon identified Dectin-1 (a receptor that was initially dis-
covered on DCs)[28] as a 𝛽-1,3 glucan-specific cell surface re-
ceptor on MΦ,[29] leading to extensive subsequent attention on
the use of beta-glucans as Dectin-1 binding (and thus MΦ-
and DC-targeting) materials. In macrophages, the activation of
Dectin-1 can induce phagocytosis as well as the production of
a range of pro-inflammatory cytokines including tumor necro-
sis factor-alpha (TNF-𝛼), IL-6, and IL-23[30] accompanied by a de-
crease in common M2 markers such as arginase, CD206, and
transforming growth factor beta (TGF-𝛽);[31] as such, Dectin-1-
activated MΦ typically adopt a pro-inflammatory M1-like phe-
notype. Several studies have shown that Dectin-1 activation via
beta-glucan can induce repolarization of an M2-like MΦ to an
M1-like phenotype.[32] For instance, Liu et al. showed that bone

marrow-derived MΦ polarized to the M2-like phenotype could
be repolarized to M1-like via treatment with particulate yeast
beta-glucan (YBG, which is rich in 𝛽-1,3 glucan) in a Dectin-1-
dependent manner,[32a] inducing significant increases in several
M1 markers like iNOS, IL-12, TNF-𝛼, and IL-1𝛽 with a simul-
taneous reduction in M2 markers like IL-10 and arginase. Cor-
respondingly, de Graff et al. showed that YBG as well as other
𝛽-1,3 glucans like Zymosan and curdlan could induce the se-
cretion of IL-6, TNF-𝛼, and IL-10 from human MΦ while also
significantly increasing the expression of chemoattractants in-
volved in monocyte recruitment and activation.[32c] Similarly, 𝛽-
1,3 glucan binding to DCs can lead to a myriad of immuno-
logical responses at both the innate and adaptive levels. For in-
stance, orally administered YBG particles can be taken up by
DCs in tumor-bearing mice, resulting in upregulation of DC
surface markers, increased DC and T cell tumor infiltration,
and signification modulation of the cytokine profile in the tu-
mor microenvironment (TME).[33] Bone marrow-derived DCs
(BMDCs) treated with YBG have also been shown to upregulate
the production of pro-inflammatory cytokines and markers such
as TNF-𝛼 and iNOS.[34] As such, 𝛽-1,3 glucans can effectively
modulate the behavior of any immune cell in which Dectin-1 is
expressed.
As the immunomodulatory properties of 𝛽-1,3 glucans con-

tinue to be elucidated, several unique beta-glucan-based formula-
tions have been developed to address a diverse range of immuno-
logical diseases/disorders. In the following sections, we will de-
scribe various beta-glucan micro/nanoparticle preparation tech-
niques, their potential advantages/disadvantages, and their cor-
responding applications in the context of immunomodulation
and/or the targeted delivery of therapeutics.

3. Beta-Glucan Microparticles

Microparticles possess several advantages in the context of im-
munomodulation. Micron-sized particles, especially those in the
single micron diameter range, are optimally sized for phago-
cytosis by cells like MΦ and DCs,[35] with phagocytosis further
promoted by Dectin-1 mediated binding to BG. Such enhanced
phagocytosis may be desirable for drug-loaded microparticles in
which intracellular drug delivery is required, such as the de-
livery of drugs to M. tuberculosis-infected MΦ.[36] Microparti-
cles also have the potential for higher drug content per parti-
cle compared to nanoparticles (NPs); furthermore, due to their
smaller surface area-to-volume ratios, microparticles often ex-
perience less drastic burst drug release.[37] Finally, microparti-
cles are highly desirable in applications requiring inhaled ad-
ministration, with smaller microparticles (typically in the 1–5 μm
range) in particular offering an optimal balance between effec-
tive inhalation and subsequent deposition in the lower airways
where many diseases like tuberculosis and pulmonary fibrosis
occur.[38]

While microparticle preparations from other sources such
as curdlan[39] and mushroom BGs[40] have been reported, the
vast majority of the literature describes the preparation of yeast-
derived beta-glucan (YBG) microparticles; as such, we will con-
fine our scope of discussion around BG-based microparticles to
YBG preparations and their corresponding physicochemical and
immunomodulatory properties.
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Figure 2. Common processing techniques to prepare YBG microparticles. Created with BioRender.com.

3.1. Preparation of Yeast-Derived Beta-Glucan (YBG)
Microparticles

Since 𝛽-1,3/𝛽-1,6 glucan comprises a large fraction of the cell
wall of yeasts such as S. cerevisiae, isolation of beta-glucan from
intracellular components results in the formation of hollow mi-
croparticles, often described as “yeast ghost cells”.[30b,41] Themost
common method to prepare YBG is to subject yeast cells to a
series of alkaline and acidic extractions, with the combination
of altered pH and elevated temperatures inducing cell autolysis
and thus the degradation of proteins, nucleic acids, and phospho-
lipids both in the cytoplasm andwithin the cell wall.[42] The crude
insoluble product is then washed several times with various sol-
vents to remove residual soluble material, after which the puri-
fied slurry is dried to a fine powder consisting of the hollow YBG
microparticles. A typical protocol is outlined by Hromádková
et al., in which they prepared YBG through sequential NaOH ex-
tractions with various temperatures (60–90 °C) and NaOH con-
centrations (3%–6%).[43] After removing the soluble impurities,
the insoluble material was further extracted in 4% phosphoric
acid followed by several washes with water and oven dried to
remove residual moisture. Depending on the cell strain and ex-
traction parameters, the final protein content of YBG can range
from 1%–20%, and the total carbohydrate content can range from
≈50 to> 90%.[32c,43,44] However, the final particle properties, such
as size, morphology, and ultimately immunomodulatory activity,
largely depend on the final drying step, the methods for which
are schematically depicted in Figure 2 and further outlined in the
subsequent section.

3.1.1. Solvent Evaporation

Solvent evaporation is one of themost commonYBGdrying tech-
niques in which a cake of YBG in residual solvent (typically water,

ethanol, or acetone) is left to dry under either ambient, oven, or
vacuum conditions.[43,44b,45] Air drying has the obvious benefit of
low cost and simple setup but is limited by longer drying times
and its scalability to larger batch sizes. Another disadvantage of
air drying is the tendency of particles to aggregate during dry-
ing via capillary forces, often yielding particle sizes in the 100–
500 μm range[45a,b] that are too large for MΦ phagocytosis and
thus require subsequent processing methods (e.g., mechanical
grinding) to reduce the particle size. However, such mechanical
de-aggregation processes can often result in very broad particle
size distributions, with one such study reporting that only 10%
of the particle distribution was below 10 μm[45c] (the target size
range for effective MΦ uptake).[46] Grinding and other mechani-
cal processes can also lead to inconsistent and nonuniform parti-
cle morphologies that may lead to unpredictable recognition and
uptake by innate immune cells. While some studies have shown
the ability to prepare sub-10 μm YBG particles via air drying,[47]

these methodologies typically require the use of highly volatile
solvents like acetone during the drying step and/or differences
in the time or intensity of the extraction steps that can pose fur-
ther scalability challenges.
Improved control over YBG particle properties can be achieved

through spray drying, in which a feed solution or suspension
is passed through an atomizer to generate fine droplets from
which the solvent is rapidly evaporated in a high-temperature
drying chamber under constant hot air flow. The dried particles
are then transported to a collection jar via centrifugal forces, fil-
ter bags/membranes, or electrostatic deposition.[48] Spray drying
possesses several advantages over air drying: 1) atomization of
the feed solution greatly increases the interfacial surface area,
promoting rapid drying through improved heat/mass transfer
rates; 2) adjusting the size of the atomized droplets allows for tun-
ability of the final dried particle size; and 3) spray drying technol-
ogy is significantly more scalable, allowing for microparticle pro-
duction on both the lab scale (milligrams to kilograms per day)
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and industrial scale (several tons per day).[49] Improved control
over particle size can also be imparted by adjusting the droplet
size (and thus the average number of particles contained in a
droplet) based on the inlet flow rate, inlet temperature, drying
gas flow rate, atomizer type, and solvent vapor pressure,[49a] in
some cases enabling the preservation of the original size of the
autolyzed yeast cells.[47b,50] In general, the feed flow and atomizer
rates should be optimized for small droplet sizes to minimize
the number of particles per droplet, thus preventing the aggre-
gation of adjacent particles during droplet drying. Other parame-
ters like high temperatures and/or low boiling point solvents can
increase the evaporation rate and minimize residual moisture,
which can further prevent subsequent particle aggregation and
increase shelf life. YBGmicroparticles in the 1–10 μmrange have
been demonstrated to be prepared over a range of spray dryer pa-
rameters, typically using inlet temperatures = 110–180 °C, outlet
temperatures = 45–120 °C, liquid flow rates = 0.25–0.3 L h−1,
and gas flow rates = 246–700 L h−1.[44,45b,c,47b,50,51]

The differences in YBG properties achieved between the air
drying and spray drying techniques were well illustrated by Pe-
travíc-Tominac et al., who assessed the effects of both the extrac-
tion process and drying method on the purity and size of YBG
particles from spent brewer’s yeast. When alkaline/acidic extrac-
tions were combined with an additional mannoprotein removal
step, the spray-dried product consisted of approximately 4% pro-
teins, 95% 𝛽-glucan, and a median particle size of 6.6 μm[45a]; in
contrast, while the air-dried analog showed similar purities, the
particle size distribution consisted of large aggregates with a me-
dian size of 266 μm that needed to be broken up by sonication
into more irregular particles as small as 1–2 μm that do not sig-
nificantly aggregate upon resuspension in water.[44b] Similar re-
sults were reported by Ruphuy et al., who showed the potential of
ultrasonication to produce stable dispersions (mean size ≈5 μm)
of both air-dried and spray-dried YBG.[47b]

In addition to improved control over particle size, spray drying
offers the ability to prepare drug-encapsulated YBG microparti-
cles, sometimes in a single processing step. Due to its porous
shell and hollow interior, YBG can encapsulate a variety of pay-
loads at high loadings. Typically, YBG is suspended in a solution
containing the desired drug for a pre-determined time period,
after which the YBG/drug mixture is spray-dried to form a fine
powder. As the atomized droplets evaporate, drug molecules be-
come confined and ultimately precipitate in the hollow YBG cav-
ity or on the highly porous YBG surface, resulting in simultane-
ously dried and drug-impregnated YBG composites that can be
designed to exhibit high drug loading efficiencies.[47b,52] For ex-
ample, Dadkhodazade et al. prepared cholecalciferol-loaded YBG
via diffusion-based loading followed by spray drying. The drug-
loaded particles had an encapsulation efficiency (EE%) of 76%
while exhibiting a slightly increasedmean particle size compared
to unloaded YBG (4.5 vs 3.4 μm, respectively).[53] Ahmad et al.
analogously demonstrated that spray-drying drug-loaded YBG
can yield small geometric and aerodynamic diameters (1–6 μm
and 1–2 μm, respectively), suggesting that YBG can be effectively
inhaled for the delivery of pulmonary therapeutics.[54] Other stud-
ies have shown that spray drying YBG in the presence of a drug
can achieve drug contents as high as 20 wt.%,[50] with EE% some-
times in excess of 95% upon optimization of the drug concentra-
tion in the feed.[51] Beyond the high EE% achievable, spray drying

can also offer the advantage of encapsulating drugs in the amor-
phous state even at high drug loadings, which is highly desirable
for pharmaceutical formulations given that amorphous solid dis-
persions often exhibit increased dissolution rates and thus higher
bioavailable drug concentrations compared to their crystalline
counterparts.[50] For example, curcumin loaded on YBG by spray
drying was found to exist entirely in the amorphous state at tar-
get loadings up to 20 wt.%, resulting in an initial dissolution rate
four times greater than that achieved with a physical mixture of
YBG and curcumin.[50] Spray drying can thus provide more scal-
able preparation of both pure and drug-loaded YBG micropar-
ticles with superior particle size control over other evaporative
processes.

3.1.2. Lyophilization

Lyophilization, or freeze drying, is the process of removing water
from a frozen sample via sublimation in a high vacuum environ-
ment, with the resulting vapor condensed on low-temperature
(−40 to −80 °C) coils in a collection chamber. Lyophilization is
an important unit operation in both the food and pharmaceu-
tical industries to prepare powdered materials with low mois-
ture content[55] and has also been widely used to prepare both
pure and drug-loaded YBG materials. While lyophilization of-
ten requires less process optimization compared to spray drying,
lyophilization can lead to YBG deformation. For example, in a
study by Zechner-Krpan et al., lyophilization yielded smaller YBG
particles (4.0 μmmedian diameter) compared to spray-dried YBG
(6.6 μm median diameter) but resulted in irregular porous ag-
glomerates of beta-glucan particles while spray drying better pre-
served the yeast cell morphology.[45b] Other studies have shown
that these freeze-dried agglomerates can be broken up into indi-
vidual YBG particles (≈2–3 μm) through additional probe soni-
cation treatment,[56] although this represents an additional step
that is challenging to scale.
Despite these drawbacks, lyophilization is most fre-

quently used as the final drying step to prepare drug-,[36b,51,57]

protein/peptide-,[58] or NP-[59] loaded YBG composites by taking
advantage of the porous glucan shell; however, rapid release of in
particular small molecule drug payloads typically occurs for the
same reason unless these pores are sufficiently sealed. For exam-
ple, Soto et al. loaded the tuberculosis drug rifampicin into YBG
microparticles by swelling the YBG in a solution of rifampicin,
performing a pH-induced precipitation of the drug inside the
YBG core, and drying via lyophilization.[36b] While drug loading
contents of >30 wt.% were achieved, rapid burst release of
nearly 100% release within one hour was observed unless the
YBG was encapsulated within a lyophilized alginate/chitosan
hydrogel shell to extend drug release by several hours. A similar
result was observed by Lee et al., in which YBG was loaded
with the cancer therapeutic doxorubicin (DOX), sealed inside an
alginate/chitosan polyelectrolyte layer, and lyophilized to remove
water.[57a] The composites had a particle size of 3–5 μm, a drug
loading content of 1.05 wt.%, an EE% of 52%, and enabled DOX
release for >48 h, significantly longer than the unencapsulated
YBG particles (90% release after 24 h). The encapsulation of
larger payloads such as proteins, quantum dots, and NPs into
YBG alternately offers a “nano-in-micro” approach to address
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issues such as burst release, inefficient targeting, or unstable
payloads. To achieve high loadings, aqueous mixtures of drug
payload and YBG are most commonly subjected to a series of
hydration/lyophilization cycles through which capillary forces
push the payload through the porous YBG shell and into the
hollow core.[59a,d,g] Soto et al. were the first to demonstrate this
approach by loading 20 nm polystyrene NPs into YBG using
two hydration/lyophilization cycles (resulting in an EE% of
>80%);[59a] the same group achieved similar results with precipi-
tated gallium NPs (EE% > 65%).[59b] While this group suggested
that YBG’s pore size of approximately 40 nm would inhibit the
loading of larger payloads,[59a] successful loading of NPs with a
range of diameters has now been demonstrated into YBG. For
instance, Ren et al. successfully loaded 68 nm polymer/lipid
hybrid NPs into YBG with an EE% of 46%,[59d] a process driven
by both capillary action from the hydration/lyophilization cycles
and the electrostatic interactions between the cationic NPs and
the slightly anionic YBG. Similar encapsulation efficiencies were
reported with drug-loaded poly(lactic-co-glycolic acid) (PLGA)
NPs with a diameter of 92 nm,[59g] while Zhou et al. used confo-
cal microscopy to show that polystyrene NPs as large as 750 nm
could be encapsulated in the YBG core.[59c] However, to achieve
the loading of such larger particles, NPs with high positive sur-
face charges appear to be required to supplement the capillary
force-induced loading. Furthermore, there are discrepancies
in the literature regarding the pore size of YBG, with some
estimates suggesting the porosity is as high as 600 nm.[60] It is
likely that the YBG pore size will vary significantly depending
on both the extraction method used (i.e., the extent of cell wall
hydrolysis) and the drying method used (potential pore collapse
during evaporative/sublimation processes). However, despite
the importance of the YBG pore size to the practical use of
YBG, the pore size is rarely reported in the literature; as such,
more detailed investigations into the surface properties of YBG
thus offer promise to better design encapsulation strategies for
loading payloads of various sizes.

3.1.3. Supercritical Fluids

While solvent evaporation and lyophilization represent the most
popular processing/drying methods for YBG, the use of super-
critical fluids to process YBG has recently gained interest given
its potential to avoid some of the drawbacks of sublimation and
evaporative processes. Supercritical CO2 (scCO2), the most com-
monly used supercritical processing fluid, presents several ad-
vantages in material processing: 1) CO2 becomes supercritical at
relatively mild conditions (31 °C and 7.4 MPa),[61] allowing for
the stable processing of thermosensitive materials and therapeu-
tics; 2) supercritical fluids possess properties intermediate of liq-
uids and gases, exhibiting gas-like diffusivity and liquid-like sol-
vating power[62] that allows for the solvation of a wide range of
therapeutics and efficient penetration of the fluid into micropar-
ticles; 3) the absence of an air-liquid interface results in a more
gentle drying process via solvent extraction that can preserve
fine morphologies and avoid drying artifacts commonly associ-
ated with evaporation/lyophilization; and 4) supercritical fluids
may extract various small molecule and macromolecular impu-
rities that would otherwise be enriched on the particle/material

surface during evaporative and sublimation processes and may
compromise receptor affinity.[63] While the supercritical process-
ing of polysaccharides (including the extraction of various beta-
glucans) via supercritical fluids is well documented,[64] demon-
stration of the processing of YBG is relatively recent. For exam-
ple, scCO2 was used to prepare both barley and yeast beta-glucan
aerogels by first preparing alcogels from the polysaccharides and
then removing the solvent in a critical point dryer,[65] yielding a
highly porous YBG matrix with a specific surface area as high as
178 m2 g−1. Acetylsalicylic acid could then be loaded into these
high surface area aerogels using a supercritical impregnation
process to achieve drug loading capacities of up to 15 wt.%,[65]

albeit with a significant alteration in the YBG particle size and
morphology leading to the generation of aggregated/fused YBG
particles. Such dramatic alterations of YBG’s original physical
properties may negatively affect its ability to exert immunomod-
ulatory effects, although such an impact was not specifically in-
vestigated. As an alternative, Errenst, Petermann, and Kilzer re-
ported the encapsulation of limonene into spent yeast cells us-
ing the concentrated powder form (CPF) process, which involves
the rapid mixing of a powder with a mixture of a supercritical
fluid and a liquid.[66] Fluidized yeast cells were injected into a
spray tower through one nozzle, while a mixture of scCO2 and a
limonene/water emulsion was atomized through a separate noz-
zle. The rapid mixing of these streams resulted in the deposi-
tion of limonene on the yeast cell wall and (after storage times of
2–168 h) the diffusion of limonene inside the cells, resulting in
limonene loadings of up to 20 wt.% with no major alterations to
YBG morphology;[66] however, large agglomerates of individual
yeast cells were observed and the ability to redisperse these cells
was not investigated. Furthermore, it is important to note that
intact spent yeast cells were used in this work, likely resulting
in significantly different physical and biological properties com-
pared to pure YBG including diminished Dectin-1 interactions
or other potentially undesirable effects such as Toll-like receptor
activation.[60] However, due to its high drug loading capacity and
preservation of surface morphology, the CPF method offers the
potential to efficiently load YBGmicroparticles with a wide range
of liquid payloads.
Recently, our group first demonstrated a supercritical fluids-

based processing strategy for YBG that preserved the discrete
size and morphology of individual YBG microparticles using
Pressurized Gas eXpanded liquids technology (PGXTEC).[67] The
PGXTEC process uses a mixture of scCO2 and ethanol that, when
co-injected into a pressurized vessel with an autolyzed yeast
slurry, rapidly removes solvents and other impurities from the
slurry, resulting in dried, highly uniform YBG particles. The
presence of ethanol in the PGXTEC fluid is crucial for the pro-
cessing of aqueous formulations given that it promotes mis-
cibility between the aqueous input stream and the PGXTEC

fluids as well as simultaneously processes and dries an ef-
fectively sterile material.[64d] PGXTEC-processed YBG (PGXTEC-
YBG) presents a desirable set of properties such as small size
(≈5 μm with narrow size distributions), significantly higher spe-
cific surface areas compared to spray-dried YBG analogs (>
130 m2 g−1 compared to < 5 m2 g−1 for spray dried YBG), and
extremely low bulk densities as low as 0.05 g mL−1 (Figure 3).[67]

PGXTEC-YBG also exhibits a higher surface purity compared
to spray-dried YBG, potentially contributing to the observed
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Figure 3. Physical, morphological, and immunomodulatory characteristics of spray-dried and PGXTEC-processed YBG powders highlighting the im-
portance of the processing method on the physicochemical and immunomodulatory properties of YBG. A–C) Helium ion microscopy images of (A)
spray-dried YBG (SD-YBG), (B) PGXTEC-processed SD-YBG (PGX-SD-YBG), and (C) PGXTEC-processed YBG (PGXTEC-YBG); scale bars = 5 μm; D–F)
Comparison of particle size (D), specific surface area (E), and density (F) between YBG powders processed using different methods, showing the benefits
of the PGXTEC process in creating smaller and highly porous microparticles; G, H) Immunomodulatory activity of PGX-YBG in murine precision cut lung
slices, illustrating PGXTEC-YBG’s ability to modulate both M1 (TNF-𝛼) and M2 (arginase) macrophage markers. Adapted with permission.[67] Copyright
2025, Elsevier.

higher surface porosity and enhanced Dectin-1 activation in
vitro.

3.2. Immunomodulatory Applications of 𝜷-1,3 Glucan
Microparticles

3.2.1. Stand-Alone Innate Immune Cell Modulators

Due to 𝛽-1,3 glucan’s inherent immunomodulatory proper-
ties, YBG microparticles have been investigated as standalone

therapeutics to modulate immune cell behavior. A summary
of YBG’s immunomodulatory applications is presented in
Table 1. YBG alone is readily phagocytosed by DCs in vitro and
stimulates TNF-𝛼 secretion in a Dectin-1-dependent manner.[68]

YBG also targets and activates DCs in vivo, which can pro-
mote DC and T cell tumor infiltration and subsequent tumor
regression.[33] Importantly, these effects can be achieved via
oral delivery, which is desirable for ease of administration and
patient compliance. YBG has also been reported to exert im-
munological changes in MΦ via several mechanisms including
altered gene expression, inflammatory cytokine upregulation,
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Table 1. Summary of papers highlighting the immunomodulatory applications of YBG microparticles.

YBG Preparation
Method

Size Other Components/
Therapeutics

Drug Loading Application Main Immunomodulatory
Outcomes

Ref.

Air drying 2–4 μm N/A N/A DC modulation Stimulated TNF-𝛼 secretion in
BMDCs; synergistic activity
with TLR agonists.

[68,74]

Lyophilization Not
specified

N/A N/A Trained immunity
against
M. tuberculosis
infection

BG-trained mice showed
enhanced response to
infection, greatly improving
survival rates

[73,75]

Not specified 4–6 μm N/A N/A DC modulation in
tumor-bearing mice

Enhanced T cell/DC
activation/infiltration; reduced
tumor growth

[33,76]

Not specified 4–6 μm N/A N/A MΦmodulation in
tumor-bearing mice

Significant increase in M1/M2
marker ratio; reduced tumor
volume in vivo

[32a,76]

Not specified 4–6 μm N/A N/A MΦmodulation in
tumor-bearing mice

Reduced tumor growth due to
enhanced M1 MΦ and NK cell
tumor infiltration

[69,76]

Not specified 4–6 μm N/A N/A Trained immunity in
murine TAMs

BG-trained MΦ resulted in
metastasis inhibition,
improved survival rates

[72b,76]

PGXTEC processing 5 μm N/A N/A Modulation of
pro-fibrotic lung MΦ

Significant reduction in arginase;
increased TNF-𝛼 production in
murine ex vivo lung tissues

[67]

Not specified Not
specified

N/A N/A Reprogrammed human
TAM-like MΦ in vitro

Increased secretion of M1
cytokines and
chemoattractants

[32c]

Not specified Not
specified

N/A N/A Trained immunity in
human monocytes

Enhanced TNF-𝛼 and IL-6
production after LPS challenge

[72a]

Air drying 2–4 μm Encapsulated AS04 adjuvant
and T. gondii lysate

EE% ≈40%
LC% ≈4%

Vaccine adjuvant Improved uptake, lymph node
accumulation, and survival in
infected mice

[77]

Lyophilization Not
specified

Encapsulated
ovalbumin/tRNA

complexes

EE% > 90% Vaccine adjuvant Enhanced T cell proliferation and
Th1/Th17 responses in
vaccinated mice

[58b,78]

Not specified ≈1.7 μm Surface conjugated
NY-ESO-1 antigen

5–7.5 × 105 antigen
molecules per yeast

cell

Vaccine adjuvant Effective cross-presentation and
immunization of T cells in vitro

[79]

Vacuum drying Not
specified

Surface conjugated
ovalbumin

LC%; 1% Vaccine adjuvant Activation and proliferation of
CD4+/CD8+ T cells in vitro

[44b,80]

Air drying 2–6 μm Encapsulated bovine serum
albumin and surface

conjugated
aminopeptidase N

antibody

EE% ≈97% (both
bovine serum
albumin &

aminopeptidase N)

Vaccine with
aminopeptidase
N-targeting

Improved IgG titres in pigs
compared to free antigen

[58b,81]

Not specified Not
specified

Conjugated adenovirus Not specified TAM modulation Strong modulation of cytokines,
metabolites, MΦ phenotype in
vivo

[82]

Lyophilization ≈3 μm Encapsulated berberine
(BBR)/epigallocatechin
gallate (EGCG) NPs

EE% ≈60% (BBR),
93% (ECGC)

Colon-targeted drug
delivery

Significant reduction in colon
inflammation and M1
cytokines in vivo

[83]

Air drying (pure);
lyophilization
(loaded)

≈2–4 μm Encapsulated
cabazitaxel-loaded
polymer/lipid NPs

EE% = 45.6%
LC% = 1.8%

MΦ-targeted oral
delivery

Improved bioavailability of
cabazitaxel in vivo

[59d]

(Continued)
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Table 1. (Continued)

YBG Preparation
Method

Size Other Components/
Therapeutics

Drug Loading Application Main Immunomodulatory
Outcomes

Ref.

Air drying ≈2–4 μm Encapsulated
DNA/tRNA/poly-
ethyleneimine

polyelectrolyte complexes

∼ 106 DNA
molecules/particle

Targeted gene delivery Improved transfection of
Dectin-1-expressing cells
compared to DNA/poly-
ethyleneimine NPs

[81b]

Not specified ≈4–5.5 μm Encapsulated doxorubicin EE% = 62.7%
LC% = 11.4%

Tumor-targeted drug
delivery

Accumulation in TAMs; retention
in murine tumors over 7 days

[84]

Lyophilization 3–5 μm Encapsulated doxorubicin;
chitosan/alginate surface

coating

EE% = 52.4%
LC% = 1.1%

Controlled drug release
system

Significant TNF-𝛼 and IL-2
secretion in PBMCs

[57a]

Vacuum drying (pure);
Lyophilization (loaded)

≈2–4 μm Encapsulated methotrexate
immobilized in alginate

hydrogel

EE% ≈85%
LC% ≈17%

Colon-targeted drug
delivery

Targeted delivery to intestinal
MΦ; reduction in colitis
symptoms in mice

[57c]

Lyophilization ≈3 μm Q11 peptide-based hydrogel
encapsulated in YBG cavity

LC% = 2.1%–2.3% MΦ-targeted oral
delivery

Higher Dectin-1-mediated MΦ
uptake in vivo compared to
peptide alone

[58a]

Vacuum drying (pure);
lyophilization
(loaded)

≈2–8 μm
(loaded)

Encapsulated various NPs,
small molecule drugs

LC% ≈7–56% MΦ-targeted
inflammation/cancer
therapy

Reduction in local inflammation
or tumor burden in various in
vivo models

[59c]

Lyophilization (pure);
Slurry evaporation, spray
drying (loaded)

Not
specified

Various encapsulated
anti-inflammatory

compounds

LC% ≈0.02%–0.05% MΦ-targeted drug
delivery

Enhanced suppression of NF-𝜅B
and ROS in vitro compared to
free drug

[51]

Lyophilization 2–4 μm Emodin/asiatic acid
encapsulated in YBG;

chitosan/alginate microgel
encapsulating YBG and L.

casei Zhang

EE% = 75%–90%
LC% = 20%–60%

Renal fibrosis therapy Significantly reduced fibrosis;
improved gut microbiota
diversity in vivo

[85]

as well as the production of chemoattractants responsible for
monocyte and neutrophil recruitment.[32c] In cancer models,
these immunomodulatory properties have been shown to “re-
program” tumor-associated MΦ (TAMs) to a pro-inflammatory
phenotype that not only upregulates M1 markers like iNOS,
IL-12, and TNF-𝛼 but also downregulates IL-10, arginase, and
other M2 markers.[32a] YBG-induced TAM reprogramming has
thus shown promise as an alternative cancer treatment method,
demonstrating reduced tumor growth inmultiple murine cancer
models.[32a,69]

We recently showed that YBG’s immunomodulatory activity
extends toMΦ involved in fibrotic lung disease using three differ-
ent cell lines: human THP-1 MΦ, murine bone marrow-derived
macrophages (BMDMs), and murine alveolar MΦ. PGXTEC-
processed YBG can effectively downregulate M2 markers asso-
ciated with lung fibrosis including arginase and CCL18 while
subsequently upregulating the M1 marker TNF-𝛼, albeit not to
an extreme polarization state that would induce an undesirable
inflammatory response. Such effects were demonstrated in a
pre-polarized in vitro model (in which MΦ were first polarized
to an M2-like phenotype followed by PGXTEC-YBG treatment),
a co-polarized in vitro model (in which the M2 cytokines and
PGXTEC-YBG were administered simultaneously), and a murine
precision-cut lung slice (PCLS) ex vivo model (which better repli-
cates the complex cellular processes and lung architecture seen
in vivo, Figure 3G,H). The capacity of PGXTEC-YBG to prevent the
M2-polarization of naïve MΦ is particularly relevant for lung fi-
brosis in which infiltratingmonocytes are polarized to anM2-like

phenotype upon reaching the lung to contribute to the fibrotic
milieu.[70]

In addition to modulating immune cells in diseased tissues,
recent studies have highlighted the potential for 𝛽-1,3 glucans
to induce trained immunity, a recently discovered phenomenon
that confers a nonspecific memory to innate immune cells in
response to immunomodulatory stimuli via metabolic and epi-
genetic reprogramming.[71] Leveraging materials that induce
trained immunity has implications in a variety of applications,
including improved cancer and vaccine therapies.[71b] Multiple
in vitro models have shown that pre-treating (i.e., training) MΦ
with YBG results in stronger pro-inflammatory responses to LPS
challenge compared to both negative controls and soluble BG.[72]

Ding et al. further explored YBG-induced trained immunity in
vivo by injecting YBG-trained mice with tumor cells to assess the
effects of YBG training on tumor burden. Trained mice showed
markedly fewer tumor nodules in the lungs and significantly
higher survival rates compared to control mice, with a 60% sur-
vival rate achieved after 60 days.[72b]** YBG training also shows
benefits in tuberculosis treatment, with mice trained using YBG
achieving an 80% survival rate 300 days after M. tuberculosis
infection.[73] While Dectin-1 is presumed to play a major role in
YBG-induced immunity, the resistance response was found to
heavily rely on IL-1 signaling,[73] potentially indicating another
therapeutic target for inducing trained immunity.
While many papers have published similar overall trends as-

sociated with immunomodulatory properties of YBG, as Table 1
shows many papers do not specify the processing method used
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and/or the size of the YBG being studied. As such, the capacity
to draw rigorous structure-property correlations from the liter-
ature is unfortunately limited. Given the strong correlation be-
tween YBG size, aggregation state, porosity, purity, and immune
cell interactions/responses, we would suggest that information
on processing method, size, and aggregation state is essential in
any future publication in this area.

3.2.2. Vaccine Formulation

The ability of 𝛽-1,3 glucan microparticles to target and modulate
antigen-presenting cells (APCs) like DCs and MΦ makes it an
ideal carrier and adjuvant for vaccine formulations that heighten
the corresponding immune response.[86] While traditional adju-
vants have been based around aluminum salts and oil-in-water
emulsions,[86a] there has been increasing research exploring the
use of 𝛽-1,3 glucans as naturally derived alternatives that avoid
many of the formulation and tissue compatibility challenges of
other options. In this context, YBG can enhance each cell target-
ing, payload encapsulation/conjugation, and adjuvanticity bene-
ficial to effective vaccination. Huang et al. compared the vaccina-
tion efficacy of ovalbumin (OVA)-loaded YBGmicroparticles and
OVA-complexed alum using in vitro, in vivo, ex vivo models[78]

and reported efficient uptake of the YBG vaccine by DCs in vitro
that induced significantly higher levels of IFN-𝛾 , IL-4, and IL-
17 in CD4+ T cells; in vivo vaccination resulted in significantly
higher IgG titers compared to the alum/OVA formulation, a re-
sult attributed to improved antigen delivery to DCs via Dectin-1-
mediated uptake that results in enhanced antigen presentation
to T cells in vivo.[78] Other studies have investigated the combi-
nation of traditional adjuvants with YBG to improve delivery ef-
ficiency and/or immune response. For example, a combination
of YBG and the AS04 adjuvant designed for T. gondii vaccina-
tion exhibited enhanced lymph node accumulation in mice as
well as higher IgG titers and pro-inflammatory cytokines when
both YBG and AS04 were present,[77] suggesting that a combina-
tion of adjuvants acting via different mechanisms (Dectin-1 and
TLR4 activation by YBG and AS04 respectively)[87] may provide
augmented immunological responses to vaccines.
In addition to antigen encapsulation, chemical conjugation

methods have been utilized to immobilize vaccine components to
the surface of glucan microparticles to enhance the presentation
of these molecules to immune cells. The abundance of hydroxyl
groups on YBG allows for simple conjugation with proteins and
peptides via carbodiimide chemistry, as has been demonstrated
with YBG-OVA conjugates that can promote DC maturation and
T cell activation in vitro.[80] Enzyme-cleavable linkers can also
be incorporated into YBG/antigen conjugates, allowing for anti-
gen release in the lysosomes of DCs for more effective cross-
presentation to T cells.[79] Additional targeting moieties can also
be immobilized on the YBG surface to enhance specific cell tar-
geting and vaccination. For instance, Baert et al. used carbodi-
imide chemistry to conjugate a monoclonal antibody targeting
aminopeptidase N (APN) on YBG to target intestinal epithelial
cells for oral vaccination.[81a] In vitro immunomodulation assays
showed that while both unmodified YBG and anti-APN YBG
could effectively increase TNF-𝛼 production in DCs (thus con-
firming YBG’s inherent immunostimulatory effect), anti-APN

YBG also yielded significant increases in IL-1𝛽 and IL12p40 as
well as increased CD40 and CD80 expression indicative of DC
activation. Anti-APN YBG also accumulated more effectively in
intestinal epithelial cells compared to unmodified YBG in an
intestinal explant model, confirming that anti-APN conjugation
confers specific intestinal cell targeting to YBG. Consistent with
these results, piglets immunized with anti-APN YBG loaded with
the FedF antigen showed increased Ig levels compared to FedF
alone, suggesting that YBG can provide both targeted delivery
and payload protection from the harsh environment of the gas-
trointestinal tract.
Recent clinical trials have also demonstrated the ability of

yeast-derived beta-glucans to increase antibody titers without
inducing significant toxicity when combined with vaccines for
influenza,[88] COVID-19,[88] and high-risk neuroblastoma.[11]

However, these trials administered YBG as a separate oral sup-
plement from the vaccine, making additional studies required to
determine the potential benefit of YBG-vaccine composites in a
clinical setting.

3.2.3. Targeted Drug and/or Nanoparticle Delivery Vehicles

The hollow core and porous shell structure of YBG allow for
the loading of both small molecule and macromolecular pay-
loads while the bioactivity of YBG offers the potential to not
only target and deliver drugs to specific cells but also modu-
late their phenotype. For example, DOX-loaded YBG micropar-
ticles can both arrest breast cancer cell growth and stimulate
TNF-𝛼 and IL-2 secretion from peripheral blood mononuclear
cells (PBMC),[57a] resulting in a dual-action chemo- and immuno-
therapeutic. In vivo, DOX-loaded yeast cells can effectively con-
centrate in murine tumors compared to free DOX, specifically by
accumulating in tumor MΦ due to a combination of particle size
andDectin-1 targeting.[84] It is also worth noting that drug-loaded
YBG, even at high loadings, can still be phagocytosed by MΦ to
the same extent as unloaded YBG, suggesting that Dectin-1 inter-
actions are not significantly hindered by drug encapsulation.[50]

Other studies have shown that YBG can be used as a deliv-
ery vehicle for anti-inflammatory applications despite YBG typ-
ically exhibiting pro-inflammatory properties. For instance, Sun
et al. prepared YBG particles containing the anti-inflammatory
drug methotrexate through a dissolution/precipitation method,
resulting in a depot of methotrexate precipitates within the YBG
core.[57c] The drug-loaded composites were selectively taken up
by MΦ in a Dectin-1-dependent manner, thereby minimizing
any methotrexate-induced toxicity to intestinal epithelial cells. In
vivo, administration resulted in attenuated inflammatory mark-
ers in mice with ulcerative colitis to a greater degree than ob-
served with either YBG or methotrexate alone.[57c] Šalamúnová
et al. also observed enhanced activity when anti-inflammatory
compounds were spray dried with YBG, with treated THP-
1-derived MΦ displaying significant reductions in NF-𝜅B ac-
tivity that is responsible for the transcription of several pro-
inflammatory cytokines.[51] Interestingly, in both of these works,
YBG treatment alone caused a reduction in pro-inflammatory
markers; explanations for this finding were not provided despite
these results being in contrast with other findings around YBG.
It is possible that differences in YBG purity/particle properties
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and/or differences in cell lines/animal models could explain this
discrepancy, further highlighting the importance of mechanistic
research as well as the need for consistent YBG processing for
appropriate comparison of results across the literature.
Several groups have explored the use of NP-loaded YBG mi-

croparticles for cell targeting and/or immunomodulation. Soto
and Ostroff demonstrated the ability to self-assemble DNA poly-
electrolyte complexes within the hollow core of YBG, resulting
in improved transfection of Dectin-1-expressing cells compared
to unencapsulated polyelectrolyte NPs.[81b] In vivo, YBG can si-
multaneously act as a MΦ targeting agent while also protect-
ing sensitive payloads from degradation in the gastrointestinal
tract given that YBG structural integrity and targeting ability have
been shown to be unaffected by simulated gastric fluid.[58a] Other
methods including surface binding of anionic mesoporous silica
NPs (MSNs) to surface-functionalized cationic YBG,[59a] encap-
sulation of cationic NPs into the anionic YBG cavity,[59c,d] or en-
capsulation of peptide-loaded PLGANPs[59g] have been employed
to deliver various therapeutics directly to MΦ or MΦ-populated
tissues. Some of these studies further confirmed that MΦ uptake
of these YBG-nanoparticle composites remains Dectin-1 medi-
ated, with differential uptake observed with or without the pres-
ence of the Dectin-1 antagonist laminarin.[59c,d,g] In some cases,
not only the MΦ targeting properties of NP-loaded YBG but also
the MΦmodulating properties of YBG are simultaneously lever-
aged. When YBG encapsulating berberine and epigallocatechin
gallate for ulcerative colitis treatment was incubated with anti-
inflammatory M2 MΦ, neither YBG alone nor the NP-loaded
YBG had a significant effect on the ratio of M2/M1MΦ; however,
when the drug-loaded YBGwas incubatedwith pro-inflammatory
M1MΦ, there was a significant increase in theM2/M1 ratio com-
pared to the LPS control consistent with the enhanced targeting
and subsequent NP uptake conferred by YBG.[83] However, this
increase was similar to that seen using the NP alone without the
YBG component, suggesting that MΦ modulation, in this case,
was induced primarily by the immunomodulatory NP and not
YBG. Indeed, most of the nano-in-micro YBG formulations in
the literature have focused on YBG’s targeting and uptake prop-
erties, with few studies exploring its immunomodulatory prop-
erties despite the obvious benefits of such properties in many
proposed applications like cancer and inflammatory diseases. As
such, an improved understanding of YBG’s immunomodulatory
effects may help identify synergistic or confounding effects when
combined with the therapeutic NPs as well as how encapsulating
versus surface binding the NPs to YBG affects the immunomod-
ulatory response observed.

4. Beta-Glucan Nanoparticles

While yeast-derived microparticles have clear advantages in
terms of their ease of production (given that the particle shell
is typically pre-fabricated by the yeast cell itself and only needs
to be preserved in the drying process to make the microparti-
cles), the relatively large size and rigid structure of YBG limits
its use to non-systemic administrationmethods like oral and pul-
monary delivery; indeed, systemic administration of micropartic-
ulate BG has been shown to induce undesirable inflammation,
granuloma formation, and microembolization.[89] Developing 𝛽-
1,3 glucan-derived formulations that can be administered sys-

temically but preserve the desired immunomodulatory proper-
ties of BG thus has the potential to expand beta-glucans utility as a
multi-functional therapeutic by improving its delivery to difficult-
to-reach regions like solid tumors and other diseased tissues. On
this basis, considerable research effort has been invested in de-
veloping nano-scale beta-glucan materials to better target these
disease sites. NPs pose several other advantages over microparti-
cles such as 1) a higher surface area to volume ratio,[37] resulting
in a higher number of sterically accessible 𝛽-1,3 linkages for inter-
actions with immune cells; 2) sizes compatible with cell entry via
mechanisms other than phagocytosis (e.g., various endocytosis
pathways)[37,90] that may allow for the targeting of an accumula-
tion of the beta-glucans in non-phagocytic cells; and 3) the poten-
tial for circulation to enable systemic targeting of the therapeutic
to a specific disease site. In this section, we will summarize the
current progress on beta-glucan NP formulations and their ap-
plication as delivery vehicles and immunomodulators.

4.1. Beta-Glucan Nanoparticle Fabrication

4.1.1. Helix Interactions

As discussed in Section 2, many sources of BG adopt single or
triple helical structures in aqueous solutions that are primarily
attributed to strong intra- and inter-molecular hydrogen bonding
between polymer strands.[22] Studies of various helical polysac-
charides have shown that these structures can be reversibly bro-
ken in response to hydrogen bond disruptors including heat, sol-
vent exchange, and alkalinity,[22] leading to the development of
nanoscale BG therapeutics by incorporating molecules into the
helix during the renaturation process. A schematic of the de-
naturation/renaturation process, along with other common BG
NP fabrication techniques, is illustrated in Figure 4; a summary
of these techniques is provided in Table 2. In particular, several
studies have demonstrated the incorporation of DOX into BG he-
lices for cancer applications. The successful formation of these
NPs typically requires either molecular weight reduction[91] or
hydrophobic modification,[92] resulting in particle sizes around
200 nm but as low as 70 nm. Due to the binary nature of these
systems, DOXoften comprises a significant weight fraction of the
system, with loadings as high as 41 wt.% reported.[91a] Further-
more, the primary amine on DOX allows for pH-responsive re-
lease by both enhancing DOX solubility and disrupting the chiral
and hydrogen bonding interactions with the BG triple helix, with
heightened burst release at lower pH values sometimes achiev-
able in poorly vascularized and rapidly growing tumours (pH 5–
6.5) compared to pH 7.4 to improve tumor targeting.[91,92b]

In addition to small molecules like DOX, helix denatu-
ration/renaturation can also be used to incorporate macro-
molecules into the helical structure using similar formulation
conditions. Nucleic acids of varying structures including single
stranded DNA (ssDNA),[110] CpG oligonucleotides (CpG),[107a]

small interfering RNA (siRNA),[108] and aptamers[106] have been
successfully assembled with triple helical BGs including Zy-
mosan, lentinan (a mushroom-derived 𝛽-1,3 glucan),[106] and
schizophyllan (SPG, from Schizophyllum commune).[26] However,
in many cases, direct complexation does not proceed efficiently
due to insufficient chain lengths, conformations, or hydrogen
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Figure 4. Schematic representation of the major fabrication methods for beta-glucan NPs including both covalent (crosslinking, surface conjugation)
and noncovalent (hydrophobic, electrostatic, hydrogen bonding, and helix interactions) assembly methods to fabricate NPs based on both BG and BG
derivatives. Created with Biorender.com.

bonding capacity.[106,111] To address this, nucleic acids are often
modified with poly(deoxyadenylic acid) (poly(dA)) to improve the
hydrogen bonding interactions between the nucleic acid and the
BG chains. Minari et al. demonstrated that SPG could be de-
natured in NaOH and renatured in the presence of poly(dA)-
modified CpG to form composite glucan/CpG triple helices with
complexation efficiencies between 78%–100%.[107a] The same
group showed that poly(dA) modification can also be used to
directly complex OVA with SPG.[107b] Similar complexes were
prepared by Duan et al. from poly(dA)-modified aptamers and
lentinan,[106] although the size and complexation efficiency were
not fully quantified.
Some nucleic acids, depending on their length and hydro-

gen bonding ability, can be complexed with BGs without ad-
ditional modification. For example, ssDNA can be complexed
with trifluoroacetic acid (TFA)-hydrolyzed Zymosan via denatu-
ration/renaturation with DMSO and water, respectively. Depend-
ing on the extent of hydrolysis, NPs of 300, 500, or 800 nm can
be obtained with DNA complexation yields of up to 50%[110] at-
tributed to strong hydrogen bonding interactions. Similarly, TFA-
treated SPG can complex siRNA to fabricate NPs with a diam-
eter of ≈300 nm and DNA loadings of ≈67%.[108] One other
interesting study assessed the complexation mechanisms of a
cationic curdlan with various guest molecules including poly-
cytidylic acid (poly(C)) as well as hydrophobic molecules like per-
methyldecasilane (PMDS) and single-walled carbon nanotubes
(SWNTs).[109] The cationic curdlan adopted a single helix confor-
mation that could either form helical composites with poly(C) or
incorporate guest molecules inside the helix through the com-
plexation process shown in Figure 5, a response attributed to
a combination of hydrogen bonding, pi-pi stacking, and elec-

trostatic interactions without the need for a sequential denatu-
ration/renaturation processes.[109] However, the loading and re-
lease of these compounds were not quantified, such that fur-
ther investigation is required to determine the suitability of these
complexes as nanoscale delivery vehicles. Overall, the use of
supramolecular assembly for fabricating BG nanoparticles offers
clear benefits of simple formulation and minimal modification
to the physicochemical properties of the glucan but can limit
the types of assemblies formed according to the physicochemical
properties (and inherent variability) of the BG starting materials.

4.1.2. Electrostatic Complexation of Charged Glucan Derivatives

As an alternative to supramolecular assembly, BGs can be chem-
ically functionalized with a wide range of ionic moieties includ-
ing carboxyl, amino, sulfate, and quaternary ammonium groups
to enable the formation of polyelectrolyte complexes (PECs) be-
tween two oppositely charged BGs or a charged BG and a charged
drug. Such electrostatic complexation occurs spontaneously in
water, driven by an increase in system entropy due to the dis-
placement of counterions surrounding the polymer’s charged
groups.[112] Major advantages of PECs include their ease of fab-
rication (provided the initial materials are ionic), their potential
to eliminate the use of organic solvents, and their potential to
load diverse therapeutic targets, as summarized in the following
sections. However, the need to introduce a charge on the inher-
ently neutral BG represents a drawback of implementing this
strategy to form BG-based nanoparticles. Furthermore, chemi-
cal functionalization of the BG can alter its immunomodulatory
effects (both positively and negatively),[89b,113] with relatively few
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Table 2. Properties of BG NPs prepared by helix interactions and/or electrostatic complexation.

BG Material Other NP Components Fabrication
Method

NP size Drug Loading Long-Term Stability Release Profile Refs.

BG (carboxymethy-
lated)

Protamine sulfate, CpG Electrostatic
complexation

≈300 nm EE% ≈97% Not specified 50% release
sustained over

72 h

[93]

BG (sulfated) from H.
erinaceus

Chitosan, resveratrol Electrostatic
complexation

172–191 nm EE% = 92%
LC% = 5%

Stable in water for
18 days; highly
sensitive to ionic

strength

38% release over 4 h [94]

Curdlan (carboxy-
methylated)

N-trimethyl chitosan, bovine
serum albumin

Electrostatic
complexation

≈153–616 nm EE% up to 89.8% Stable at 4 °C for up
to 12 weeks

Not specified [95]

Curdlan (sulfated) Chitosan, rifampicin,
D-pinitol

Electrostatic
complexation

≈300–500 nm LC% = 13.2%
(D-pinitol)

LC% = 24.5%
(rifampicin)

Not specified Initial burst,
sustained over

3 days

[96]

Curdlan (sulfated) Chitosan, zidovudine Electrostatic
complexation

≈100–200 nm EE% up to 85%
LC% up to 11%

Not specified pH-responsive;
initial burst,
plateau after

3 days

[97]

Curdlan (sulfated) Quaternary
ammonium-modified
chitosan, SARS-CoV-2
spike receptor binding

domain

Electrostatic
complexation

≈126 nm EE% = 59% Not specified Not specified [98]

YBG
(3-boronobenzoic
acid-modified)

Chitosan, phycocyanin/lutein
NPs

Electrostatic
complexation

≈53–83 nm EE% up to 95.9%
LC% up to 1.2%

Not specified Sustained release in
simulated GI tract
fluids over 7 h

[99]

YBG (aminated) CpG and ovalbumin Electrostatic
complexation

≈184–214 nm EE% = 82.2%
(ovalbumin)

EE% = 85.7% (CpG)

Stable for 5 weeks at
4 °C, 6 days at 37 °C

Initial burst, then
sustained over

5 days

[100]

YBG (aminated) pDNA Electrostatic
complexation

118–203 nm Not specified Minimal pDNA
degradation over

12 h

Not specified [101]

YBG (carboxy-
methylated)

Chitosan, ovalbumin Electrostatic
complexation

≈160–170 nm EE% = 46%
LC% = 3.6%

Stable at 4 °C for 2
months; properties
preserved after
lyophilization

Not specified [102]

YBG (oxidized) Aminated glycogen, CpG Electrostatic
complexation

≈180 nm EE% ≈99%
LC% = 7.3%

Not specified Enzyme-responsive
burst release

[103]

YBG, curdlan
(aminated)

siRNA, dsDNA, pDNA Electrostatic
complexation

≈93–203 nm Not specified Not specified Not specified [101,104]

Zymosan (sulfated) Polyethylene
glycol-b-polyethyleneimine

doxorubicin

Electrostatic
complexation

≈31–127 nm EE% = 64% Not specified pH responsive;
initial burst, then
sustained over

10 days

[105]

Curdlan (hydrolyzed) Doxorubicin/ curdlan
complexes coated in red
blood cell membranes

Helix interactions ≈90–110 nm Not specified Not specified pH responsive;
burst at pH 5.4

[91b]

Lentinan Polydeoxyadenylic
acid-modified aptamers

Helix interactions Not specified Not specified Not specified Not specified [106]

Schizophyllan Ovalbumin and/or
polydeoxyadenylic
acid-modified CpG

Helix interactions Not specified Up to 8 CpG
molecules/

complex; ≈100%
ovalbumin

complexation

Not specified Not specified [107]

Schizophyllan
(hydrolyzed)

siRNA Helix interactions ≈300–400 nm EE% = 67% Not specified Not specified [108]

(Continued)
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Table 2. (Continued)

BG Material Other NP Components Fabrication
Method

NP size Drug Loading Long-Term Stability Release Profile Refs.

Schizophyllan,
curdlan (aminated)

Polycytidylic acid,
permethyldecasilane,
single-walled carbon

nanotubes

Helix interactions Height:
1–2.5 nm
Length:

150–200 nm

0.8 PMDS molecules
per repeat unit

Complexes with
polycytidylic acid or
carbon nanotubes
stable for 1 month
(data not shown)

Not specified [109]

YBG (butyrylated or
depolymerized)

Doxorubicin Helix interactions ≈70–200 nm
(depolymer-

ized)
≈90–300 nm
(butyrylated)

EE% up to 38%
LC% up to 39%

Stable for 2 months
(data not shown)

pH responsive;
burst at pH 5.0

[92b]

Zymosan
(hydrolyzed)

Doxorubicin Helix interactions ≈190–290 nm EE% = 80%
LC% = 41%

Not specified Controlled, pH
responsive

[91a]

Zymosan
(hydrolyzed)

ssDNA Helix interactions ≈300–900 nm EE% = 50% Not specified Not specified [110]

YBG (formate,
acetate, hexanoate
modified)

N/A Helix interactions,
hydrophobic
self-assembly

132–487 nm N/A Not specified N/A [92a]

papers explicitly probing howmodifying the BG chemistry alters
immune cell interactions and activity.[114] As such, BG function-
alization must be conducted by balancing the potential for fab-
ricating more stable and chemically diverse nanoparticles with
the potential for decreased immunomodulatory potential and im-
mune cell receptor affinity.

Figure 5. Differences in helical interactions between cationic curdlan
(CUR-N+) and schizophyllan (SPG) with hydrophobic guest molecules
by which the cationic curdlan forms complexes without an intermediate
denature-renature step. Reproduced with permission.[109] Copyright 2007,
American Chemical Society.

Nucleic Acid Complexation: The synthesis of cationic BG
derivatives enables spontaneous complexation with nucleic acids
due to (1) the improved aqueous solubility of charged BG deriva-
tives; and (2) the electrostatic complexation between the cationic
group on BG and the anionic phosphate groups present on nu-
cleic acids. Various cationic moieties have been introduced along
the BG backbone to enable nucleic acid loading. For example, pri-
mary amino groups can be introduced to the C6 position of curd-
lan via azidation followed by sodium borohydride reduction,[104a]

with the resulting polymer used to form PECs with siRNA of
sizes 93–183 nmwith significantly less toxicity compared to other
gene delivery vehicles like polyethyleneimine (PEI).[115] The same
group further demonstrated that azido-functionalized curdlans
could be modified using “click” chemistry techniques, as illus-
trated in Figure 6.[104b] Through simple mixing with dsDNA,
nanocomplexes of ≈200 nm diameter with positive zeta poten-
tials were formed, suggesting an excess of curdlan-lysine on the
surface;[104b] interestingly, curdlan-lysine alone formed ∼300 nm
NPs in PBS, suggesting the potential for self-assembly of the am-
phiphilic conjugate and the role of the dsDNA to condense the
particles due to strong lysine/dsDNA interactions.
In addition to curdlan, ethylenediamine-functionalized YBG

has been used for nucleic acid complexation, showing the abil-
ity to simultaneously complex both CpG-ODN and OVA via
dropwise nanoprecipitation into ternary complexes of diameter
≈184 nm and EE% > 80% for both payloads.[100] This ternary
complex is particularly interesting as it consists of two dis-
tinct immunopotentiators with distinct modulationmechanisms
(YBG and CpG-ODN) and an antigen payload (OVA), offering
the potential for enhanced immune response to the antigen.
Other YBG-based polyelectrolyte complexes have been developed
by first crosslinking oxidized YBG with aminated glycogen via a
Schiff-base reaction followed by electrostatic complexation of the
excess amino groups with CpG-ODN to yield a PEC (diameter
≈180 nm and EE%’s up to 99%) with YBG moieties on the sur-
face for immune recognition that can enable stimulus-responsive
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Figure 6. Schematic illustrating the amination of azido-curdlan via click chemistry, assembly into pDNA-loaded NPs, and subsequent cell internalization
and intracellular drug release of the resulting NPs. Reproduced with permission.[104b] Copyright 2017, Elsevier.

release of CpG-ODN in the presence of glycogen-degrading 𝛼-
glucosidase.[103]

Small Molecule Loading/Complexation: Several ionic as well
as neutral small molecule drugs have also been incorporated into
BG-containing PECs, allowing for the targeted delivery of these
molecules to enhance efficacy and minimize toxic side effects.
While direct complexation between oppositely charged polymers
and drug molecules is possible, most drug-loaded PECs consist
of two oppositely charged polymers (to promote efficient PEC for-
mation) into which the drug is encapsulated through physical en-
trapment and/or electrostatic interactions. Derivatives of curdlan
and YBG are commonly used 𝛽-1,3 glucans for PEC formulation,
with complexes between curdlan sulfate (prepared via sulfur tri-
oxide/pyridine complex sulfation) and chitosan particularly used
to encapsulate a wide range of drugs including zidovudine, ri-
fampicin, and D-pinitol; zidovudine-loaded PECs have been pre-
pared with diameters ≈186–196 nm[97] while co-loading of ri-
fampicin and D-pinitol yields much larger PECs of diameters
≈500 nm,[96] with both systems yielding high drug loading capac-
ities ranging from 11–24.5 wt.%. Low pH, high sulfate/amine ra-
tios, and low polymer concentrations were reported to enable the
production of optimally small and stable PECs using the curdlan
sulfate/chitosan system.[96] This PEC system also demonstrated
good cytocompatibility in RAW 264.7 MΦ, L929 fibroblasts, and
A549 epithelial cells, with significantly enhanced uptake in the
MΦ likely due to a combination of the relatively large size of
the PECs and the affinity of the PECs for Dectin-1 receptors ex-
pressed on the MΦ.[96]
Other groups have explored the use of YBG derivatives as the

bioactive component in PEC formulations. Sulfated Zymosan
has been complexed with PEGylated PEI in the presence of
DOX to yield PECs with dual chemo- and immune-therapeutic

properties.[105] Using a dropwise nanoprecipitation technique,
PECs with sizes ranging from 31–127 nm were formed with
polydispersity indices as low as 0.192. DOX was most efficiently
loaded (EE% = 74%) at higher Zymosan concentrations, sug-
gesting that electrostatic interactions between DOX hydrochlo-
ride and Zymosan sulfate play a key role in drug encapsula-
tion, and release was accelerated in acidic conditions, beneficial
for cancer applications in which the acidic tumor microenviron-
ment may promote accelerated release at the disease site com-
pared to healthy tissues.[116] Another YBG-derived PEC was re-
cently reported by Liu et al. using the layer-by-layer (LbL) assem-
bly method,[99] leveraging the sequential surface coating of a par-
ticle with polymers of alternating charge to both tune the sur-
face chemistry as well as load multiple therapeutics within spe-
cific layers of the LbL assembly. Specifically, lutein/phycocyanin
NPs were coated with positively charged chitosan followed by
a final coating with negatively charged 3-boronobenzoic acid-
modified YBG, yielding NPs with sizes ≈82 nm, high EE% and
LC% (96% and 12%, respectively), improved protection of lutein
from heat/UV irradiation, and prolonged release times in simu-
lated saliva, gastric, and intestinal fluids over 7 hours.[99]

An important property to consider during PEC design and
characterization is PEC stability, particularly as a function of ionic
strength. Since PECs form primarily through electrostatic inter-
actions, they are often highly sensitive to high salt concentra-
tions that can destabilize the particles through charge screen-
ing effects.[117] However, PECs are often prepared in pure wa-
ter or dilute salt conditions, and their subsequent stability in
high ionic strength media is often not characterized. A notewor-
thy example of the importance of testing PEC stability in var-
ious conditions was demonstrated by Jin et al., who prepared
the CpG/OVA/aminated glucan PECs and showed a broaden-
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ing of the particle size distribution over 6 days at 37 °C in
PBS but retained colloidal stability with no signs of significant
aggregation.[100] In contrast, while Cordeiro et al. reported OVA-
loaded PECs using carboxymethylated YBG and chitosan that
maintained similar sizes and PDIs after 28 days at 40 °C,[102]

all tests were performed in pure water and salt-induced charge
screening effects were not considered. Similarly, while a library
of 20 PECs prepared from carboxymethyl curdlan with chitosan
chloride or N-trimethyl chitosan in water resulted in 19 formula-
tions that retained colloidal stability in water over a 12-week test
period, stable PECs could not be formed in other media such as
0.9% saline and PBS.[95] Incorporating physiologically relevant
stability studies into the PEC optimization process is thus essen-
tial to better identify formulations that will perform effectively
and more predictably in the more complex in vitro and in vivo
environments.

4.1.3. Beta-Glucan Surface Coatings & Conjugates

An alternative method to leverage the targeting/immu-
nomodulation benefits of BG in nanoparticle formulations
is to modify the surface of pre-existing NPs with BG for tar-
geting, compatibility, and/or immunomodulation purposes,
allowing the use of a wider variety of NPs with specific drug
loading/release properties or sizes while providing control over
particle surface chemistry. A summary of NP formulations
leveraging BG-based surface coatings and surface conjugates is
provided in Table 3.
Beta-Glucan Surface Coatings: Due to the abundance of hy-

droxyl groups along the BG backbone, NPs of various surface
chemistries can be modified by adsorbing BG onto the surface
through hydrogen bonding interactions. This technique has been
applied to a variety of inorganic NPs to improve both their target-
ing ability as well as their aqueous stability. For example, super-
paramagnetic iron oxide NPs (SPIONs) have been coated with
BG to improve their MΦ-targeting properties for applications
in both cancer diagnosis and treatment,[32b,118] with BG coat-
ings yielding highly stable NPs of size ≈30–50 nm with a clear
core/shell morphology as observed by TEM.[32b] Alternately, in-
organic NPs can be formed in the presence of BG, a process
in which BG acts as a stabilizing agent during the particle fab-
rication process. This process has been demonstrated via the
radiation-promoted synthesis of seleniumNPs as well as the syn-
thesis of peptide-conjugated gold NPs;[119] in both cases, sub-
100 nm NPs can be produced with a water-swollen BG shell that
promotes extended colloidal stability, with BG-coated selenium
NPs remaining colloidally stable over 60 days due to the steric
stabilization provided by the long, hydrophilic BG chains.
BGs have also been used as surface coatings for polymer-

based NP formulations. Dube et al. prepared rifampicin-loaded
NPs of size ≈280 nm from PLGA and chitosan oligosaccha-
ride lactate via an emulsion-solvent evaporation method fol-
lowed by incubation with BG derived from Euglena gracilis.[120]

Despite the short BG incubation time (10 minutes), BG coat-
ing was indirectly confirmed in vitro by the enhanced up-
take of the NPs by human alveolar-like MΦ compared to the
uncoated PLGA-chitosan NPs. BG coatings can also be ap-
plied to pre-formed PECs, combining the benefits of high

throughput NP formulation via electrostatic complexation with
simple surface adsorption of BG. This strategy has been
demonstrated with PECs prepared from plasmid DNA com-
plexed with a combination of poly(𝛽-amino ester)s and poly[2-
(dimethylamino)ethylmethacrylate] (PDMAEMA) that were sub-
sequently incubated with water-soluble YBG prepared using a
high temperature/pressure solubilization method,[121] resulting
in particle sizes of ∼180 nm that remained stable for at least
48 h both at room temperature and 4 °C. Another PEC formu-
lation consisting of chitosan and tripolyphosphate (TPP) loaded
with paclitaxel was coated with BG from E. gracilis via a hy-
pothesized combination of non-covalent and ionic interactions
for applications in glioblastoma therapy,[122] with 1% BG yield-
ing NPs with increased size and PDI (161 nm and 0.243, re-
spectively) compared to the uncoated NPs but good colloidal sta-
bility over 45 days in water at 2–8 °C (although stability under
physiologically-relevant temperature and ionic strength was not
considered). TEM imaging clearly showed the formation of a
≈20 nm surface coating surrounding the chitosan/TPP core that
provided an additional diffusion barrier during paclitaxel release,
resulting in a less pronounced burst and more consistent release
over 96 hours compared to uncoated PECs.
Beta-Glucan Surface Conjugates: While physical adsorption of

pre-existing NPs with beta-glucans enables the incorporation of
BG into nanoformulations in a simple, time-efficient manner,
BG’s abundant hydroxyl groups also allow for conjugation with
a wide range of functional groups to not only expand the range
of materials available for BG functionalization but also introduce
improved control over surface coverage density and stability over
time. A schematic outlining common BG/NP conjugation meth-
ods is shown in Figure 7.
The most common BG conjugation chemistry is carbodi-

imide chemistry, which enables the formation of ester or amide
linkages in water under ambient conditions depending on
the functionality of BG and the corresponding NP. An ex-
ample of this technique was illustrated by Cheng et al., in
which YBG was conjugated to graphene oxide (GO) nanosheets
via activation of the carboxyl groups of GO with 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide (EDC) followed by esterifica-
tion with the hydroxyl groups on YBG.[126] The grafting efficiency
of YBG was determined to be 21.5%, resulting in a BG surface
coverage that could reduce protein adsorption in serum, promote
colloidal stability for >48 h in PBS, and enhance the cytocom-
patibility of the GO platform while still providing room for load-
ing of CpG oligodeoxynucleotides via hydrogen bonding and pi-
pi stacking with GO to balance colloidal stability with therapeutic
loading (Figure 8).[126] Other carbon allotropes such as fullerenes
have been selected for BG conjugation due to their lower toxi-
city and applications in reactive oxygen species (ROS) scaveng-
ing, typically by functionalizing the fullerenes with amino or
carboxyl groups followed by an amidation reaction to conjugate
aminated or carboxylated curdlan on the fullerene surface.[125]

NPs with sizes ranging from 78 to 163 nm can be obtained us-
ing these methods through a combination of electrostatic inter-
actions, water molecule polarization, and intermolecular hydro-
gen bonding,[125b] with the presence of curdlan improving MΦ
recognition in vitro and suppressing NP precipitation in FBS and
DMEM media (although stability as a function of time was not
discussed).
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Table 3. Properties of BG NPs prepared via surface coating/conjugation and self-assembly and/or crosslinking.

BG material Other NP Components NP fabrication
method

NP size Drug loading Long-term stability Release profile Refs.

BG (carboxylated) Ovalbumin, mesoporous
silica NPs

Surface conjugation ≈111–253 nm EE% ≈58%
LC% ≈52%

Not specified Not specified [123]

Curdlan Carboxyl-terminated
PLGA, rifampicin

Surface conjugation ≈301–487 nm LC% ≈0.1 wt.% Not specified Burst release at 1 h,
plateaued over 6 h

[124]

Curdlan (aminated,
carboxymethy-
lated)

Fullerene Surface conjugation ≈78 nm;
≈163 nm

N/A No precipitation in cell
media

N/A [125]

YBG Graphene oxide, CpG Surface conjugation ≈200–220 nm LC% ≈3%–3.5% Stable in PBS for 48 h Not specified [126]

YBG (hydrolyzed,
soluble)

Polystyrene NPs Surface conjugation ≈48–200 nm 1.4–4.4 μg
YBG/mg

Not specified N/A [127]

YBG (low MW) BaTiO3 NPs Surface conjugation ≈50–60 nm YBG content
≈7.8–10.7 wt.%

Stable in PBS at RT for
14 days

N/A [128]

BG (periodate
oxidized, source
not specified)

Insulin, keratin,
𝛽-cyclodextrin

Surface coating ≈258 nm EE% = 98%
LC% = 33%

Not specified Reduced burst release
when coated with

BG

[129]

BG from E. gracilis Paclitaxel-loaded
chitosan/tripoly-

phosphate
NPs

Surface coating ≈113–336 nm EE% ≈80% 22% size increase after
45 days at 4 °C

Sustained release over
4 days

[122]

BG from E. gracilis Rifampicin-loaded
chitosan/PLGA NPs

Surface coating ≈280 nm ≈24 μg drug per
mL of NP
suspension

Not specified Not specified [120]

Not specified Superparamagnetic iron
oxide NPs

Surface coating ≈52 nm N/A Not specified N/A [118]

YBG CaCO3 NPs Surface coating ≈173 nm N/A Stable in media for 24 h N/A [130]

YBG Ferumoxytol Surface coating ≈30 nm Not specified Stable in 10% fetal
bovine serum over

24 h

pH responsive release
of YBG over 6 days

[32b]

YBG Gold NPs, MUC4
glycopeptide

Surface coating ≈38–48 nm ≈362 nM peptide
in 400 μg mL−1

NP solution

Not specified Not specified [119b]

YBG Zn/doxorubicin
complexes

Surface coating ≈150 nm EE% up to 81%;
LC% up to 21%

Stable in powder form
over 8 weeks

Not specified [131]

YBG (acid,
temperature,
pressure treated,
soluble)

DNA complex with poly[2-
(dimethylamino)ethyl
methacrylate] and

poly(𝛽-amino ester)s

Surface coating ≈180 nm Not specified Stable for 48 h at room
temperature

Not specified [121a]

YBG (low MW) Selenium NPs Surface coating 650-110 nm N/A 44% size increase after
60 days at 25 °C

N/A [119a]

Curdlan (aminated) Curdlan NPs,
epichlorohydrin
crosslinker

Self-assembly +
crosslinking

≈523–595 nm N/A No significant size
change in PBS after

3 days

N/A [132]

Curdlan gum Gallic acid,
glutaraldehyde

Self-assembly +
crosslinking

≈80 nm EE% = 88%
LC% = 8%

Payload stability for
80 h from pH 3.4–9.2

≈80% release after
48 h

[133]

YBG Methoxy-PEG, 3,
3′-dithiodipropionic
acid crosslinker,
methotrexate

Self-assembly +
crosslinking

≈300–348 nm LC% = 23.7% Not specified pH- & glutathione-
responsive burst

release

[134]

BG (carboxy-
methylated) from
P. tuber-regium

Superparamagnetic iron
oxide NPs

Self-assembly ≈193 nm Not specified Stable in 10% fetal
bovine serum for 24 h

Enhanced iron release
compared to blank

NPs over 6 h

[135]

(Continued)
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Table 3. (Continued)

BG material Other NP Components NP fabrication
method

NP size Drug loading Long-term stability Release profile Refs.

BG (carboxy-
methylated,
phosphorylated,
source not
specified)

Ovalbumin, aluminum
hydroxide

Self-assembly 66–119 nm EE% = 89%–91% Stable in water for 72 h Not specified [136]

BG from Inonotus
obliquus

Tripolyphosphate Self-assembly ≈68 nm N/A Not specified N/A [137]

Curdlan Pluronic F-127,
rifampicin- or

levofloxacin-loaded
cyclodextrin

Self-assembly ≈226–523 nm LC% up to 6% Not specified Initial burst;
70%–80% release

after 72 h

[138]

Curdlan Poly(𝛾-glutamic acid) Self-assembly ≈200–300 nm N/A Stable in water for
9 days

N/A [139]

Curdlan Tween 80, curcumin Self-assembly 111–398 nm EE% = ≈100% 130 nm NPs stable in
water at RT for

42 days

Not specified [140]

Laminarin Poly(ethylene
glycol)-poly(lactic acid)

polymersomes

Self-assembly ≈100–400 nm N/A Stable for 48 h in media N/A [141]

YBG (acetylated) Polydopamine Self-assembly ≈297 nm N/A Stable in media/serum
for 3 days

N/A [142]

YBG (low MW) Doxorubicin or
temozolomide prodrug

Self-assembly ≈74 nm EE% = 90%
LC% = 25%

Stable in water at 4 °C
for 2 months

Enhanced release
from M1 MΦ

compared to M0
MΦ

[143]

YBG (oxidized) Cefotaxime prodrug Self-assembly ≈200 nm EE% up to 82%;
LC% up to 24%

Stable in water for
30 days at 4 °C

ROS-dependent
release over 48 h

[144]

Zymosan (low MW) mRNA, lipid NPs Self-assembly ≈104 nm EE% = 85% Stable in PBS for
14 days at 4 °C

Not specified [145]

Zymosan (oxidized) mRNA, lipid
nanoparticles

Self-assembly 83–108 nm EE% = 79%–98% Stable in PBS for
14 days at 4 °C

Not specified [145]

Schizophyllan
(methacrylated)

Methacrylated hyaluronic
acid (HA), ovalbumin

Direct crosslinking ≈100–300 nm 3 ovalbumin
molecules per
HA chain

Stable in PBS at 37 °C
for 10 days

Not specified [146]

𝛽-1,3 glucan has also been used to covalently modify other
classes of inorganic NPs as well as polymeric NPs.[123,124,127a,128]

For example, Lima et al. oxidized soluble YBG with sodium pe-
riodate followed by a reaction with carbohydrazide and subse-
quent sodium cyanoborohydride reduction to yield a stable ter-
minal hydrazide group[127a]; conjugation to COOH-terminated
polystyrene was then performed via EDC chemistry, resulting in
NPs of sizes 199, 92, and 48 nmwith glucan contents up to 4.5 μg
per mg of NPs. YBG can also be functionalized with carboxyl
groups for surface functionalization of aminated MSNs via sim-
ilar amidation chemistry, resulting in sizes ranging from 111–
253 nm, polydispersity indices < 0.2, and improved in vitro cy-
tocompatibility compared to pure MSNs (although neither the
source of YBG nor the carboxylation procedure were clearly
disclosed).[123] Finally, a recent study demonstrated the func-
tionalization of BaTiO3 NPs with YBG for applications in tar-
geted colon cancer therapy by partially degrading YBG using hy-
drogen peroxide[143] and then surface conjugating the resulting
aldehyde-functionalized YBG to hydroxylated BaTiO3 NPs via the
Mitsunobu reaction to yield an ester linkage, resulting in cubic

NPs with size ≈50 nm, glucan contents of 7.8–10.7 wt.%, high
colloidal stability in PBS for over 14 days, and rapid Dectin-1-
mediated uptake by RAW264.7 cells without inhibiting the piezo-
electric and subsequent ROS generating effect of BaTiO3.

[128] The
stability of each of these grafted coatings offers a particular ad-
vantage over physically adsorbed coatings in the context of these
multi-functional nanoparticles in which ROS generation or other
stimulus-activation properties may influence the stability of an
adsorbed coating layer.

4.1.4. Hydrophobic Interaction-Driven Self-Assembly

Hydrophobic interactions, either alone or in combination with
electrostatic interactions, hydrogen bonding interactions, or co-
valent grafts as described above, can be leveraged to drive NP
self-assembly in aqueous solution from amphiphilic BG deriva-
tives (see Table 3 for a summary of the reported formulations). An
effective example of this technique was reported by Miao et al.,
in which the hydrophobic drugs DOX or temozolomide (TMZ)
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Figure 7. Overview of the common chemical strategies employed to prepare beta-glucan/nanoparticle (BG-NP) conjugates. Carbodiimide chemistry is
the most commonly employed method as it is compatible with both carboxylated and aminated glucans, yielding NP conjugates with an amide linkage.
Alternatively, the hydroxyl groups on BG can be reacted with carboxylated NPs to yield NPs with an ester linkage.

were conjugated along the backbone of peroxide-degraded YBG
to impart both amphiphilicity and drug loading in a simple step
(Figure 9).[143] The amphiphilic prodrugs could self-assemble in
water into NPs with sizes of ≈74 nm and spherical shapes with a
“prickly” surface morphology, which the authors attributed to the
long, hydrophilic BG chains extending out from the hydropho-
bic, drug-rich core.[143] Directly conjugating the drugs to the YBG
backbone also allowed for high drug loading (12–038 wt.% de-
pending on the feed ratio of drug/polymer), although very high
feed concentrations of drug (125:1 to 1000:1 drug/polymer) were

Figure 8. Schematic illustrating the conjugation of BG to GO (via carbodi-
imide chemistry), loading with CpG, and subsequent uptake by immune
cells for effective immunomodulation in cancer therapy. Reproduced with
permission.[126] Copyright 2023, Elsevier.

required to achieve these high loadings and feed ratios above
500:1 resulted in large aggregates due to the highly hydropho-
bic nature of these drugs. Thus, hydrophobic interactions must
be balanced with other colloidal stabilization techniques (electro-
static, steric stabilization, etc.) to yield small, stable NPs.

4.1.5. Hydrogen Bond-Driven Self-Assembly

Self-assembly into NPs can also be achieved by utilizing hydro-
gen bonding as the main driving force. For example, hydro-
gen bonding interactions between curdlan and poly(𝛾-glutamic
acid) (PGA) enabled the fabrication of NPs of size ≈169 nm
that remained colloidally stable for nine days at pH 7.0 by sim-
ple mixing in dilute NaOH.[139] Techniques like NMR diffusion-
ordered spectroscopy (DOSY) and nuclear Overhauser effect
spectroscopy (NOESY) identified hydrogen bonding between
curdlan’s hydroxyl groups and PGA’s amide groups as the main
assembly mechanism, a particularly appealing assembly strategy
as it avoids the need for any additional polymer modification.
However, the stability of these complexes in more complex bi-
ological fluids with diverse competitive hydrogen bonding capac-
ities was not assessed and may pose a translational challenge to
the practical implementation of this technique.

4.1.6. Surfactant-Driven Self-Assembly

The controlled precipitation of BGs in the presence of surfactants
or other co-precipitates can also be leveraged to fabricate BG-
based nanoparticles. For example, the precipitation of curdlan in
the presence of Pluronic F-127 or Tween 80 resulted in tunable

Adv. Healthcare Mater. 2025, 14, 2501006 2501006 (19 of 29) © 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

Figure 9. Schematic highlighting the structure, self-assembly, and biodistribution of amphiphilic YBG/DOX or YBG/TMZ prodrug NPs. NPs were fab-
ricated via hydrophobic self-assembly in water and can be taken up by Peyer’s patches in the gut following oral delivery, enabling NP transport into
systemic circulation through the lymphatic system. Reproduced with permission.[143] Copyright 2021, Wiley.

NP sizes according to the initial glucan concentration, with sizes
ranging from 130–355 nm and improved stability as a function
of size.[138,140a] Interestingly, not only stability but also cytotoxic-
ity varied with size, as the smaller NPs showed significant toxi-
city to human PBMCs at concentrations over 100 μg/mL while
the larger particles were nontoxic even at concentrations above
600 μg mL−1. As such, NPs with the same surface chemistry and
prepared via the same formulation process can still exhibit dras-
tically different particle properties and biological interactions.

4.1.7. Crosslinking-Driven Self-Assembly

Finally, crosslinking processes in which polymer precipitation is
driven by a crosslinking process can be used to fabricate BG-
based nanoparticles. The formation of a crosslinked polymer
and/or NP hydrogel network allows for both chemical stability as
well as tunable pore sizes and tunable extents of swelling/water
contents that can be relevant for adjusting particle mechanics,
deformability, and interfacial interactions with cells.[147] For ex-
ample, self-assembled curdlan NP precursors have been further
crosslinked with aminated curdlan in the presence of epichloro-
hydrin, resulting in curdlan NP network hydrogels with hydro-
dynamic diameters of ≈595 nm.[132] Microgel networks have also
been constructed by the crosslinking of amphiphilic methoxy
PEG-grafted YBG with 3,3′-dithiodipropionic acid,[134] resulting
in microgels of hydrodynamic diameters ≈300 nm and TEM
(dried state) diameters of ≈75 nm consistent with the swollen
nature of the microgel in aqueous suspension. Interestingly, the
incorporation of redox-responsive crosslinks in this system al-
lowed for the accelerated release of methotrexate in the pres-

ence of glutathione (90% in 96 h) relative to the absence of glu-
tathione (60% in 96 h). Glucan hydrogels can also be prepared via
photocrosslinking with other polysaccharides. For example, Kim
et al.[146] demonstrated that irradiation of a solution of methacry-
lated SPG and hyaluronic acid (HA) functionalized with OVA via
Schiff base formation in the presence of a photoinitiator followed
by sonication and filtration could produce microgels that stabi-
lized in size at ≈200 nm after 10 days, with the final microgels
containing ≈3 OVA molecules per HA chain as determined by
NMR. Rational choice of the crosslinker can optimize particle sta-
bility, regulate reactivity toward other polymers, and introduce
stimuli-responsive degradability that may be particularly useful
in a range of drug delivery applications. However, the crosslink-
ing approach can also result in significant nanoparticle aggrega-
tion via inter-NP crosslink formation, potentially reducing parti-
cle size control; the degradability of the crosslink and its impact
on any enzymatic clearance mechanismmust also be considered
in the context of the target application.

4.2. Immunomodulatory Applications of 𝜷-1,3 Glucan
Nanoparticles

4.2.1. Cancer Immunotherapy/Drug Delivery

BG NPs have gained considerable interest in cancer therapy by
leveraging their capacity for systemic administration and their
high tunability of size, charge, and surface chemistry whilemain-
taining the Dectin-1 affinity that is required for successful im-
mune cell targeting and immunomodulation. A summary of
BG NPs formulated for anti-cancer applications is shown in
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Table 4. Based on their immunomodulatory properties, some
BG-based nanoparticles can stimulate M1 cytokine production
and reduce tumor burden in tumor-bearing mice without the
co-administration of traditional chemotherapeutics; such effi-
cacy has been demonstrated using BG-coated SPIONs[32b] as
well as BG-CpG crosslinked nanogels.[148] However, it is most
common to co-leverage the immunomodulatory properties of
BG together with the capacity of the nanoparticle to load and
deliver chemotherapeutic drugs in a single therapeutic system.
Although typically designed to target and modulate MΦ, drug-
loaded BGNPs can themselves have direct effects on tumor cells;
for example, C26 cells treated with DOX/Zymosan NPs in vitro
showed significant reductions in themRNAexpression of cancer-
promoting genes via modulation of the Wnt/𝛽-catenin signaling
axis.[91a] Similarly, YBG-based NPs are well-documented to mod-
ulate MΦmRNA and cytokine expression in vitro to alter the lo-
cal inflammatory environment in a tumor. In a co-culture exper-
iment using RAW264.7 and 4T1 cells in a transwell plate, CpG-
loaded and YBG-grafted GO nanosheets induced greater 4T1 cy-
totoxicity compared to the controls and individual components,
suggesting the combination of TLR and Dectin-1 agonists could
stimulate both the production of cytokines that induce cancer
cell death and increase IL-6 and TNF-𝛼 secretion in the RAW
cells.[126] Interestingly, Huang et al. found that mRNA expres-
sion in RAW264.7 MΦ could be altered by tuning the YBG struc-
ture and the renaturation process of YBG/DOX NPs,[92b] with
NPs prepared via pH-induced renaturation stimulating signifi-
cant increases in IL-1𝛽, IL-6, TNF-𝛼, and IFN-𝛾 mRNA expres-
sion whereas NPs made via DMSO-induced renaturation had no
effect on IFN-𝛾 ; furthermore, low MW YBG outperformed high
MW YBG in terms of both IL-1𝛽 and IFN-𝛾 production while bu-
tyrylated YBG had no effect on mRNA expression. As such, both
the chemical composition and the conformation of BG can have
a significant impact on the overall bioactivity of the BG-based NP
formulations, such that care must be taken to ensure the use of
both relevant BG chemistries and assembly processes to achieve
the desired biological activity.
There are several published examples of BG NPs exhibiting

dual immunomodulatory and anti-tumoral effects in vivo across
a variety of murine tumormodels. Pawar et al. demonstrated that
Zymosan-containing PECs could significantly reduce tumor bur-
den in a murine breast cancer model due to its immunomod-
ulatory properties;[105] loading of DOX into the PECs leads to
a near-complete inhibition of tumor growth without any DOX-
induced systemic toxicity, a result attributed to reduced CD206+

MΦ and enhanced ROS/pro-inflammatory cytokine production
in the tumor specifically leading to tumor cell apoptosis. Simi-
larly, while BG alone could stimulate TNF-𝛼 and IL-12 produc-
tion and increase CD86+ MΦ expression against colon cancer,
both activities were significantly enhanced when BG was conju-
gated to BaTiO3 NPs, with the resulting increased T cell infiltra-
tion and ROS-induced release of DAMPs in the tumor leading
to reduced tumor volume and 60% animal survival after 30 days
in vivo.[128] Multimodal cancer nanotherapeutics can also be de-
signed in which BG is one component of a multi-mechanism
chemotherapeutic. For example, the benefits of chemodynamic,
photothermal, and immunomodulatory effects were combined
into a single system by formulating platinum/gold/YBG NPs
that could significantly improve animal survival by increasing the

M1/M2 MΦ ratio, promoting DC maturation, facilitating high
levels of ROS/pro-inflammatory cytokines, and inducing signif-
icant apoptosis in the tumor microenvironment.[152] It is worth
noting that the majority of anti-cancer BG NPs tested in vivo use
YBG as the glucan source, likely due to YBG’s well-known im-
munomodulatory capacity and its strongDectin-1 activation com-
pared to other glucans.[153] However, while the above examples
highlight the anti-cancer efficacy of various BG nanomaterials in
vivo, their effectiveness can vary significantly depending on the
material design and in vivo model. For example, while the plat-
inum/gold/YBGNPs were effective inmodulating the tumormi-
croenvironment and extending survival time, 100%mortality was
still observed before 30 days likely due to the use of a clinically
relevant orthotopic colon cancer model as opposed to the sub-
cutaneous tumor model that is commonly employed. Increasing
the complexity of the nanoparticle formulations can also signif-
icantly hinder ultimate clinical translation given the complexity
of biological responses induced and the potential challenges in
scaling up the manufacturing of such NP compositions.

4.2.2. Vaccine Formulation

Due to BG’s immunostimulant properties, BG NPs are com-
monly designed for vaccine formulations that can combine im-
mune cell targeting, immunomodulation, and improved anti-
gen delivery potential, as summarized in Table 5. The use
of NPs in vaccine formulation poses several advantages over
microparticles. The small size and high surface area/volume
ratio of NPs enable a greater number of surface interaction
events with immune cells, enhancing ligand/receptor interac-
tions and thus the internalization and subsequent antigen cross-
presentation achievable.[154] Additionally, NPs can be prepared in
sizes small enough to passively enter the lymphatic systemwhere
antigen-presenting cells (APCs) accumulate, potentially provid-
ing amore potent immune response.[155] Indeed,OVA-loadedBG
NPs have demonstrated lymph node accumulation and subse-
quentDC activation/proliferation inmultiplemurine vaccination
models,[102,123] inducing improved IgG titers compared to tradi-
tional alum-based adjuvants.[100,102] For example, mice infected
with the EV71 virus had significantly higher anti-EV71 titers and
100% survival after 15 days when vaccinated with NPs contain-
ing carboxymethyl glucan, protamine sulfate, CpG, and inactive
EV71 particles, with the enhanced response attributed to a com-
bination of BG and CpG immunomodulatory activity.[156] In ad-
dition to vaccination efficacy, antigen-loaded BG NPs still main-
tain strong immunomodulatory properties; several studies have
cited the induction of classic M1-like cytokines/markers in vitro
and in vivo, including various interleukins, IFN-𝛾 , iNOS, and
TNF-𝛼.[95,100,148,157] It is worth noting that these desirable adju-
vancy/immunomodulatory effects can be maintained even when
BG is functionalized with various functional groups including
carboxyl, amino, and sulfate groups, provided sufficiently low de-
grees of substitution are maintained and the chain conformation
of the BG is not dramatically altered.[100,114a–c]

In addition to functionalizing native BG, synthetic BG
oligosaccharides have also been developed as adjuvants in
murine vaccination studies; for example, a synthetic BG hexas-
accharide developed by Donadei et al. directly conjugated to the
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Table 4. Summary of papers describing the immunomodulatory properties of BG NPs for cancer therapy applications.

BG Material Other NP Components Cancer Model Main Immunomodulatory Outcomes Refs.

BG (carboxymethylated,
phosphorylated, source not
specified)

Ovalbumin, aluminum
hydroxide

Murine B16-OVA tumor
(in vivo)

Strong innate & adaptive immune response; 70%
mouse survival over 50 days

[136]

BG (carboxymethylated, source
not specified)

Protamine sulfate, CpG Murine B16F10 tumor (in vivo) Increased M1 markers/reduced tumor volume;
further improvement with CpG present

[93]

BG from E. gracilis Paclitaxel-loaded chitosan NPs C6 & LN18 cells (in vitro) Enhanced targeting and subsequent toxicity to C6
stem cells

[122]

Curdlan Curcumin HepG2 cells (in vitro) Size- and concentration-dependent induction of
reactive oxygen species and inflammatory
chemokines

[140b]

Curdlan Doxorubicin, red blood vessel
vesicles

Murine A-375 tumor (in vivo) Reduced tumor burden; increased M1/M2 MΦ
ratio in tumor

[91b]

Curdlan
(polyethyleneimine-grafted)

Doxorubicin, trastuzumab Murine 4T1 tumor (in vivo) Tumor growth inhibition even in absence of
doxorubicin and trastuzumab

[149]

Laminarin Poly(ethylene
glycol)-poly(lactic acid)
polymersomes

Murine B16F10 tumor (in vivo) Immune cell proliferation; reduced tumor burden
across multiple treatment models

[141]

Not specified Superparamagnetic iron oxide
NPs

Murine CT-26 liver tumor
(in vivo)

Targeting and accumulation in liver macrophages
for magnetic resonance imaging

[118]

Schizophyllan CpG, ovalbumin Murine E.G7-OVA tumor
(in vivo)

Increased IL-6 production; reduced tumor burden;
improved survival

[148]

YBG Zn/doxorubicin complexes Murine AK4.4 pancreatic cancer
(in vivo)

Increased M1/M2 MΦ ratio & infiltrating T cells in
tumor

[131]

YBG Ferumoxytol Murine B16F10 tumor (in vivo) Reduced tumor burden; increased M1/M2 MΦ
ratio in tumor

[32b]

YBG CaCO3 NPs Murine H22 lymph node
metastasis (in vivo)

Increased M1/M2 MΦ & cytokine ratio in both
primary tumor and metastatic lymph nodes

[130]

YBG Doxorubicin RAW 264.7 cells (in vitro) Significant increase in M1 mRNA expression
depending on YBG MW and functionalization

[92b]

YBG CpG, graphene oxide
nanosheet

RAW264.7/4T1 co-culture
(in vitro)

Enhanced IL-6 & TNF-𝛼 secretion when all 3
components are present

[126]

YBG (decylamine-conjugated) Capric acid, citric acid, sodium
bicarbonate, paclitaxel

Orthotopic DSL-6A/C1 tumor
(in vivo)

Enhanced DC maturation and significant reduction
in tumor burden when coated with BG

[150]

YBG (low MW) Doxorubicin or temozolomide
prodrug

Murine ALTS1C1 or LCPN brain
tumor (in vivo)

Enhanced tumor accumulation compared to free
drug; 100% survival over 30 days

[143]

YBG (low MW) BaTiO3 NPs Murine CT-26 tumor (in vivo) Elevated reactive oxygen species production, T cell
infiltration, & reduced tumor burden

[128]

YBG (ultrasound fragmented) QMC12 photosensitizer Murine B16 tumor (in vivo) 100% primary tumor inhibition when combined
with 𝛼PD-L1 therapy

[151]

YBG (ultrasound fragmented) Gold & platinum NPs Murine B16F10 tumor (in vivo) Significant increase in M1/M2 ratio in tumors;
increased DC, T cell, and MΦ infiltration;
improved survival

[152]

Zymosan (hydrolyzed) Doxorubicin C26 cells (in vitro) Reduced expression of Wnt/𝛽-catenin axis genes;
synergistic cytotoxicity with doxorubicin

[91a]

Zymosan (low MW) mRNA, lipid NPs Murine E.G7-OVA tumor
(in vivo)

Enhanced DC maturation/T cell proliferation; 40%
complete tumor regression

[145]

Zymosan (oxidized) mRNA, lipid nanoparticles Murine E.G7-OVA tumor
(in vivo)

BG-dependent DC maturation in vivo [145]

Zymosan (sulfated) Doxorubicin, poly(ethylene
glycol)-b-polyethyleneimine

Murine 4T1 tumor (in vivo) Increased M1 MΦ and apoptosis in tumor; reduced
tumor burden

[105]
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Table 5. Summary of papers describing the immunomodulatory properties of BG NPs for non-cancer applications.

BG Material Other NP Components Application Biological Model Main Immunomodulatory Outcomes Refs.

Schizophyllan
(methacrylated)

Methacrylated hyaluronic acid,
ovalbumin

Dermal delivery to
DCs

Porcine skin penetration (ex
vivo); JAWSII cells

Enhanced DC maturation when schizophyllan
present

[146]

YBG (3-
boronobenzoic
acid modified)

Chitosan, phycocyanin, lutein Eye disease RAW264.7 (in vitro);
Murine dry eye model (in vivo)

Promotion of M1 phenotype; reduced eye
inflammation in vivo

[99]

Curdlan
(aminated);
curdlan NPs

Epichlorohydrin crosslinker Gene delivery THP-1 MΦ Dectin-1-mediated uptake; shift toward M1
mRNA expression

[132]

YBG (aminated) pDNA Gene delivery RAW264.7 MΦ Inhibition of M1 mRNA in LPS-stimulated MΦ [101]

YBG (soluble) Selenium NPs Immuno-
suppression
prevention

Murine
cyclophosphamide-induced
immunosuppression

Replenishment of immune cell counts and
increased M1 markers in vivo

[119a]

BG from E. gracilis PLGA NPs, chitosan, rifampicin Infectious diseases Human alveolar-like MΦ Increased reactive oxygen species, M1 cytokine
levels in vitro

[120]

Curdlan Poly(lactic-co-glycolic acid) NPs Infectious diseases M. tuberculosis-infected
RAW264.7 cells

Curdlan-induced TNF-𝛼 secretion; no
reduction in bacterial burden

[158]

Curdlan (sulfated) Chitosan, rifampicin, D-pinitol Infectious diseases M. smegmatis-infected
RAW264.7 cells

Significant increase in M2/M1 mRNA ratio [96]

YBG (oxidized) Cefotaxime prodrug Infectious diseases Murine meningitis model (in
vivo)

Reduction in bacteria-induced inflammatory
cytokines/chemokines

[144]

YBG (soluble) Polystyrene NPs Infectious diseases C. albicans-infected bone
marrow-derived DCs

Reduced inflammatory response when
pre-treated with BG NPs

[127a]

YBG (acetylated) Polydopamine Inflammatory bowel
disease

Murine acute colitis model Reduced inflammatory markers; gut
microbiome modulation

[142]

Curdlan
(aminated)

Fullerene Liver disease Murine autoimmune hepatitis Reduced NF-𝜅B activity and apoptosis in liver [125a]

BG (sulfated) from
H. erinaceus

Chitosan, resveratrol MΦmodulation
(general)

RAW264.7 cells Reduced inflammatory cytokine release via
regulation of several signalling pathways

[94]

BG from Pleurotus
tuber-regium

Superparamagnetic iron oxide NPs MΦmodulation
(general)

Bone marrow-derived MΦ Increased reactive oxygen species, M1
cytokine/NF-𝜅B gene expression

[135]

Curdlan Poly(𝛾-glutamic acid) MΦmodulation
(general)

Monocyte-derived MΦ Significant increase in several M1 markers
compared to free curdlan

[139]

Curdlan Tween 80 MΦmodulation
(general)

Peripheral blood mononuclear
cells, RAW264.7 cells

Size-dependent production of reactive oxygen
species/M1 cytokines

[140a]

YBG (oxidized) CpG-loaded glycogen NPs MΦmodulation
(general)

RAW264.7 cells Enhanced uptake, M1 cytokine secretion in
vitro

[103]

YBG Methoxy-PEG, methotrexate Periodontal bone
regeneration

Murine LPS-induced
periodontitis model

Increased M2/M1 MΦ ratio; bone
regeneration in vivo

[159]

YBG Methoxy-PEG, methotrexate Rheumatoid arthritis
therapy

Murine collagen-induced
arthritis

Increased M2/M1 MΦ ratio; reduced M1
mRNA when drug present

[134]

BG (aminated) CpG; ovalbumin Vaccination Murine ovalbumin vaccination Significantly higher IgG, IFN-𝛾 , IL-4 compared
to alum

[100]

BG (carboxylated) Mesoporous silica NPs, ovalbumin Vaccination Murine ovalbumin vaccination Lymph node targeting & DC activation in vivo [123]

BG (car-
boxymethylated)

Protamine sulfate; CpG; enterovirus Vaccination Murine EV71 virus challenge Strong increase in IFN-𝛾 ; 100% survival
15 days post-challenge

[156]

Curdlan (car-
boxymethylated)

Chitosan chloride; N-trimethyl
chitosan; bovine serum albumin

Vaccination Murine nasal/subcutaneous
vaccination

Increased M1 cytokines, IgG titres 253 days
after priming dose

[95]

Curdlan (sulfated) Quaternary ammonium-modified
chitosan, SARS-CoV-2 spike
receptor binding domain

Vaccination Murine nasal vaccination Improved IgG titres and pro-inflammatory
cytokine secretion compared to traditional
adjuvants

[98]

Curdlan (sulfated) Trimethyl chitosan; ovalbumin Vaccination Peritoneal MΦ; bone marrow
DCs

Strong induction of M1 cytokines/metabolites;
DC maturation in vitro

[157]

Schizophyllan CpG; ovalbumin Vaccination Murine intradermal
vaccination

Increased IL-6 & CD8+ T cells when
crosslinked schizophyllan present

[148]

(Continued)
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Table 5. (Continued)

BG Material Other NP Components Application Biological Model Main Immunomodulatory Outcomes Refs.

Schizophyllan CpG; ovalbumin Vaccination Murine E.G17-OVA cancer
vaccination

80% reduction in cancer cells when mice were
pre-immunized

[107b]

Synthetic BG
hexasaccharide

CRM197 antigen Vaccination Murine
intramuscular/intradermal
vaccination

Strong Dectin-1 affinity; comparable adjuvant
performance to alum

[160]

YBG (carboxy-
methylated)

Chitosan; ovalbumin Vaccination Murine ovalbumin vaccination Lymph node accumulation; DC proliferation;
increased IgG titres compared to alum

[102]

YBG (soluble) Poly[2-(dimethylamino)
ethylmethacrylate]/poly(𝛽-amino
ester)/DNA complex

Vaccination Murine subcutaneous
vaccination

Improved transfection in vitro; no
improvement in IgG titres in vivo

[121a]

YBG PLGA NPs Vaccination; trained
immunity

Murine training model;
B16F10 & EG7.OVA tumor
models

Slow release of YBG improved MΦ training,
and tumor burden compared to free YBG

[161]

CRM197 antigen was demonstrated to promote strong Dectin-1
binding affinity while providing similar adjuvancy effects to those
of alum.[160] The well-defined hexasaccharide structure is of par-
ticular relevance for producing conjugates with controlled ligand
density and structure, potentially yielding more predictable bio-
logical responses in vivo relative to polymeric BG that can alter
its conformation depending on the assembly technique used for
NP formulation and/or the polymer/NP microenvironment.

4.2.3. Other Immunomodulatory Applications

As shown in Table 5, BG NPs can be prepared to improve the
treatment of a wide variety of other target diseases and ap-
plications, with BG NPs having been noted to be particularly
well-suited for treating macrophage-targeted bacterial infections.
However, the immunomodulatory effects of BG in this con-
text are inconsistent in the literature. For example, BG-coated
rifampicin-loaded NPs have been shown to induce high levels of
intracellular ROS as well as enhanced TNF-𝛼, IFN-𝛾 , and IL12-
p70 production in human alveolar-like MΦ, all of which are im-
portant components of the bacterial infection response.[120] TNF-
𝛼 secretion has also been reported in M. tuberculosis-infected
RAW264.7 cells, although no significant improvement in bacte-
rial burdenwas observed in vitro.[158] Conversely,multiple in vitro
and in vivo studies have shown that BG NPs can significantly re-
duce phagocytic activity and inflammatory cytokine secretion to
result in improved bacterial killing.[96,127a,144] However, many of
these examples do not distinguish between the immunomodula-
tory effects of BG and the loaded therapeutic that may promote
contradictory biological effects.[96,144]

Such contradictory biological indications are particularly evi-
dent in examples in which BG NPs are combined with other NP
agents or bioactives that aim to induce anti-inflammatory proper-
ties useful for treating diseases including hepatitis and rheuma-
toid arthritis. In such cases, the BG component is typically em-
ployed to enable macrophage targeting while the observed anti-
inflammatory effect is induced primarily by the other NP compo-
nents; in this context, while BGs have demonstrated a propensity
to reprogram MΦ toward a pro-inflammation M1-like polariza-
tion state, the drug used in the formulation has a stronger anti-

inflammatory effect to control the overall inflammatory response.
In a murine autoimmune hepatitis model, curdlan-conjugated
fullerene exhibited anti-inflammatory effects without the inclu-
sion of additional drugs, with significant reductions in inflam-
matory cytokines and lowered white blood cell and neutrophil
counts achieved that led to reduced apoptosis in murine liver
tissues.[125a] In a murine arthritis model, methotrexate-loaded
YBG-PEG NPs significantly reduced the mRNA levels of several
inflammatory cytokines while also shifting the M1/M2 ratio to-
ward an M2-dominant phenotype; in contrast, when only YBG-
PEG was present without the drug, these effects were less pro-
nounced and anM1-dominant phenotypewasmaintained.[134] Fi-
nally, in a murine acute colitis model, polydopamine-coated YBG
NPs effectively reduced inflammatory markers in the colon to
improve body weight recovery, promote probiotic bacteria pro-
liferation, and reduce the levels of bacteria implicated in in-
flammatory bowel disease;[142] in this case, the antioxidant/anti-
inflammatory properties of polydopamine were primarily associ-
ated with the reduced inflammatory state, although the uncoated
particles were also effective in lowering TNF-𝛼 and IL-1𝛽 levels.
Thus, the comparatively modest pro-inflammatory response but
consistently strong MΦ-targeting ability of BGs can be used to
improve the localization of bioactive drugs or materials that can
induce strong both pro- or anti-inflammatory responses.

5. Conclusion and Future Outlook

The diverse structures and ease of functionalization of BG allow
for the fabrication of microparticles and nanoparticles with tun-
able sizes, morphologies, and immunomodulatory effects, either
alone or in combination with additional therapeutics to target a
wide range of immune-dysregulated diseases. However, the large
variations in both composition and conformation across differ-
ent BG materials result in inconsistent biological effects being
reported across the literature depending on the chemical compo-
sition, molecular weight, and morphology of the BG used. Inter-
preting biological responses is further complicated by the differ-
ences in macrophage/DC phenotypes across various in vitro and
in vivo models. Thus, future work on therapeutic BG particles
should focus on the following aspects:
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1) Improving the physicochemical characterization of BG materials:
BG properties vary widely across different sources but can
also exhibit significant batch-to-batch variation even from a
single source. It is thus important to consistently distinguish
these differences at both the polymer level, at which proper-
ties like molecular weight and chain conformation will im-
pact Dectin-1 binding affinity and activation, and the parti-
cle level, at which variations in particle size, morphology, and
surface chemistry will influence the ability to target immune
cells, cluster and activate surface receptors, and enter cells to
deliver payloads. As noted several times in this review, a sig-
nificant fraction of papers that report the utility of BG-based
therapeutics do not report the source of the BG or how the BG
was (or was not) processed prior to testing; without such in-
formation, it is not possible to develop the required structure-
property relationships to better predict BG’s immunomodu-
latory activity, as is necessary for rational utilization of BG in
the clinic.

2) Improving the purification of BG: The purity of BG can have
a significant effect on its resulting immunomodulatory prop-
erties. For example, Zymosan, an impure form of YBG, is a
strong TLR activator in addition to its Dectin-1 affinity, lead-
ing to biological responses that are difficult to compare with
other purified BGmaterials. Increased emphasis should thus
be placed on either rigorously removing such impurities via
extraction or other emerging techniques (e.g., supercritical
fluid processing) or rigorously characterizing the concentra-
tion and chemistry of the impurities, as the presence of those
impurities may in some cases be beneficial to either upregu-
late or suppress the degree of immunomodulation imparted
by BG alone depending on the biological activity targeted.

3) Improving our understanding of the effect of BG functionaliza-
tion on biological activity: While several examples in this re-
view highlight the immunomodulatory activities of a vari-
ety of BG derivatives, minimal research effort has been in-
vested in systematically investigating how the type of func-
tional group and/or the degree of functionalization of BG af-
fect the extent of immunomodulation possible. For example,
it has been demonstrated that the introduction of charged
functional groups can alter BG chain conformation in solu-
tion and thus receptor binding affinity and downstream ef-
fects like anticancer activity.[162] While BG functionalization
can introduce the potential to fabricate a host of new poly-
meric or nanoscale structures, better understanding the ef-
fect of that modification chemistry on bioactivity (particu-
larly Dectin-1 binding and activation) would ensure that op-
timal solubilization techniques and/or assembly techniques
are chosen to maximize the maintenance of BG bioactivity in
a particular application.

4) Improving the biological context of BG validation experiments:
Most BG studies use either macrophage-derived cell lines
or primary monocytes/macrophages recovered from animal
models to probe BG immunomodulatory responses in 2D
cell culture. While the use of cell lines in this context can
have benefits in terms of reproducing the performance met-
rics of various BG derivatives between labs, 2D models of
macrophage or macrophage-derived cells omit the rest of the
biological context of real tissues and thus cannot always pre-
dict the multi-faceted responses of real tissues to BG. Ad-

vanced 3D tissue models in whichmacrophages are one com-
ponent (e.g., cancer spheroids combining cancer cells, fibrob-
lasts, and macrophages)[163] and/or expanded use of ex vivo
methods like precision cut tissue slices from the target tis-
sue (in which one animal tissue can provide many test slices
in which macrophages can be interrogated within their full
native biological milieu) should thus be emphasized to bet-
ter predict BG responses prior to in vivo experimentation (or
understand any inconsistent responses observed in vivo).

5) Designing improvedmicro/nanostructures fromBG-basedmateri-
als to enhance therapeutic activity: Coupling the immunomod-
ulatory activity of BGwith intelligent particle design offers the
potential for site-specific immunomodulation and drug deliv-
ery to improve therapeutic outcomes while minimizing off-
target effects. For example, better leveraging YBG’s size and
porosity to develop inhalable delivery vehicles/therapeutics
that can access deeper into the lung for treating fibrosis, de-
veloping glucan shell-protected NPs to promote drug delivery
within the gastrointestinal tract, and designing nanoparticles
enabling prolonged circulation times and/or site-specific ex-
posure of BG in the target microenvironment (e.g., to present
the glucan ligand only to macrophages at the disease site to
minimize off-target immunomodulatory effects) all represent
opportunities to improve the clinical efficacy of BG therapies
while reducing potential side effects.
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Hanuš, F. Štěpánek, Eur. J. Pharm. Biopharm. 2021, 168, 15.

Adv. Healthcare Mater. 2025, 14, 2501006 2501006 (26 of 29) © 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advhealthmat.de
https://www.hfpappexternal.fda.gov/scripts/fdcc/index.cfm?set=GRASNotices&id=239&sort=GRN_No&order=DESC&startrow=1&type=basic&search=239
https://www.hfpappexternal.fda.gov/scripts/fdcc/index.cfm?set=GRASNotices&id=239&sort=GRN_No&order=DESC&startrow=1&type=basic&search=239
https://www.hfpappexternal.fda.gov/scripts/fdcc/index.cfm?set=GRASNotices&id=239&sort=GRN_No&order=DESC&startrow=1&type=basic&search=239
https://www.hfpappexternal.fda.gov/scripts/fdcc/index.cfm?set=grasnotices&id=309&sort=GRN_No&order=DESC&startrow=1&type=basic&search=309
https://www.hfpappexternal.fda.gov/scripts/fdcc/index.cfm?set=grasnotices&id=309&sort=GRN_No&order=DESC&startrow=1&type=basic&search=309
https://www.hfpappexternal.fda.gov/scripts/fdcc/index.cfm?set=grasnotices&id=309&sort=GRN_No&order=DESC&startrow=1&type=basic&search=309
https://hfpappexternal.fda.gov/scripts/fdcc/index.cfm?set=GRASNotices&id=997&sort=GRN_No&order=DESC&startrow=1&type=basic&search=997
https://hfpappexternal.fda.gov/scripts/fdcc/index.cfm?set=GRASNotices&id=997&sort=GRN_No&order=DESC&startrow=1&type=basic&search=997
https://hfpappexternal.fda.gov/scripts/fdcc/index.cfm?set=GRASNotices&id=997&sort=GRN_No&order=DESC&startrow=1&type=basic&search=997


www.advancedsciencenews.com www.advhealthmat.de

[51] P. Šalamúnová, L. Cupalová, M. Majerská, J. Treml, G. Ruphuy, K.
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