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Abstract: Inflammation is a complex and highly regulated defensive response of the body to injury, infection, or abnormal stimuli
(such as pathogens, toxins, and physical/chemical damage). Natural anti-inflammatory drugs hold significant potential in the
pharmaceutical field due to their multi-target effects, high safety profiles, and low toxicity. For example, EGCG can inhibit the
phosphorylation of p38 and JNK, thereby reducing the activation of the AP-1 transcription factor and subsequently downregulating the
expression of inflammatory genes. Luteolin inhibits inflammasome assembly by blocking potassium ion efflux, suppressing mitochon-
drial reactive oxygen species generation, or directly binding to NLRP3. Over the past decade, extensive research has been conducted
on their physicochemical properties and dosage forms, leading to the development of various natural anti-inflammatory drug
formulations using both traditional and modern technologies. Furthermore, the combination of these natural anti-inflammatory agents
with other drugs can further expand their therapeutic applications. Meanwhile, emerging technologies such as 3D printing and Al-
assisted design have demonstrated significant potential for application in formulation development. Despite these advancements, the
current research field still faces critical challenges: the use of toxic excipients in certain formulations poses biosafety risks (for
example, glutaraldehyde offers advantages such as high cross-linking efficiency, strong cross-linking strength, and mature manufactur-
ing processes, but it also exhibits high toxicity and biosafety deficiencies); and the translation of research findings on natural anti-
inflammatory drugs into commercial products remains insufficient (due to challenges in large-scale production, storage difficulties, and
regulatory standards). Through this review, we hope to draw more attention to the development potential of natural anti-inflammatory
drugs and the aforementioned issues, as well as to offer some foresight for the exploration and development of other natural products.
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Introduction
Inflammation is a protective immune response of an organism to injury, infection, or other stimuli,'* that can be triggered
by a variety of external and internal factors, leading to either acute or chronic disease. Acute inflammation progresses
rapidly, with a short golden treatment window, which can easily lead to organ-specific damage and significantly increase
the risk of lifelong chronic diseases and cancer. Acute inflammation-related diseases account for nearly 20% of all deaths
worldwide, with mortality rates reaching up to 50% in resource-limited areas, constituting a major global public health
crisis.” Meanwhile, chronic inflammatory diseases collectively constitute a major global cause of death, accounting for
20% of all cancer-related deaths. Additionally, chronic inflammation has been implicated in developing various critical
diseases, such as diabetes, Alzheimer’s disease, and even some types of cancer, are included.*® The detrimental effects of
inflammation should not be underestimated.

Anti-inflammatory natural products are bioactive compounds extracted from natural organisms, capable of inhibiting
inflammatory mediators, inflammatory pathways, or inflammatory responses, thereby alleviating acute or chronic

inflammation without the need for synthetic chemical modifications. Multiple drugs can achieve the goal of regulating
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the inflammatory response and maintaining the balance between pro-inflammatory and anti-inflammatory processes,
including nonsteroidal anti-inflammatory drugs (NSAIDs), glucocorticoid analogs, and natural anti-inflammatory agents.
However, long-term use of NSAIDs and glucocorticoid analogs may lead to a series of adverse reactions and drug
resistance in humans. For example, the adverse effects of aspirin primarily involve gastrointestinal damage,® bleeding
risk,” and hepatorenal injury.® Prednisone may lead to insulin resistance and hyperglycemia,” osteoporosis and
fractures.'® Compared to synthetic NSAIDs and glucocorticoids, anti-inflammatory natural products exhibit superior
advantages in long-term medication safety and resistance management. For instance, existing studies have conducted
comparative analyses, demonstrating that curcumin (Cur) and boswellia extract exhibit efficacy comparable to NSAIDs
in the treatment of osteoarthritis with lower adverse effects. Long-term use is recommended.'''* Some studies have
compared andrographolide and NSAIDs in terms of anti-inflammatory efficacy and immunosuppressive effects,'” as well
as Vitamin C and glucocorticoids in terms of therapeutic outcomes and withdrawal rebound.'® The results consistently
indicated that natural anti-inflammatory compounds serve as effective alternatives to the aforementioned synthetic drugs,

making them better for treating long-term inflammatory diseases.'”'®

19,20 21-23

Up to now, studies on the chemical structure, and anti-inflammatory activity of anti-inflammatory natural
products have been reviewed in detail elsewhere. Guo et al systematically summarized the structures of over 260 anti-
inflammatory natural products from the past two decades and discussed their structure-activity relationships in anti-
inflammatory effects.'® Choo et al classified anti-inflammatory natural products according to their chemical skeletons and
discussed the essential groups required for exerting anti-inflammatory activity.”’ Allijn et al summarized the anti-
inflammatory activities of 102 plant-derived natural products across 25 common assays and evaluated their inhibitory
effects on inflammatory mediators, oxidative stress.”' Peng et al and Zheng et al respectively discussed the anti-
inflammatory activities of saponin-based anti-inflammatory natural products and various common anti-inflammatory
natural products.?***

Despite the promising anti-inflammatory activity and biological safety of natural products, their application are

severely limited by inherent physicochemical drawbacks. Most anti-inflammatory natural products exhibit poor water
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solubility, insufficient chemical stability, low oral bioavailability, rapid metabolic elimination, and lack of targeted
delivery to inflammatory sites. These disadvantages directly lead to weak in vivo efficacy, high effective doses, and
unsatisfactory therapeutic outcomes. In addition, the successfully prepared anti-inflammatory natural product formula-
tions still face the issue of insufficient translation of research findings into commercial products. The reasons for
insufficient translation include not only defects in the physicochemical properties of the drug itself, but also challenges
in large-scale production, formulation storage difficulties, insufficient clinical evidence, and regulatory standard issues.
Lab-scale preparation techniques are difficult to scale up due to high costs, strict process control requirements, and poor
batch-to-batch consistency. The instability of nanoformulations during storage and transportation further shortens the
shelf life and increases supply chain burdens. In addition, unstable raw material sources, complex regulatory approval
pathways, huge clinical evaluation costs, and insufficient clinical evidence collectively hinder industrialization. These
multi-dimensional bottlenecks make it difficult to transform advanced formulation strategies into safe, effective, and
economically feasible commercial anti-natural products.

Moreover, some marketed or patented anti-inflammatory natural preparations exhibit the drawbacks of solvent toxicity
and toxic excipients, which may raise safety problems. For instance, glutaraldehyde is commonly used as a cross-linking
agent in drug preparation. Although glutaraldehyde exhibits high cross-linking efficiency and significant cross-linking
effects, its potential toxicity and carcinogenicity have posed biosafety concerns. Therefore, the development of rational
drug delivery systems and optimized formulations has become an essential strategy to address these bottlenecks.

In view of the above dilemmas, this review focuses on the formulation development of anti-inflammatory natural
products. We systematically summarize the progress in delivery systems, including nanoparticles, liposomes, micelles,
microcapsules, and other advanced formulations for enhancing solubility, stability, bioavailability, and targeted anti-
inflammatory effects. We also analyzed the integration of natural pharmaceutical formulations with novel technologies,
such as 3D printing and computer-aided design (CAD), and the obstacles and pharmaceutical development approaches
for the use of natural anti-inflammatory drugs in combination with other drugs. We also analyze the critical challenges in
scale-up production, storage stability, quality control, biosafety, and clinical translation. Finally, we prospect the future
directions of intelligent delivery, targeted therapy, green preparation, and industrial translation. This review aims to offer
valuable references for accelerating the rational design, clinical application, and commercialization of anti-inflammatory
natural product formulations.

Mechanism of Inflammation and Pharmacological Actions of Natural
Anti-Inflammatory Products

Inflammation and Oxidative Stress

Inflammation is a complex pathophysiological process initiated when the body is exposed to endogenous or exogenous
damaging factors (such as pathogens, trauma, toxins, or ischemia). In this process, pattern recognition receptors (PRRs) detect
danger signals (PAMPs/DAMPs), triggering a coordinated response involving the vascular, immune, and nervous systems.>*

The triggering mechanism of acute inflammatory responses induced by infection or tissue injury relies on PRRs
recognizing pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs),
particularly Toll-like receptors (TLRs) and nucleotide-binding oligomeric domain-like receptors (NLRs).

The initial recognition process of acute inflammation is mediated by tissue-resident macrophages and mast cells, which
subsequently trigger the production of various inflammatory mediators, including chemokines, cytokines, vasoactive amines,
eicosanoids, and products of proteolytic cascades. These mediators promote the activation of vascular endothelial cells,
transiently increase vascular permeability, and selectively mediate the recruitment of inflammatory cells such as neutrophils
and monocytes to the injury site, while simultaneously inhibiting the excretion of erythrocytes. This selectivity is achieved by
inducing ligation of endothelial-cell selectins with integrins and chemokine receptors on leukocytes. Neutrophils kill invading
pathogens by releasing reactive oxygen species (ROS) and reactive nitrogen species, protease 3, and cathepsin G.*>*® Mast
cells can release mediators to regulate immune responses and promote inflammatory diseases while avoiding catastrophic
anaphylactic shock. They can secrete specific cytokines (TNF-a, IL-4, IL-5, IL-13) or growth factors (vascular endothelial
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growth factor, fibroblast growth factor), influencing local immunity by promoting tissue repair during inflammation or
modulating the balance between pro-inflammatory and anti-inflammatory signaling pathways.?’

If the acute inflammatory response fails to eliminate the pathogen, the neutrophil infiltration is replaced by macro-
phages, and in cases of infection, by T cells. If the combined effects of these cells remain insufficient, a chronic
inflammatory state will occur. The typical features of chronic inflammation include persistent infiltration of inflammatory
cells, prolonged excessive release of pro-inflammatory mediators, continuously enhanced oxidative stress response, and
abnormal activation of tissue repair-related signaling pathways. A persistent inflammatory state induces cytokine storms,
exacerbates oxidative damage, leads to excessive degradation of the extracellular matrix, disrupts collagen deposition,
and causes abnormal apoptosis, resulting in sustained damage to local tissues, cells, and organ structures.”*?’

Oxidative stress and inflammation mutually drive each other.’® The OS results from the overproduction of ROS in
living cells. Oxidative stress induces inflammation by activating inflammation-related signaling pathways, such as NF-xkB
and MAPK, and by promoting the release of pro-inflammatory factors (eg, TNF-a, IL-6, IL-1B). Inflammation, in turn,
exacerbates oxidative stress. Inflammatory cells, including neutrophils and macrophages, release substantial amounts of
ROS (eg, superoxide anion, hydrogen peroxide) during pathogen clearance, further exacerbating oxidative stress.*'*
Thus, the synergistic anti-inflammatory and antioxidant effects are crucial for mitigating inflammatory responses in

critical illnesses. The synergistic anti-inflammatory and antioxidant effects.

Action Mechanism of Natural Anti-Inflammatory Products

The advantages of natural anti-inflammatory compounds extend beyond the previously mentioned higher long-term
safety profile and reduced susceptibility to hormone dependence and typical drug resistance. Additionally, they exhibit
multi-target, multi-pathway characteristics, which distinctly differentiate them from single-target synthetic drugs in anti-
inflammatory therapy. The multi-functional pathways of natural anti-inflammatory products are intricately intercon-
nected, collectively regulating the intensity and duration of inflammatory responses.

The NF-kB pathway is the most critical regulatory target for natural anti-inflammatory products. This pathway is
activated by inflammatory stimuli, leading to receptor activation and recruitment of adapter proteins (such as TRADD
and RIP), which further activate IxB kinase (IKK). IKK phosphorylates IkB, resulting in its degradation, enabling
nuclear translocation of NF-kB (p50/p65) and then initiating transcription of pro-inflammatory genes.** For example, the
polyphenolic component quercetin inhibits IkB degradation, thereby blocking p65 nuclear translocation and suppressing
inflammatory responses.**

The MAPK pathway comprises three parallel cascaded pathways: p38 kinase, c-Jun N-terminal kinase (JNK), and
extracellular regulatory kinase (ERK). ERK is primarily involved in cell proliferation and occasionally participates in
inflammation, whereas JNK and p38 are mainly associated with inflammation and apoptosis.>> The ERK pathway
induces the expression of anti-inflammatory factors such as IL-10; the JNK pathway dominates AP-1 transcriptional
activation, driving the expression of TNF-q, IL-2, and MMPs; while the p38 pathway induces the expression of TNF-a,
IL-1p, IL-6, COX-2, and iNOS.***7 For example, the natural product epigallocatechin gallate (EGCG) reduces the
activation of the AP-1 transcription factor by inhibiting p38 and JNK phosphorylation, thereby downregulating the
expression of inflammatory genes.*®

MAPK and NF-«B do not operate independently; there is synergy and overlap between them, which can form
a positive feedback loop. TAK1 can simultaneously activate the IKK complex (NF-kB) and the MKK3/6-JINK/p38
(MAPK) pathway, enabling parallel activation of both pathways.’® Phosphorylated p38 can activate MSK1/2 and
phosphorylate transcription factors (CREB, ATF-1), which synergistically enhance the expression of inflammatory
genes in collaboration with NF-kB.* Natural products such as EGCG can simultaneously inhibit NF-kB nuclear
translocation and p38 phosphorylation, achieving dual pathway blockade.*'

The JAK-STAT pathway serves as a critical integration node for both pro-inflammatory and anti-inflammatory signaling
pathways. It originates from two key molecular classes: Janus kinases (JAKSs) and signal transducer and transcription activator
factors (STATs). Cytokines (such as interferon (IFN) and interleukins (IL-2/6/12)) induce receptors dimerization, subse-
quently triggering mutual phosphorylation and activation of the JAK kinases (JAK1/2/3 and Tyk2) bound to the intracellular
domain. The activated JAK subsequently phosphorylates specific tyrosine residues in the intracellular domain of the receptors,
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providing docking sites for STAT proteins. After binding to the phosphorylated receptor, STAT is phosphorylated by JAK.
Phosphorylated STAT forms homologous or heterologous dimers, subsequently translocates into the nucleus, and binds to
specific DNA sequences, thereby initiating the transcription of target genes.**** Natural anti-inflammatory components such
as curcumin inhibit JAK 1/2 phosphorylation and block STAT3 nuclear translocation.** Berberine inhibits JAK kinase activity,
downregulates the expression of JAK2 and STAT3, blocks the phosphorylation and dimerization of STAT proteins, and
interferes with signal transduction pathways involving IFN-y and IL-6.*

JAK-STAT exhibits both overlap and synergy with NF-kB and MAPK. TNF-a activates NF-xB, which induces IL-6
expression. IL-6 then promotes the expression of survival genes (Bcl-xL, Mcl-1) via JAK-STAT3, thereby conferring
apoptosis resistance to inflammatory cells. JAK activation can indirectly activate ERK; conversely, ERK can phosphor-
ylate STAT3, enhancing its transcriptional activity.

NLRP3 inflammasomes regulate the maturation and secretion of pro-inflammatory cytokines, participating in the
pathogenesis of various chronic inflammatory diseases.*® When activated by various stimuli, such as ROS, NLRP3 binds
to the adapter protein ASC and pro-caspase-1, leading to the autocatalytic activation of caspase-1. This process
subsequently cleaves pro-IL-1B and pro-IL-18 into their bioactive forms, IL-1B and IL-18, thereby enhancing the
inflammatory response.*’ Natural products such as luteolin inhibit inflammatory small body assembly by blocking
potassium efflux, suppressing mitochondrial reactive oxygen species generation, or directly binding to NLRP3.**

Activation of the Nrf2/ARE antioxidant pathway represents another critical mechanism. Under oxidative stress
conditions, this process promotes the dissociation and nuclear translocation of Nrf2 from Keapl, enabling its binding
to the antioxidant response element (ARE). This induces the expression of protective proteins such as HO-1, NQO1, and
GST, thereby scavenging reactive oxygen species and suppressing oxidation-stress-driven inflammation.

The PPAR-y nuclear receptor pathway reduces the expression of M1 polarization markers (iNOS) by inhibiting STAT-1
phosphorylation, while promoting STAT-6 phosphorylation to increase the expression of M2 markers (Arg-1, Fizz 1, Ym 1).*
PPAR-y occupies a central node in metabolic-inflammation regulation, forming complex interactions with multiple pathways:
it exhibits antagonistic equilibrium with NF-«xB, synergistic effects with Nrf2/ARE, cross-regulation with AMPK, and
negative modulation with NLRP3 inflammasome. The PI3K/Akt/mTOR pathway regulates cell survival, metabolism, and
autophagy. PI3K/Akt/mTOR does not operate in isolation but forms a complex network with multiple inflammatory pathways.
The cross-regulation of these pathways endows natural anti-inflammatory products with multi-target synergistic effects,
enabling rapid suppression of acute inflammation while also offering unique advantages in chronic inflammation management
by promoting the synthesis of pro-inflammatory resolution mediators.

Pharmaceutical Designs for the Application of a Single Natural
Anti-Inflammatory Drug

Nano-Preparations

Lipid-Based Nanocarriers

Current pharmacotherapy primarily centers on monotherapy, employing various drug delivery systems to achieve optimal
therapeutic efficacy. Lipid-based nanocarriers mainly encompass liposomes, solid lipid nanoparticles (SLNs), and
nanostructured lipid carriers (NLCs). Their fundamental advantages reside in the exceptional biocompatibility and
delivery efficacy imparted by the combination of lipids and nanostructures. Depending on specific therapeutic require-
ments and drug properties, drug-loaded liposomes can be modified using various polymer materials to form composite
liposomes (comprising polymers, targeting molecules, environment-responsive components, and pH/temperature-
sensitive lipids, etc). This approach not only allows liposomes to carry drugs but also possesses additional functionalities,
such as prolonged circulation, targeted delivery, and stimulus-responsive responses, as illustrated in Figure 1.

The inimitable structure of liposomes enables encapsulation of both hydrophilic and hydrophobic drug components.
However, their high sensitivity to environmental factors such as pH, ionic strength, and temperature limits their
application in many anti-inflammatory drug delivery systems. Given that glycolipids, glycoproteins, and proteins in
cell membranes enhance stability and functionality in fluid-mosaic membrane models, liposomes can be modified by
attaching polysaccharides or proteins to their surfaces to alter their properties. Cheng et al constructed a novel curcumin
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Figure | Schematic diagram of the preparation of polymeric composite liposomes (PMCL) loaded with anti-inflammatory drugs and animal cell experiments. Anti-
inflammatory drugs and phospholipids are combined to form drug-loaded liposomes, which are further modified with polymers (polysaccharides, peptides, etc.) to create
Polymer-modified Complex Liposomes. The anti-inflammatory efficacy of these liposomes can be validated in animal models.

delivery system by modifying liposomes (Cur-RL-Lps) with rhamnolipid (RL) via the ethanol injection method.
Rhamnolipid-modified liposomes enhanced water solubility through hydrophobic encapsulation, optimizing lipid bilayer
structure to improve membrane permeability and stability. The images of the liposomes under transmission electron
microscopy were shown in Figure 2. It can be observed that with the increase of RL content, the size of individual
particles decreases, the particle morphology tends to be spherical, and the aggregation phenomenon is significantly
reduced. Subsequent experiments demonstrated that increasing the RL content enhanced the negative charge on the
liposome surface, thereby generating stronger electrostatic repulsion and further improving liposome stability.>
Rhamnoside-modified liposomes exhibit improved stability to some extent, but it should be noted that under complex
physiological conditions, they may aggregate or leak at varying pH values and ionic strengths. These liposomes can be
conjugated with multiple materials (such as rhamnosides and hyaluronic acid) for complex modification, thereby
alleviating the aforementioned issues to a certain degree.

Stabilizing liposomes can also be achieved through biopolymer coupling modification of their surfaces. Chen et al
developed phytol multilayer composite nanoliposomes (P-NL-ZF) using zeinolysin/fucoidan as carrier materials,
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Figure 2 Transmission electron microscopy micrographs of liposomes with different contents of RL. Reprinted with permission from ref (Cheng, C.etal 2019°°) ©by 2019 Elsevier.
Abbreviations: Lps, liposomes; RL, rhamnolipid; PL, phospholipid.

employing a combination of magnetic stirring and high-pressure homogenization (HPH). The preparation significantly
enhanced the water solubility of poorly soluble phytosterols through the hydrophobic encapsulation effect of the
phospholipid bilayer, while the biocompatible shell improved drug transmembrane permeability and cellular uptake
efficiency. Visual evidence for the feasibility of this strategy was provided in Figure 3. Through TEM images (a-h) and
FTIR spectra (i-j), further confirmed the strong binding between fucoidan and zein through hydrogen bonding and
electrostatic interactions, with characteristic peak shifts and novel absorption bands indicating the composite layer was
firmly anchored on the liposome surface, effectively reducing the permeability of the phospholipid bilayer and thereby
stabilizing the liposomes.”’ When preparing liposomes modified with different targeting ligands or carrier materials, the
drug is typically loaded first, followed by ligand or carrier modification. However, this sequential approach may increase
membrane permeability during subsequent insertion or chemical conjugation, posing a risk of premature drug leakage.
We may try to adopt the sugar protective agent strategy, adding decyl glucose or trehalose during film formation to
improve the rigidity of the film and reduce the drug leakage rate. Furthermore, in our studies, we attempted to first
covalently conjugate the carrier material lactoferrin with phospholipids, and then use this pre-modified phospholipid to
encapsulate the drug Etomidate, thereby preparing brain-targeted liposomes.>® This one-step self-assembled liposome
method completely avoids the leakage risk associated with drug-loading followed by modification. However, it is crucial
to ensure that the modification group is added to the hydrophilic end during pre-modification; otherwise, the amphiphi-
licity of the liposome will be altered. Besides, according to our subsequent further research, although this approach of
pre-modification followed by drug loading has a series of advantages, it may introduce two new types of issues. Firstly,
ligands may be encapsulated within the bilayer during film formation. Secondly, ligand/phospholipid conjugates may
become inactivated under organic solvent exposure or shear stress. To address the former issue, we can employ long-
chain PEG as a spatial spacer, attaching the carrier material to the PEG terminus. This effectively pushes the ligand
toward the lipidosome aqueous phase surface, thereby reducing encapsulation probability. For ligands prone to inactiva-
tion, ethanol injection followed by low-temperature hydration can be utilized to preserve their active state.

In addition to structural stability, the main challenges of liposomal drug delivery systems in clinical applications
include immunogenicity and targeting ability.>*>* The utilization of liposome modification techniques (such as poly-
ethylene glycolization) is the most common method to reduce immunogenicity and improve liposome stability.>® Other
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Figure 3 TEM images of (a and b) P-NL, (c and d) P-NL-ZF-HPH, (e and f) P-NL-ZF-S, (g and h) P-NL-ZF-S-HPH. FTIR spectra of (i) fucoidan, zein, and phytol, (j) blank
NL, blank ZF, blank NL-ZF, P-NL, P-NL-ZF. Reprinted with permission from ref (Chen, Y. et al 2024°') ©by 2024 John Wiley and Sons.

Abbreviations: P, phytol; blank-NL, blank nanoliposome; P-NL, phytol-loaded nanoliposome; blank-ZF, blank zein/fucoidan complex nanoparticles; P-NL-ZF-S, zein/
fucoidan-coated phytol nanoliposomes by magnetic stirring; P-NL-Z-HPH, zein/fucoidan-coated phytol nanoliposomes by high-pressure homogenization; P-NL-ZF-S-HPH,
zein/fucoidan-coated phytol nanoliposomes by magnetic stirring and high-pressure homogenization.

alternatives, such as sialic acid, poly (vinyl alcohol), and poly-N-vinylpyrrolidones have also been explored.’® However,
these alternatives perform limited selectivity for the target site.”” Kutbi et al prepared hyaluronic acid (HA)-decorated
liposomes (HA@Brb-lips) by the film hydration method. Hyaluronic acid enhanced the encapsulation efficiency and
water solubility of berberine through ionic interactions with the lipid bilayer.’® Hyaluronic acid (HA) is non-
immunogenic and specifically targets tumor-enriched receptors (eg, CD44), effectively addressing the aforementioned
target issues while balancing immunogenicity and stability.’® Although the driving force for HA coating is deemed as
electrostatic interactions,®™' one study revealed that relying solely on electrostatic adsorption results in incomplete
binding. Octanoylated derivatives (OHA) of HA might be able to solve this case. Octanoylation dramatically enhanced
coating as insertion of octyl groups into the hydrophobic areas of the lipid bilayer, leading to supernumerary electrostatic
interactions between the HA backbone and polar head groups of phospholipids. This collaborative action hugely
restricted the thermal movement of lipids.>® Therefore, OHA-modified liposomes exhibit great potential in drug delivery
systems and might be considered for use in anti-inflammatory natural drugs.
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Pro-liposomes have also been proposed as an alternative to enhance liposome stability.®*% Liquid pro-liposome
formulations typically utilize alcohols as solvents, such as ethanol, tert-butanol, or propylene glycol.** For pro-
liposomes, the lipid bilayer structure has not been formed when stored; it can be converted into liposomal vesicles
after dilution or hydration when used, allowing for long-term storage without issues of physical or biological stability.
Ren et al prepared quercetin liquid self-assembled pro-liposomes using cremorph RH40 and egg lecithinas the excipient
through the ethanol matrix precursor liposome method. Lecithin imitated the structure of biological membranes by
encapsulating hydrophobic quercetin within a bilayer, significantly enhancing its water solubility and dispersibility. The
Cremophor RH40 achieved deep conversion into the bilayer with a 57-C long chain, and was supported by synergistic
intermolecular hydrogen-bonding and electrostatic interactions, which might make liposomal vesicles more tightly by
inserting deeper into the bilayers.® It should be noted that excessive Cremophor RH40 concentration might reduce drug
encapsulation efficiency, thereby slowing drug release. Moreover, high concentrations might also cause gastrointestinal
irritation, allergic reactions, or cytotoxicity.°®*” We recommend using other mild surfactants (eg, Tween 80, Labrasol,
Solutol HS15) in combination to stabilize the emulsion-encapsulated liposome structure, or introducing 5—-10% choles-
terol or DSPC to reduce permeability and prevent drug leakage.

The addition of high concentrations of ethanol to liposome formulations further enhances penetration into the deeper
layers of the skin for better drug therapy. However, during the preparation of liposome systems via ethanol injection
technology, numerous parameters that are difficult to precisely control can influence the formation of the liposome
system, such as injection flow rate, temperature, and mixing rate. Microfluidic technology provides precise control over
micromixing under laminar flow and efficient heat transfer, thus offering a promising approach for the preparation of
ethanol-based liposomes. Tiboni et al employed the melt deposition modeling (FDM) 3D-printed microfluidic chips with
soybean lecithin to produce 18-a-glycyrrhetinic acid (GA)-loaded ethanol liposomes. The precise control over micro-
mixing under laminar flow and efficient heat transfer offered a promising approach for the preparation of ethanol-based
liposomes.®® Ethanol lipid possesses many benefits, but high ethanol content simultaneously induces bilayer fluidization,
resulting in particle aggregation and drug leakage during storage.®” We suggest considering chitosan as a modification
material for ethanol liposomes. The chitosan coating forms an ion cross-linked shell around the ethanol lipidosomes,
which effectively reduces the leakage rate while improving the encapsulation rate.”®

The natural anti-inflammatory drugs encapsulated through lipid nanocarriers, which not only solve their old problems
of difficult dissolution, being easy to inactivate, and difficult delivery, but also achieve stable, accurate, and long-term
drug delivery through different dosage forms. Table 1 summarizes the advantages and disadvantages of various lipid
nanocarriers in the application of natural anti-inflammatory drugs and their unique advantages, providing a clear

reference for future dosage forms.

Table | Reported Advantages and Disadvantages of Different Forms of Lipid Nanocarriers and Their Unique Potential Advantages in
the Delivery of Natural Anti-Inflammatory Drugs

Dosage Forms Major Advantages Major Disadvantages | Unique Advantages of Natural References
Anti-Inflammatory Drugs
Regular liposomes Possessing high Being prone to Improving dissolution/bioavailability and | Cheng, C, et al*°
biocompatibility and mature | aggregation, hydrolysis, reducing gastrointestinal irritation
preparation process and short body
circulation
Nanolipid carriers Exhibiting high payload and | Having high sensitivity of | Exhibiting high encapsulation rate for Chen, Y, et al®'
(NLC) low leakage process parameters hydrophobic anti-inflammatory
components
Complex liposomes Exhibiting targeting Having complex and Targeting the inflammation site to Kutbi, HI, et al*®
(HA, RL, etc). capability, pH/temperature cost preparation achieve sustained release and reducing
responsiveness, and stability the frequency of administration
(Continued)
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Table | (Continued).

Dosage Forms Major Advantages Major Disadvantages | Unique Advantages of Natural References
Anti-Inflammatory Drugs

Pro-liposomes Possessing storage stability | Needing on-site Solving the problems of oral natural Ren, J, et al®®
and oral convenience hydration and high- drug dissolution and first pass
quality control metabolism
requirements
Microfluidic Exhibiting uniform particle Having high equipment | Achieving precise loading of low dose Tiboni, M, et al®®
preparation of size and good requirements and high activity natural anti-
liposomes reproducibility inflammatory components

In addressing inherent property defects of pharmaceuticals, liposomes have emerged as the most mature breakthrough
platform. Future developments can focus on three key directions: intelligence, targeting, and green technology. In terms
of intelligent design, efforts are being made to develop multifunctional smart liposomes capable of responding to pH,
enzymes, ROS, and inflammatory microenvironments, enabling precise drug delivery to lesions while reducing leakage
and systemic exposure. Through surface modification with hyaluronic acid, fucoidan, chitosan, B-glucan, and other
compounds, the liposomes are targeted to macrophages in inflammatory sites, colonic mucosa, and skin lesion areas,
achieving a transition from traditional passive targeting to active targeting.”' Green bio-based lipids replace synthetic
phospholipids such as soybean phospholipid, egg yolk phospholipid, and plant sterols, making the formulation safer and
more biodegradable.

With the rapid development of computer technology and data science, computer-aided design (CAD) can be
considered for optimizing liposomes. Previous studies have employed decision tree models to analyze liposomes,
systematically evaluating the impact of drug properties and loading parameters on encapsulation efficiency. The
application of the Newton-Raphson optimization (NRBO) in the CNN-LSTM-Attention machine learning model for
liposome size prediction enables precise parameter control through machine learning.”” In the future, the applicability of
the model can be further expanded by integrating pharmacokinetic data to construct a multi-scale prediction framework.

Polymeric Nanomicelles

The advantages of polymeric nanomicelles include enhanced drug solubility and absorption, non-invasive delivery of
hydrophobic drugs, and improved patient compliance, making polymeric nanomicelles superior to other delivery
systems. Figure 4 illustrates various polymer nanomicelle types, from simple micelles to modulator-modified micelles,
and further to targeted ligand-modified micelles, each designed for specific drug delivery and pharmaceutical needs.

Polymer nanomicelles, formed from amphiphilic block copolymers, enabled the physical encapsulation of drugs in
their core, allowing transport at concentrations exceeding their intrinsic aqueous solubility. However, due to structural
limitations and molecular size constraints of polymer molecules, some single polymer micelles (SMs) often exhibit
performance defects, such as insufficient in vivo stability, low drug loading capacity, and failure to regulate drug uptake
and release in an orderly manner. In the above context, constructing hybrid polymer micelles (MMs) by combining two
or more amphiphilic polymers is an effective solution to these challenges. Alshamrani et al selected a combination of
amphiphilic polymers, namely hydrogenated castor 0il-40 (HCO-40) and octoxynol-40 (OC-40). They prepared curcu-
min nanomicellar formulations (Cur-NMF) by using the solvent evaporation method, contributing to the treatment of age-
related macular degeneration (AMD). The use of HCO-40 and OC-40 as parent polymer excipients effectively enhanced
the water solubility of curcumin. Secondly, encapsulating curcumin within the hydrophobic core of polymer-formed
nanomicelles improved drug dispersibility.”

In the latest research, Ali et al introduced Rebamipide (Reb)-loaded Sinapic acid (SA)-Pullulan (PL) nanomicelles
(Reb@SA-PL NMs), an inflammation-responsive polymeric nanomicelle for the treatment of inflammatory arthritis.”*
Fan et al Using berberine as the model drug, ROS-responsive berberine polymer micelles were prepared via self-
assembly of amphiphilic block polymers for targeted anti-inflammatory therapy in rheumatoid arthritis.”> Future polymer
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Figure 4 Schematic diagram of the synthesis of targeting ligand modified polymeric micelles loaded with anti-inflammatory drugs and modulator modified polymeric micelles
loaded with anti-inflammatory drugs, along with the corresponding animal cell experiments.
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nanomicrocapsules may exhibit a greater propensity toward inflammatory microenvironment-responsive (ROS/enzyme/
pH) smart drug delivery systems or active targeting micelles directed toward macrophages/joints/intestines/skin.
Additionally, efforts can be made to develop multi-natural product co-delivery systems capable of achieving synergistic
anti-inflammatory effects across multiple targets.

Micelles modified with ligands for active targeting, as illustrated in Figure 4. Compared to non-targeted micelles,
studies on those modified with targeting ligands have demonstrated superior outcomes. These modifications enhance
intracellular drug delivery and targeting precision while reducing systemic toxicity and adverse side effects, making
active targeting a crucial therapeutic strategy for polymer micelle-based disease treatment.’®’” Because a type of carrier
needs to be modified many times, and each modification needs to be optimized, making it difficult and time-consuming to
prepare these micelles under GMP conditions, which will result in high costs. Furthermore, the circulation half-life might
be decreased due to the presence of targeting ligands on the outer shell of the micelles, leading to lower drug
concentrations. Therefore, there are still many problems to be solved in the clinical implementation of these systems,
and these aspects can be considered for further research in the future.

Additionally, we prepared etomidate-loaded micelles, Eto-PFM, using a thin-film hydration method.”® However, both
liposomes and polymer nanomicelles are often preserved in suspensions. In aqueous environments, nanoparticles tend to
aggregate, leading to increased particle size and polydispersity. Additionally, adverse phenomena such as degradation of
drug-loaded materials and drug leakage may occur under certain conditions. The first step of the film hydration process is
usually to prepare a film that forms a mixture of drug and carrier material, and the second step is to add a water-based
solvent to the film for hydration. The drug-loaded film formed in the first step is a solid intermediate of the nanodrug,
which may be suitable for long-term storage under appropriate conditions and can be rapidly prepared before adminis-
tration (especially for injection). Therefore, we proposed and discussed the possibility of film-injection as a new dosage
form of etomidate. We prepared etomidate/loading materials mixture film (Eto-PF film-injection) using a solvent
evaporation technique.”” Given loading materials suitable for the film hydration method, film-injection could be
considered for any future preparations.

Protein Nanoparticles

Protein nanocarriers, characterized by green, safe, and synergistic features, utilize their hydrophobic cavities and protein
networks to deliver natural anti-inflammatory agents with rapid dissolution, stable retention, sustained release, and
prolonged efficacy. Compared to other drug delivery systems, protein nanocarrier delivery systems are biocompatible and
biodegradable.

Protein-based nanoparticles are widely utilized due to their excellent biocompatibility and powerful functional
properties. Liu et al chose Vicilin (7S), one of the major cadherin fractions of pea protein, as a carrier material to
prepare Cur nanoparticles by the pH-shifting method. 7S can act as a protective barrier for the hydrophobic region of Cur
and form a stable complex with Cur through non-covalent interactions. The self-assembly process efficiently encapsu-
lated hydrophobic curcumin within protein nanoparticles, achieving drug stability. The amphiphilic protein carrier pea
conglobin enhanced the solubility of curcumin.®® Gao et al prepared the epigallocatechin gallate nanoparticles based on
B-lactoglobulin/gum arabic complexes (B-Lg-GA-EGCG).®' Lactoglobulin B-Lg features a p-barrel structure composed
of eight antiparallel B-sheets. This structure facilitates the formation of compact structures with polysaccharides and
promotes interaction with hydrophobic molecules.®” In contrast to other proteins, zeinolysin assists in controlling the
release of encapsulated hydrophobic compounds into non-aqueous environments and prolonging their shelf-life.*
Rodsuwan et al fabricated zeinolysin nanoparticles (GOZNs) loaded with gamma oryzanol (GO).* Furthermore, studies
have demonstrated that the surface of zein in corn is easily modified, allowing for the addition of targeted ligands for
functional modification. It is rich in Glu and Gln residues, enabling efficient amide/esterification coupling of folic acid,
RGD, and antibodies. It also adsorbs chitosan through electrostatic interactions, allowing pH-activated or enzyme-
triggered release.®® Future research can leverage its highly concentrated glutamine/glutamine side chains to transform
zein into a novel formulation with precise targeting and microenvironment-responsive release.

Beyond the aforementioned Vicilin, zein, and B-lactoglobulin, other proteins with unique advantages cater to diverse
therapeutic needs. For instance, animal-derived lactoferrin (LF) directly targets intestinal epithelial LF receptors. It also
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exhibits iron chelation capabilities and can cross the blood-brain barrier (BBB).*® Each drug possesses unique structural-
functional advantages, allowing for tailored selection based on specific delivery requirements and pharmacological
properties, thereby expanding the scope of protein-based nanoparticles applications. In addition, computer-aided design
of protein nanoparticles represents a promising new direction for future exploration. By rational designing amino acid
sequences, it enables programmable sequence-structure-function relationships, allowing the development of protein
nanoparticles with diverse functional properties tailored to specific requirements. Recent advancements in artificial
intelligence have transformed this field. Neural network models such as AlphaFold, ProteinMPNN, and RoseTTAFold,
along with protein language models like evolutionary scale modeling, enable the design of protein-based NPs with
diverse symmetries, shapes, and functionalities. This paves the way for the development of advanced intelligent therapies
for complex diseases such as cancer and inflammatory infections. In addition to the aforementioned targeting and
intelligent design, future protein nanoparticle formulations of anti-inflammatory natural products can also evolve toward
plant-derived greenness and multi-component synergism. Utilizing natural proteins such as plant proteins as carriers
offers advantages of being environmentally friendly, safe, cost-effective, and free from ethical risks.*”*® Combined with
active targeting strategies and multi-natural product co-delivery technology, this approach provides a novel strategy for
developing highly effective and safe anti-inflammatory natural product formulations.

Nanoemulsion
Nanoemulsions (NE) are kinetically stable systems consisting of two immiscible liquids (oil and water). Nanoemulsions
possess higher solubilization capacity than simple micellar dispersions.® Reports indicate that nanoemulsions can be
directly absorbed by the lymphatic system, which helps to avoid first-pass metabolism, improve bioavailability.”*"!

Surfactants in nanoemulsion systems can reduce interfacial tension and enhance the overall stability of nanoemul-
sions. However, chemically synthesized surfactants carry the risk of inactivation. In contrast, RL exhibits strong stability
and maintains its surfactant properties even under extreme conditions. El-Moslemany et al developed a nanoemulsion
based on RL and tea tree oil (TTO) for the delivery of tanshinone ITIA (TS-IIA) to treat acute lung injury. The formulation
also significantly inhibited inflammatory responses and oxidative stress in the lungs, as well as provided a novel option
for the treatment of ALI. The nano-emulsification technology encapsulated TS-IIA within a nanoscale oil droplet core,
achieving high water dispersibility and stable protection of TS-IIA.°? TTO rich in terpenes such as terpinen-4-ol may
undergo auto-oxidation to form hydrogen peroxide when exposed to high temperatures or air. These ROS may impair the
anti-inflammatory and antioxidant properties of TS-IIA.”> We recommend using natural antioxidant synergistic systems,
such as adding ascorbyl palmitate and rosmarinic acid to the oil phase, to enhance free radical scavenging efficiency,
inhibit POV, and improve TS-IIA retention.”* Alternatively, metal chelation can be employed, as RL naturally contains
abundant Glu-COO ™ groups that form stable coordination complexes with metal ions such as Fe**/Cu®", thereby blocking
the Fenton reaction.”®

Nano-emulsions fabricated using conventional ways typically demand considerable surfactant to stabilize the
droplets. Excessive surfactant can lead to biofilm fluidization and high pressure. Peng et al used corn oil and polysorbate
80 as excipients and prepared tea polyphenol O/W nanoemulsions via high-pressure homogeneous emulsification. By
employing an emulsification process to encapsulate tea polyphenols within a stable oil-in-water nanostructure, the
solubility of tea polyphenols was significantly enhanced, achieving molecular-level stable dispersion of catechins.’® In
contrast, high-pressure homogeneous emulsification requires less surfactant, which not only reduces the production cost,
but also minimizes the potential toxicity problems associated with excessive surfactant use. Alternative solutions exist to
address the overuse of surfactants. Alginate enhances emulsion stability by creating steric hindrance, increasing the
viscosity of the continuous phase, and inducing negative surface charge in the system.”” It does not require a large
amount of surfactant, has good stability, and can also be depolymerized into oligosaccharides as a nanoliquid stabilizer.”®
Our team developed alginate-based nanoemulsions with various oil phases and discovered that oil phase selection is
critical in the system. Compared to nanoemulsions prepared with other oils, those made from corn oil exhibited smaller
droplet sizes, lower Zeta potential, and enhanced stability. Our research group therefore recommends corn oil as the
preferred material. These characteristics effectively prevent droplet flocculation and emulsion instability caused by
excessive alginate concentration.
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Furthermore, Infinite Coordination Polymer (ICP) is a highly promising carrier-free nanomedicine system, a novel
class of materials generated through infinite coordination between metal ion connectors and multi-toothed bridging
ligands. In recent years, efforts have been dedicated to the preparation of ICPs for biomedical imaging and drug delivery.
It utilizes coordination bonds to directly link drugs and ions, featuring mild preparation conditions, simple structure,
infinite three-dimensional extension, adjustable drug ratios as needed, and significantly enhanced drug loading capacity
in nanoparticles. Our research group has attempted to investigate the use of oligo-hyaluronic acid-modified dihydrober-
berine-Zn>"-proanthocyanidin infinite coordination polymers for the synergistic treatment of obesity-induced type 2
diabetes. This approach holds promise for developing a novel, long-acting, and low-adverse-effect antidiabetic agent,
while ICP also provides a new therapeutic formulation for subsequent disease management.

Microparticles

Microparticles are solid-state drug-loaded particles with controllable size, typically ranging from 1-1000 pm in diameter.
Microparticles exhibit a broad drug loading capacity, capable of encapsulating both water-soluble and lipid-soluble drugs,
with a simple structure that facilitates industrial-scale production. As such, microparticles have become an important
direction in the development of modern formulation technology.

Emulsion solvent evaporation is one of the most commonly used methods for the preparation of drug-loaded
microparticles. Sharma et al developed an embelin-containing guar gum colon-targeting microparticle by emulsification
for the treatment of ulcerative colitis. This system significantly enhanced drug solubility through hydrophilic swelling,
a highly porous structure, and molecular dispersion encapsulation effects. Due to the presence of glycosidic bonds in guar
gum, it also prevented the release of the drug in the gastric environment, thus ensuring targeted delivery to the colon.”® It
should be noted that the emulsification method forms an oil/water interface with the help of surfactants, but the residual
organic solvent may cause toxic problems. It is recommended to pay attention to this point in the future preparation of
drug-loaded microparticles.

Polylactic acid-hydroxyacetic acid copolymer (PLGA) serve as a biodegradable carrier with excellent biocompat-
ibility and high safety, showing broad application prospects in the treatment of various diseases.'’®'°" Anchi et al
developed Cur-encapsulated PLGA sustained-release microparticles (CuMPs) by the emulsion solvent evaporation
method. PLGA can protect Cur from degradation by external environments (such as gastric acid and enzymes), and
enhance drug stability and bioavailability.'® This slow-release microparticle system presented a novel strategy for the
clinical application of Cur. Additionally, PLGA surfaces can be chemically modified (eg, with PEG, antibodies, ligands,
etc.) to tailor surface properties for specific drug delivery needs, or further controlled through end-group modifications
(eg, acid and ester end-capping) to regulate degradation kinetics and drug release behavior.'®> Our research demonstrates
that not only can the ratio of lactic acid to glycolic acid be adjusted to control PLGA degradation rate and regulate drug
release kinetics,'® but also that PLGA surface charge can be modulated to optimize drug delivery efficiency by altering
its cellular interactions and in vivo behavior. When using PLGA as a filler in microsphere formulations, these unique
properties should be considered. However, the acidic microenvironment generated during PLGA degradation may
destabilize biomolecules. In such cases, formulations with higher lactic acid content or PEG-PLGA blends are recom-
mended to delay degradation and stabilize the microenvironment.

Although emulsion solvent evaporation has many advantages, this method presents some drawbacks, including limited
encapsulation efficiency, wide particle size distribution, and denaturation of protein. And the Electrospray technology can
solve these problems to a certain extent.'®® Particles prepared by using the coaxial electrospray (CES) process, which enable
effective control of the encapsulation of low water-soluble drugs, with higher encapsulation efficiency and better release
effect. Yuan et al encapsulated Cur in PLGA-MPs by a modified CES procedure. Through the synergistic effect of the core-
shell structure and the polymer carrier PLGA, the hydrophobic curcumin existed in an amorphous state, thereby significantly
increasing the drug dissolution area. This method was capable of producing a jarless cone-jet mode within an extensive array
of operating parameters, accordingly resulting in the production of Cur-encapsulated PLGA MPs with a well-defined core-
shell structure.'® As drug delivery requirements grow increasingly complex, micro-particle dosage forms also have
challenges, such as limited effective targeted delivery, difficulty in controlling release rates, and insufficient formulation
stability. We recommend exploring the development of novel types of microparticulate formulation containing nanoparticles.
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Biocompatible nano-to-microscale particles possess enhanced drug stability, targeted and sustained delivery, and minimized
toxicity, which can perfectly solve the above problems. On this basis, coaxial electric spray technology can also have higher
encapsulation efficiency and uniform particle size of particles.

In addition to the synthetic polymer PLGA, various natural polymers can also be used for drug delivery. Natural polymers
are biologically active, biocompatible, non-toxic, safe, and inexpensive to obtain. Pagano et al utilized Moringa oleifera leaf
extracts (MOE), which were prepared through an eco-friendly method, as an active ingredient, and chitosan as the natural
biopolymer to develop bioadhesive biocompatible polymeric microparticles for the treatment of exuding wounds. The
experiment found that the microparticles swelled once in contact with the wound exudate and formed a continuous hydrogel
film covering the wound, which protected the damaged area and promoted healing.'®” It should be noted that chitosan particles
may have uneven particle size distribution and particle aggregation during the preparation process, which may affect the
uniformity and stability of particles. We believe microfluidic technology could help address these issues. Experimental studies
have demonstrated its application in producing hyaluronic acid methacrylate (HAMA) hydrogel particles for osteoarthritis
treatment.'®® Microfluidic technology can achieve accurate flow control due to its laminar flow characteristics, overcome the
shortcomings of traditional methods in particle growth, mixing, and separation, effectively prevent particle aggregation, and
achieve more uniform particle size distribution and higher encapsulation efficiency.'®”

Moreover, microparticles can not only serve as physical carriers for drugs, but also function as low molecular-weight
drug transporter proteins. Jiménez et al took the hydroglycolic extract of Calendula officinalis flowers as the core drug
and adopted the water-in-oil emulsion/crosslinking method to prepare gelatin collagen microparticles (GC-MPs), thereby
aiding in the treatment of chronic skin wounds. Gelatin and collagen can significantly enhance the water dispersibility
and solubility of drugs through hydrophilic interactions and spatial dispersion effects.''® The modified scaffolds are
capable of loading a wide range of active molecules, from small drugs to more complex biologics, and this strategy can
also be used for precise modulation of release kinetics.

In addition, in the latest study, by leveraging the FRESH (Freeform Reversible Embedding of Suspended Hydrogels) 3D
bioprinting technique, microparticles are utilized both as a support material and as a thermoresponsive porogen. In FRESH,
bioinks are extruded within a sacrificial support bath composed of gelatin microparticles compacted into a slurry.
Successfully fabricating porous collagen scaffold.''" The high porosity (75%) and highly interconnected microporous
network of the 3D porous collagen scaffold are conducive to drug loading, diffusion, and sustained release. The perfusable
channels in the system support convection transport, which can accelerate drug distribution, especially for deep tissue
inflammation (eg, arthritis, myocarditis), and the controllable porosity of the system can accommodate anti-inflammatory
drugs of different molecular weights. FRESH printing technology can precisely construct drug gradients or localized
release microdomains, enabling spatially controlled drug delivery. The 3D porous collagen scaffolds developed by the
institute demonstrate potential for drug delivery applications. However, whether the drug is pre-mixed into the collagen
precursor solution or adsorbed or encapsulated later, the delivery system still requires further functional studies, such as
release optimization, validation in in vivo inflammatory models, and evaluation of immune responses. In experimental
design, it is important to note that the inflammatory site typically features a microenvironment with low pH and elevated
ROS levels, which may compromise the stability of collagen scaffolds or the efficacy of administered drugs.

Table 2 summarizes the advantages and disadvantages of different microparticle dosage forms and their exclusive advantages
in natural anti-inflammatory drugs, providing a clear basis for material selection for oral, injection, topical, and other scenarios. In
general, the microparticulate dosage form is becoming the key direction of the development of modern Chinese medicine
compound preparations. We found that glutaraldehyde was used as a crosslinking agent in many published literature and patents in
the preparation of pharmaceutical preparations. Although glutaraldehyde has high crosslinking efficiency and a strong cross-
linking effect, it has some problems with toxicity and biosafety. The aldehyde group of glutaraldehyde can react with protein,
lipids, and nucleic acids in the cell, causing cell damage or even death. It is also highly irritating to the skin, eyes, and respiratory
tract, and can cause local tissue inflammation in the body. Future research should prioritize low-toxicity, biodegradable cross-
linking agents to enhance the safety and biocompatibility of microparticulate formulations. For instance, glycerol-1,2-dihydrox-
yaldehyde (GDA) or alginate-gelatin composites could be employed.''* They are safer cross-linking agents than glutaraldehyde
due to their lower cytotoxicity, higher biocompatibility, complete biodegradability, and absence of irritancy or mutagenicity. The
latter features a porous, highly polymerizable structure with crosslinking ease and degradation-friendly properties.''® In the
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Table 2 Reported Advantages and Disadvantages of Different Forms of Microparticles and Their Unique Potential Advantages in the Delivery of Natural Anti-Inflammatory Drugs

Dosage Forms

Major Advantages

Major Disadvantages

Unique Advantages of Natural Anti-Inflammatory
Drugs

References

Guar gum particles

(colon-targeted)

PLGA microparticles
(Emulsion solvent
evaporation)

PLGA microparticles

(coaxial electrospray)

Chitosan particles
(ionicgel/emulsion)
Gelatin/collagen particles
(oil-in-water

crosslinking)

Being enzymatically degraded by the
colonic microbiota, achieving zero gastric
release

Possessing mature preparation process
and FDA approval, exhibiting
biodegradability

Featuring nuclear shell structure and high
loading rate, enabling sustained drug
release

Displaying biological adhesion and good
biocompatibility

Providing the capacity to carry both small and

large molecules, as well as being easy to use

Exhibiting characteristics of mechanical

brittleness

Displaying low binding rate, wide
particle size distribution and protein
variability

Possessing high equipment requirement

and high cost

Being lower mechanical strength,
requiring the use of crosslinking agents
Displaying issues such as adhesive
residue and poor thermal-hygroscopic
stability

Alleviating inflammation and ulcers in the DNBS colitis
model and targeting the colon for treating with low side
effects

Achieving sustained-release effects

Showing a higher loading rate and more stable release

Exhibiting long-acting antioxidant and anti-inflammatory
effects

Exhibiting high drug loading capacity, enabling long-term
anti-inflammatory and antioxidant effects

Sharma, A, et al”®

Anchi, P, et al'®?

Yuan, S, et al'%

Pagano, C, et al'?”

Jiménez, RA, et al''®

|e 19 Suey



Fang et al

development of drug-loaded microparticles, the self-oxidation cross-linking mechanism of oligomeric procyanidins (OPC) and
the cross-linking system of silk fibroin polymer are both good choices for cross-linking agents. It is hoped that in the future, cross-
linking agents with high biosafety and high cross-linking strength will be used for microparticle preparations.

Microcapsule

The microcapsule provides isolation protection, shielding against degradation by light, heat, oxygen, and gastric acid. It
enables precise control of wall thickness for timed drug release, making it suitable for drugs that are prone to oxidation,
degradation, or strong irritation, as well as those requiring colonic targeting. Research on microencapsulation began in
the late 1930s and was first applied to industry in the 1950s."™*

Studies have shown that if we encapsulate active compounds in polymer matrices, which can protect them from
environmental conditions, prevent them from interacting with other components, and even control their release.''
Barbosa Ribeiro et al used cashew apple pectin (CP) as an encapsulation matrix, and adopted the spray drying technology
to prepare cashewapple pectin mangiferin (CP-Mf) microcapsules. CP enhanced the water dispersibility and dissolution
rate of mangiferin through its hydrophilic framework.''® Cassava apple pectin has the characteristics of low methoxy,
low toxicity, low cost, low immunogenicity, and high colon degradability, which makes it have excellent advantages in
gastrointestinal drug delivery. Furthermore, we found that no other studies have utilized cashew apple pectin as a carrier
for microencapsulation or other traditional or novel dosage forms in the literature published online. CP holds vast
potential for development in drug delivery, and future research could focus on this direction.

In addition, a combination of spray-drying and freeze-drying techniques (SD-FD) has been investigated for the
preparation of microcapsules. Microcapsules prepared by the combination of the two methods above, which showed
higher encapsulation efficiency and enhanced protection of bioactive compounds. Laureanti et al employed two different
micro-encapsulation techniques (spray drying method and freeze-drying method), chose maltodextrin (MD) and gum
arabic (GA) as encapsulating agents. The resulting microcapsules encapsulated pink peppercorn extract (PP) and green
propolis extract (GP). The combination of MD and GA formed a dense protective layer that delayed oxidation and
degradation while enabling controlled drug release, thereby enhancing the drug’s bioavailability."'” The SD-FD combi-
nation has gained prominence in the high-end microcapsules field in recent years. We reviewed articles published
between 2020 and 2024 that utilized the SD-FD combination for microcapsule preparation. We found that the research
literature on the preparation of microcapsules by SD-FD combination is mainly concentrated in three major areas: 60%
on food/functional factors, 25% on probiotics, and 15% on drug delivery. This indicates that the SD-FD combination
holds significant potential for future development in drug delivery applications.

Among the various microencapsulation techniques, ionogelation is extremely promising. There are a variety of atomizing
nozzles available for ion gelation, with ultrasonic nozzles being preferred amongst the various nozzles, due to their ability to
produce particles that are smaller in size, homogeneous, and spherical in shape.''® Norcino et al utilized alginate (ALG) and
pectin (PEC) as carrier materials and grape skin extract (GPE) as the core drug, combining the processes of double
emulsification (DE) and ultrasonic gelation to prepare the microcapsules. ALG and PEC can form a protective matrix to
prevent anthocyanin degradation and enhance their dispersibility and stability.''® This further expands the potential for
combined applications of ion gelation and emulsification processes. The innovative drug delivery concept—the emulsion-
ultrasonic ion gel two-step method for delivering anti-inflammatory and antioxidant compounds. However, their research has
so far been confined to oral delivery at the health supplement level, falling short of pharmaceutical-grade applications. By
enhancing drug loading capacity and refining in vivo pharmacokinetic studies along with relevant animal experiments, this
approach could be adapted for other drug delivery systems, warranting further exploration in the future.

Furthermore, inspired by the study of He et al'*® we propose a microcapsule with nuclear-shell structure and inflammatory
treatment with triple functionality, using colitis as a model. Through the delivery of various natural anti-inflammatory agents
or drug-loaded nanoparticles via the nucleus and shell, this innovative approach first inhibits bacterial growth and eliminates
free radicals, then activates repair signals to rebuild the body’s protective barrier, ultimately establishing immune homeostasis.
By synergizing multiple natural compounds, it automatically completes the three critical phases (ie, wound clearance, anti-
inflammatory action, and homeostasis maintenance) within a precisely timed window. We believe this fully automated,
multifunctional drug delivery system holds significant research potential for future applications.
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Microspheres
Microspheres, which were first developed in the 1970s, are three-dimensional, networked, porous polymer spheres with
a large specific surface area and strong tissue adhesion properties. They enable sustained controlled release and can be
combined with scaffolds, hydrogels, or 3D printing materials to achieve localized retention and gradual drug delivery.
Among the multiple modes of drug delivery, there is no doubt that the oral route is one of the most convenient.
However, many drugs show unfavorable pharmacokinetic properties, including the inability to be located in the
gastrointestinal tract (GIT) in the short term.'?! These limitations can be overcome by employing drug delivery systems
capable of prolonging drug release, such as mucosal adhesive microspheres, which interact with and adhere to the mucus
of the GIT, thereby promoting the sustained release of bioactive compounds.'?*'?* Pinto de Oliveira et al chose Carbopol
934 and hydroxypropylmethylcellulose (HPMC) as the carrier materials. Mucosal adhesive microspheres loaded with
trans-aconitic acid (TAA) were prepared by the emulsification/solvent evaporation method for the treatment of rheuma-
toid arthritis (RA). By constructing a hydrophilic porous microsphere skeleton, water penetration was facilitated, and
drug dissolution was enhanced.'** Figure 5 shows the schematic diagram of the preparation process for the microsphere.
In practical operation, the anti-inflammatory drug can be embedded in the oil phase by emulsification to form a W/O
emulsion with a uniform particle size. Then, the drug-loaded microspheres can be solidified by a cross-linking agent.

Protective/Fu nctional
scaffold

Microsphere

Oil phase

WI/O emulsion

Multi-layered composite

Polymer composite

Figure 5 Schematic diagram of the preparation of microspheres with simple structure and composites with multi-layered complex structures. The microspheres are
prepared by the emulsification method, followed by the addition of functional polymers and scaffolds to construct a multi-functional composite.
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Furthermore, colon-targeted delivery systems have also been identified as a promising strategy for IBD treatment.'*>

Natural polysaccharides are resistant within the gastrointestinal tract, but can be biodegraded under the colonic microenvir-
onment via colonic flora and enzymes, therefore making them hopeful deployment prospects in colon-targeted delivery.'?®
Jing et al developed a colon-targeted quercetin delivery system (COS-CaP-Qt), in which the pectin (PEC)/Ca®" microspheres
were prepared and subsequently crosslinked with oligochitosan (COS). PEC and COS not only enhanced the dispersibility and
dissolution rate of quercetin but also conferred excellent mucosal adhesion and colonic targeting properties to the micro-
spheres. Chitosan, with a smaller molecule, was able to better penetrate into the alginate/pectin microspheres, possessing
a better cross-linking function for stabilizing and controlling the microspheres.'?” Due to the size of microspheres and their
interaction with the intestinal mucosa, the microspheres can also introduce thiolated ligands that bind to colonic mucus via
disulfide bonds, thereby prolonging the retention time.'*® Thiol-oxidized guar gum (SOGG)/sodium alginate (SA) double-
crosslinked microspheres, which exhibit intestinal targeting and mucosal adhesion properties, making them particularly
suitable for addressing intestinal-related diseases or delivering acid-sensitive drugs. SOGG forms the first network through
disulfide bonds, while SA crosslinks with Ca®* to construct the second network. Protected by the interpenetrating dual-
network microspheres, this system demonstrates significant potential for drug delivery.'*® At present, the system has not been
used in natural drug delivery, and there are broad prospects for further research in this field.

In recent years, various types of polymer microspheres have been extensively developed and applied across multiple
fields. However, part of the microsphere preparation methods are associated with inherent drawbacks, primarily due to
the undesirable effects of cross-linking agents, such as glutaraldehyde, glyoxal, and ethylene glycol diglycidyl ether.'*°
To overcome these disadvantages, the ionic gelation with sodium tripolyphosphate (TPP), a compound recognized as
a generally safe ingredient by the Food and Drug Administration, which has gained considerable attention from
researchers. Cho et al developed resveratrol microspheres with chitosan and sodium tripolyphosphate as carriers by
the ionic cross-linking method. The study concluded that a 3% TPP solution was appropriate for chitosan—TPP
interactions, preventing TPP separation from the particle during the hardening stage and allowing for the formation of
uniform particles. Through the electrostatic interaction between chitosan and TPP, cross-linked microspheres were
formed while simultaneously enhancing the bioavailability of resveratrol.'*!

Now, some studies have been carried out on the combination of polymer microspheres and scaffold tissue structure.
The microspheres are immobilized in the pores of the scaffolds through chemical crosslinking or physical embedding,
preventing microsphere migration and enhancing microsphere stability, thereby solving the limitations of microspheres in
drug delivery and mechanical support.

To further elucidate the construction concept of microsphere-stent integrated delivery, Figure 5 presents a schematic
diagram of the preparation process. Firstly, based on microspheres, the obtained microspheres are mixed with natural
cross-linking agents and functional polymer. Secondly, through layer-by-layer composite formation and secondary
solidification, the polymer microspheres are ultimately embedded into a three-dimensional, porous, and multi-layered
scaffold. He et al adopted the emulsion template method to prepare the heterogeneous double-layer gelatin-based scaffold
loaded with lycium barbarum glycopeptide (LbGP) for the treatment of periodontitis. The double-layer gelatin-based
scaffold prevented rapid degradation of LbGP, thereby enhancing drug stability. The resulting scaffolds exhibited an
interconnected porous microstructure, along with excellent degradability, mechanical properties, and biocompatibility.'>

Table 3 summarizes the unique value and bottleneck of various microspheres in the application of natural anti-
inflammatory drugs, providing a quick selection reference for different drug administration scenarios. In the field of bone
repair and regeneration, while traditional chemical template methods remain the primary scaffold fabrication approach,
growing research interest is directed toward innovative 3D-printed scaffolds. The integration of polymer microspheres
with 3D-printed scaffolds facilitates spatiotemporal coordination in both inflammation control and bone regeneration.
This delivery system remains a promising area for further investigation.

Phospholipid Complex
Phospholipids play a major role in drug delivery technology. Studies have found that naturally extracted drugs and
phospholipids can develop phospholipid complexes via non-covalent interactions. Because phospholipid complexes are
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Table 3 Reported Advantages and Disadvantages of Different Forms of Microspheres and Their Unique Potential Advantages in the Delivery of Natural Anti-Inflammatory Drugs

Dosage Forms

Major Advantages

Major Disadvantages

Unique Advantages of Natural Anti-Inflammatory
Drugs

References

Mucosal adhesion
microspheres
(emulsified-solvent
evaporation)
Colostrum-targeting

microspheres (ionic gel)

Chitosan-TPP

microspheres (ionic gel)

Double layer scaffold-
composite microspheres

(emulsion template)

Adhering to the mucosal layer of the
gastrointestinal tract, prolonging the retention time,
and being easy to operate

Utilizing colonic bacterial enzymes to degrade
drugs, being derived from whole dietary sources,
and achieving zero gastric release

Utilizing a FDA-approved crosslinking agent,
regulating particle size/release rate, and
demonstrating biocompatibility.

Combining mechanical support with sustained

release functionality

Showing significant individual
differences

Exhibiting mechanical
brittleness and low drug loading
capacity

Exhibiting mechanical
brittleness, insufficient stability

Possessing complex techniques
and facing the issue of residual

cross-linking agents

Reducing total cell count and neutrophil aggregation in the
joint cavity, exhibiting anti-inflammatory effects that persist
for 48 hours in arthritis models

Maintaining colon length and intestinal barrier integrity,

being suitable for long-term use

Reducing the initial burst frequency, enhancing anti-
inflammatory and antioxidant activities

Increasing the collagen fiber content of the periodontal
membrane, relieving local inflammation, and promoting the
cure of periodontitis

Pinto de Oliveira,
D, etal'®

Jing, S, et al'?’

Cho, AR, et al'*'

He, S, et al'?
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amphiphilic, which improves the solubility and stability of insoluble drugs, it provides an effective method to solve the
challenge of low oral bioavailability of naturally extracted drugs.

Maiti et al developed a naringenin phospholipid complex. The hydrogen bonds and hydrophobic interactions between
phospholipids and naringenin formed a stable supramolecular structure, which not only enhanced the water solubility and
dissolution rate of naringenin but also protected it from rapid degradation by gastrointestinal enzymes and acidic/alkaline
environments, thereby delaying its clearance rate in vivo. The naringenin phospholipid complex also increased the
plasma concentration and prolonged the duration of action of naringenin in vivo.'** However, there is one notable
concern: dichloromethane (DCM) used in the preparation process raises significant safety considerations, such as the
latent toxicity of DCM metabolism producing carbon monoxide, potential solvent residues, and the high risk of
occupational exposure. For future applications, it is recommended to switch to ethanol or an ethanol-acetone mixed
solvent system. The ethanol system may operate at a higher reflux temperature (78°C), and the stability of phospholipids
must be confirmed. The ethanol-acetone mixed solvent system exhibits lower toxicity and facilitates synergistic
dissolution; however, the optimal ratio requires further experimental investigation.

In addition to flavonoids such as naringenin, recent studies have confirmed that polyphenol-phospholipid complexes
do not reduce the antioxidant activity of polyphenols.'** The amphiphilic properties of phospholipids enhance the
solubility of polyphenols through encapsulation and amorphous stabilization. The hydrogen bond network immobilizes
reactive hydroxyl groups while shielding them from oxidative environments, thereby optimizing the sustained release
kinetics of anti-inflammatory and antioxidant agents. We reasonably hypothesize that other drug types, such as terpenoids
and alkaloids, could broaden their applications by binding with phospholipids. In the future, further systematic evalua-
tions of the anti-inflammatory and antioxidant effects of these complexes in vivo, as well as their stability changes under
industrial processing parameters (such as thermal exposure and pH fluctuations), could be conducted.

In addition, nanophospholipid complexes can precisely control the release of encapsulated phytochemicals from the
internal aqueous phase to the external aqueous phase. Gamma-oryzanol (GO), as a unique stabilizer with high antioxidant
activity, not only possesses antioxidant activity, but also enhances the structural stability of NPs, as well as improves the
antioxidant properties of the delivery system.'*> In order to better maintain the anti-inflammatory and antioxidant activity
of pomegranate peel extract (PPE) and ensure its sustained release in a gastrointestinal model. Andishmand et al utilized
phosphatidylcholine (PC) and GO as excipients and prepared a PPE nanophospholipid complex (PC-GO-PPE) by using
the thin film hydration/sonication method. PC and GO can encapsulate PPE highly within an amphiphilic phospholipid
structure, significantly enhancing the water solubility and stability of PPE through nanoscale structures and hydrogen
bonding interactions.'*®

Nanophospholipid systems face challenges related to instability and shelf life.'*” Therefore, it is crucial to optimize
the manufacturing process of NPs. In the future, this series of problems needs to be paid attention to and studied. In
recent years, researchers have discovered that phenolic natural drugs and fatty acids can exist in the form of lipophenols
through chemical bonds. Lipophenols can organically combine the advantages of phenolic natural drugs and fatty acids,
enhancing the lipophilicity of phenolic natural drugs and endowing them with stronger anti-inflammatory and antioxidant
protective effects.'*® The combination of phenolic compounds with phospholipid complexes can prolong their in vivo
duration of action and enhance bioavailability, thereby achieving controlled dual release of phenolic compounds.'*® To
date, only a very limited number of natural phenolic drugs have attempted to utilize lipophenols as a delivery system.
Currently, lipophenol phospholipid compounds are primarily focused on applications in the functional food sector. In the
future, lipophenol phospholipid compounds will remain a promising research direction for drug delivery.

Niosomes

Niosomes are self-assembled vesicular nanocarriers that are formed by the hydration of synthetic surfactants and
appropriate amounts of cholesterol or other amphiphilic molecules. Niosomes can be classified as unilamellar or
multilamellar, which are suitable for carrying both hydrophilic and lipophilic substances. Furthermore, niosomal vesicles
are usually non-toxic, cost-effective to produce, and stable over a longer period in different conditions.'*

Likewise, to further test the actual efficacy of niosomes in inflammatory diseases, Soliman et al prepared an optimized

date seed oil (DSO) loaded niosomes formulation for osteoarthritis prevention and treatment. The amphiphilic vesicle
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structure significantly enhanced the water dispersibility and stability of DSO, while cholesterol improved the rigidity and
stability of the vesicle membrane, thereby reducing drug release from DSO and enhancing its bioavailability.'*' Studies
have demonstrated the efficient encapsulation of three antiviral molecules with distinct and complementary properties,
achieving high payload efficiency and potent antiviral activity against vesicular stomatitis virus.'"** In addition to
delivering lipophilic substances, the amphiphilic nature of niosomes enables the encapsulation of both hydrophilic and
hydrophobic molecules. This study provides a blueprint for future development of niosomes capable of simultaneously
loading multiple natural drugs, which may help address the challenges of multi-target and multi-pathway approaches in
chronic inflammatory diseases. Future efforts should also focus on resolving the interactions between components and
achieving synchronized release, thereby preventing time window misalignment in vivo.

Actually, some binary mixtures of polysaccharides exhibit synergistic interactions, such as Xanthan and Locust Bean
Gum (LBG). When they are mixed, they will form a network whose strength depends on the preparation temperature and
the weight ratio between the two components. It is possible to modulate the mechanical properties of the mixed gel by
varying the relative amount of the two polymers. Coviello et al chose monoammonium glycyrrhizinate (AG) as the core
drug and used the physical gel prepared from Xanthan gum and LBG to prepare gel-embedded niosomes. Xanthan gum
and LBG formed a three-dimensional gel network, which protected the integrity of the vesicle structure, enhanced the
stability of AG, and delayed drug release. The Gel-embedded niosomes combined the sustained-release properties of the
polymer matrix along with the skin permeability advantages of the vesicle component.'*

Yet niosomes face some urgent physical stability problems. In an attempt to solve this problem, proniosomes have
gradually come into the view of researchers. Proniosomes effectively minimize the physical stability problems of
niosomes, such as aggregation, fusion, leakage, as well as difficulties with storage and dosing, etc.'** Mehta et al used
Boswellic acids (BAs) as the core drug and adopted the coacervation phase separation method to prepare the topical BA-
loaded proniosomal gel for the treatment of inflammatory disorders. After topical application under occlusive conditions,
proniosomes tend to transform into niosomes upon hydration from the skin.'*> The drug entrapped in a noisome vesicle
infiltrates the skin at a quicker rate than the free drugs.'*®

By encapsulating anti-inflammatory bioactive compounds into nano matrices/super nano matrices, this innovative
approach effectively addresses three critical challenges, such as low dissolution rates, short skin retention times, and poor
stability. It establishes a plug-and-play delivery platform for modernizing traditional Chinese medicine formulations in
topical patches, gels, sprays, and oral soft capsules. This breakthrough has become a game-changing solution for external
and oral administration of natural anti-inflammatory components.

Table 4 summarizes the advantages and disadvantages of different niosomes formulations and their exclusive
advantages in natural anti-inflammatory drugs, providing a clear reference for topical, oral, or joint cavity administration.

Tablet

Tablets are one of the most classic and widely used oral solid dosage forms, characterized by precise dosage, stable
quality, ease of portability and administration, as well as mature production processes and cost control. Guo et al used
gardenia extract as the core active ingredient and chose HPMC to prepare slow-release skeletal tablets. As a hydrophilic
material, HPMC expanded upon contact with water to form a dense gel layer, enabling controlled slow release of
gardenia extract through a synergistic diffusion and dissolution mechanism, while simultaneously enhancing the water
solubility and bioavailability of the drug.'*’

In modern pharmaceutical research, traditional tablets are no longer sufficient to meet the medication needs of
a rapidly evolving society, and researchers have begun to turn their attention to the field of tablet innovation. Colorectal-
targeted delivery is an approach designed to release the active ingredient specifically in the differential regions from the
colon to the rectum. It can achieve colonic targeting by utilizing polymers via pH-dependent solubility in combination
with time-dependent controlled-release polymers to guard against premature release of the drugs in the gastrointestinal
tract. Sirithunyalug et al developed a colonic delivery platform by film-coating native Thai purple rice bran oil (NPRBO)
into bilayer tablets: Eudragit L100 (pH-dependent) for the outer shell and Eudragit NE30D (time-controlled) for the inner
coat. This design protected NPRBO in the upper GI tract and released it in the colon, demonstrating potent anti-

inflammatory activity and potential for colorectal cancer prevention.'*®
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Table 4 Reported Advantages and Disadvantages of Different Forms of Niosomes and Their Unique Potential Advantages in the Delivery of Natural Anti-Inflammatory Drugs

Dosage Forms

Major Advantages

Major

Disadvantages

Unique Advantages of Natural Anti-Inflammatory
Drugs

References

DSO niosomes

Gel-embedded

niosomes

Proniosomes (Dry
state drug niosomes)

Possessing a dual-targeting therapeutic mechanism, being
capable of simultaneously targeting both dry and wet AMD
Exhibiting high skin permeability and low cost

Displaying stable storage properties and the ability to form
vesicles upon contact with water.

Exhibiting the issue of
delayed drug onset
Being prone to
accumulation and
leakage

Needing moisture
from the skin to
trigger

Possessing ultra-small nanomicrospheres, enabling non-
invasive delivery to the posterior segment of the eye
Remaining stable at room temperature for up to a year
without the need for preservatives

Improving transdermal efficiency and enhancing anti-
inflammatory effect in paw edema models

Soliman, MS, et al'*!

Coviello, T, et al'®

Mehta, M, et al'*®
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The gastric floating formulation can expand in volume under the action of the gastric environment, resulting in
a density lower than that of gastric contents. Consequently, compared to conventional tablets, it can float in gastric juice,
thereby prolonging the drug’s retention time in the stomach. In previous studies, we prepared DHM gastric floating
sustained-release tablets (DHM-GFT), which maintained a floating state and slowly released DHM for approximately
12 h, significantly prolonging the retention time of DHM in rabbits and improving oral bioavailability.'** However, these
formulations exhibit issues such as low drug loading, insufficient floating efficacy, and short release duration. To address
these problems, we further developed gastric floating sustained-release pills (DHM-GFP). Compared to DHM-GFP,
DHM-GFP demonstrates significantly higher drug loading, prolonged gastric retention time, and more sustained drug
release. Despite these advantages, variable drug release rates remain a potential issue that may lead to significant
fluctuations in blood drug concentrations.'>® To address this, we focused on double-layer structured tablets, which can
achieve differentiated functionalities through distinct structural units, effectively resolving multiple requirements such as
insufficient floating time, low drug loading capacity, and unstable drug release rates.'>' Based on the above experience
and questions, our group developed a novel double-layer gastric floating tablet (DHM@GF-DLT) with zero-level
controlled release of dihydromyricetin (DHM). DHM@GF-DLT, a gastric-floating double-layer tablet, achieved zero-
order release of DHM with excellent buoyancy and prolonged gastric residence.'>* The once-daily, functionally zoned
formulation could reduce dosing frequency, enhance patient compliance, and offer a promising strategy for DHM and
analogous natural products. To visually demonstrate its structural advantages, the characterization results were presented
in Figure 6. DHM@GF-DLT revealed a smooth and dense bilayer interface before its contact with the dissolution
medium. After swelling, its surface rapidly formed a porous network while maintaining overall floating morphology,
confirming its excellent floating and controlled drug release functions (Figure 6A). FTIR (Figure 6B) showed shifted or
masked characteristic peaks of DHM in the formulation spectrum, indicating effective drug encapsulation and stability.
DSC (Figure 6C) and XRPD (Figure 6D) indicated the disappearance of DHM’s crystalline peaks, suggesting amorphous
drug dispersion in the matrix, which enhanced the solubility and bioavailability of the drug. These characterization data
collectively validated DHM@GF-DLT’s zero-order controlled release property, providing a structural basis for its once-
daily dosing strategy. Figure 7 and the in vitro and in vivo data of DHM@GF-DLT were mutually confirmed, which
provided a clear molecular-time roadmap for further designing natural anti-inflammatory components, such as gardenia
glycosides and purple rice bran oil, into once a day multi-layer controlled release tablets. To further demonstrate that
multilayer tablets can achieve stepwise in vivo release while synchronously blocking multiple inflammatory pathways,
Figure 7 illustrates the mechanism of action of multilayer tablets. After being compressed into bilayer/multilayer tablets,
the anti-inflammatory drug and excipients inhibit TLR4/NF-«xB signaling to reduce early inflammatory factor expression
within 0 h of entering the digestive tract. The sustained drug release blocks NLRP3 inflammasome activation and reduces
ROS bursts, while continuously downregulating COX-2, iNOS, and neuroinflammatory proteins. Simultaneously, it
activates the Nrf2/SIRT1 antioxidant axis, ultimately achieving multi-millisecond multi-target synergistic inhibition of
chronic inflammation.

However, despite these advantages, gastric floating formulations might suffer from incomplete assimilation due to
gastric emptying, gastric peristalsis, and the presence of gastric contents, thus reducing the oral bioavailability of the
drug.'” To overcome these problems, the development of gastric floating formulations with bioadhesion and mucus
adhesion, or the use of high-density, high-swelling excipients, can be considered.'>* We propose that 3D printing
technology may be integrated with traditional Chinese medicine formulations in the future. 3D printing has already
achieved micron-level layer-by-layer positioning of drugs and excipients, and through solid dispersion techniques, it can
attain ultra-high dispersion levels unattainable by conventional tablet compression. Additionally, it enables multi-module
and multifunctional design.'> 3D printing has truly ushered tablets into an era of three-dimensional controllability in
space-time and composition. In the future, it may be possible to print personalized modular tablets for patients within
minutes, featuring multi-drug combinations, precise dosing, and customized release profiles. However, during the
printing process, parameters such as powder particle size, ink viscosity, and nozzle aperture size can all influence the
appearance of 3D-printed products. Additionally, 3D printing technology is currently limited to small-scale drug
production, as the time required to construct multi-layer structures with printing machines can be considerable. Large-
scale drug production remains inefficient and costly, all of which are challenges that researchers need to address in the

24 https: Drug Design, Development and Therapy 2026:20



Fang et al

Before

) DHM@GF-DLT
]
o
c
]
= o
S 8
2 & excipients|
S 04
=
-10 7 :'. b
3 8-
-20 - 3 DHM powder|
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)
lexo12 4 -
2 @
© 8 8
N = N
94 -
g — DHM@GF-DL
2 6 -
E
-
% 34 excipients|
= -
® o ~/
] fa &
= 04 ~
1 ~
N
Yo}
3] N
HM powder|
0 50 100 150 200 250 300
D Temperature (C)
3000
© ¥ o
QR
MNM,AA
A l Ly N
2000 DHM@GF-DLT]
g
2
‘@ A
c -
O excipients|
‘_E 1000
Whsidel
04
DHM powder

10 20 30 40 50 60 70 80 90
Degree angle (260)

Figure 6 (A) SEM images of DHM@GF-DLT before or after contacting the dissolution medium (using 50%, 500%, and 30000% magnification). (B) FTIR spectra, (C) DSC
thermograms, and (D) XRPD thermograms of DHM powder, the excipients, and DHM@GF-DLT. Reprinted with permission from ref (Zhang, R.et al 2023). ©by 2023 Elsevier.
Abbreviations: DHM@GF-DLT, double-layer gastric floating table; DHM, dihydromyricetin.

future.">® Future 3D printing technology can address key challenges such as low resolution, nozzle clogging, and low
scalability efficiency by advancing the development of high-precision printing equipment, creating low-viscosity func-
tional materials, establishing intelligent multi-nozzle parallel processing systems, and implementing continuous assembly
line production models.
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Figure 7 Schematic diagram of anti-inflammatory multi-layer tablets suppressing inflammatory responses. Anti-inflammatory drugs and excipients are compressed into
tablets using a tablet press. The anti-inflammatory efficacy is evaluated in mouse inflammatory models. After entering the body, these drugs can suppress inflammatory
responses in several ways. They reduce mitochondrial ROS production, inhibit NLRP3 inflammasome activation, decrease infllammatory cell infiltration, suppress pro-
inflammatory factor expression, and block key inflammatory signaling pathways, such as NF-kB and NLRP3.

Others

In addition to the aforementioned dosage forms, several other dosage forms have been reported, such as chips, pasters,
solid polymers, hydrogel beads, polymeric implants, nanofiber membranes, and so on. Biodegradable polymers are
commonly used for drug delivery in dentistry owing to their safety and high histocompatibility.
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Chitosan is a natural polysaccharide with biocompatibility, bioadhesion, and biodegradability. Balata et al adopted the
solvent/casting method to prepare the Chitosan biodegradable chips containing propolis extract. The Saudi Propolis
Chitosan Chip has been experimentally validated to exhibit good biocompatibility and drug release properties. Compared
to conventional reagents, it offers many advantages, including the production of higher quality secondary dentin and the
reduction of inflammatory responses in the pulp, thus improving patient compliance.'®’

Local and transdermal drug delivery systems are receiving increasing attention in the field of pharmaceutical
technology to avoid oral administration and also to enhance the therapeutic effect and pharmacological properties of
active compounds through dermal administration.'>® Terzopoulou et al prepared a polymer-based Cur preparation for the
therapy of psoriasis (Chronic inflammatory skin disease). Cur-loaded chitosan nanoparticles (CS-NPs) were prepared and
incorporated into collagen-based patches. The hydrogel composite patches were chemically cross-linked with EDC/NHS
and EDC/NHS/heparin to strengthen their stability and biocompatibility.'>”

Hydrogel beads are typically made by crosslinking natural polysaccharides (such as pectin and alginate) with metal
ions (such as Ca®" or AI’"), resulting in a three-dimensional network of polymer molecules. Liu et al used plant-derived
extracellular vesicles (EVs) as natural carriers to encapsulate Cur. The Cur-loaded EVs (CEVs) were incorporated into
hydrogel beads, which were created by crosslinking banana juice pectin and seaweed alginate using calcium ions. The
egg-box structure formed in calcium pectinate or calcium alginate improved the activity and stability of Cur. The dense
biopolymer network structure inside the hydrogel beads inhibited the release of CEVs.'®”

Polymeric implants stand for a better therapeutic choice, providing a novel method for sustained drug delivery. Poly
(g-caprolactone) (PCL) is one of the most commonly used biodegradable materials in polymeric implants, favored for its
slow degradation rate, which makes it ideal for long-term drug delivery. Cao et al used a melt-extrusion method to
prepare GTP-PCL implants.'®" In vivo, the hydrolytic degradation of PCL converts the polymers into smaller molecular
weight polymers, further contributing to the complete degradation and uptake of the polymeric material.

In another aspect, there are studies combining electrospinning techniques with nanofibers and biodegradable sub-
strates for intramuscular implantation. This approach can not only solve the problems of non-degradability in conven-
tional nanofibers but also avoid causing additional damage to newly generated tissues. Tan et al used EGCG as the core
drug to fabricate an electrospun core—shell nanofiber membrane with polylactide/gelatin as degradable substrates. The
nanofiber membrane was biocompatible, antiphlogistic, and could prevent muscle atrophy, thereby providing a novel
therapeutic programme for postoperative infection and muscle repair.'®*

To sum up, the utilization of diverse methods for the preparation of anti-inflammatory natural product dosage forms can
improve their solubility, permeability, and so on, thereby meeting multiple needs of clinical therapy. Most of the reported
dosage forms of anti-inflammatory natural products were outlined in this part. Table 5 summarizes the main functions of
different types of anti-inflammatory natural drug preparations mentioned above. Table 6 summarizes the preparation
technology and key points of anti-inflammatory natural pharmaceutical formulations. They can provide a reference for the
subsequent development of natural anti-inflammatory drug preparations. Previous formulation development was highly
dependent on repeated laboratory experiments by pharmaceutical scientists, which were time-consuming, costly, and material-
wasting. We believe that more efficient strategies should be considered and explored in the future to address the continuously
rising time and costs while accelerating the formulation development process. Current CAD research has achieved efficient
design of molecular structures with target-binding capacity, biological activity, selectivity, and corresponding physicochem-
ical properties, while also facilitating studies on potential key ligand interactions.'®® Based on the same principle, the
development of computer-aided dosage form design can be considered. Previously, insufficient computational power made
it difficult to simulate interactions between multiple molecules. However, with the advancement of computer science and
information technology, particularly the rise of artificial intelligence (AI) technology, computer technology can simulate
interactions between different excipients and between excipients and drugs. This enables the identification of optimal drug-
excipient combinations and the selection of dosage forms that meet specific requirements. At present, various computer
science and information technologies have been applied to the design of drug formulation, the simulation of drug interactions
with multiple excipients, and the simulation and prediction of in vivo and in vitro environments. The study employs molecular
dynamics simulations to predict drug-excipient interactions, providing a simplified approach for formulation screening by
modeling the behavior of drug delivery systems at atomic levels under varying pressures and temperatures, as well as
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Table 5 Reported Dosage Forms for Anti-Inflammatory Drugs and Their Main Functions

Polymeric

nanomicelles

Protein

nanoparticles

Nanoemulsion

Qt-RH40-lig-pro-lips (Quercetin liquid
self-assemble proliposome)
GA-SL-EtOH-lips (18-0-glycyrrhetinic
acid-loaded ethanol liposomes)
Cur-(HCO-40)-(OC-40) (Curcumin
polymer nanomicelles modified with
hydrogenated castor oil-40 and
octoxynol-40)

Reb@SA-PL NMs

Berberine-loaded PseP micelles

75-Cur-NPs (Vicilin-modified curcumin
nanoparticles)

B-Lg-GA-EGCG (Epigallocatechin
gallate nanoparticles based on (-
lactoglobulin/gum arabic complexes)
GO-ZNs (Zeinolysin nanoparticles
loaded with gamma oryzanol)
TSIIA-NE (Nanoemulsion based on

Improving the bioavailability of quercetin and achieving a long-term
therapeutic effect

Improving the encapsulation rate and stability of GA, showing better
anti-inflammatory and antioxidant activities

Delaying the release of Cur, counteracting retinal oxidative stress,

providing long-term protection for retinal cells

Endowing the systemic inflammatory microenvironment with
responsiveness, enabling precise drug delivery at the site of
inflammation while minimizing leakage and systemic exposure
Achieving ROS-mediated drug release while targeting mitochondria,
thereby inhibiting inflammatory pathways at the source

Providing the protective barrier for Cur, improving its environmental
stability and sustained release characteristics

Contributing to the strong antioxidant activity and high free radical
scavenging capacity of f-Lg-EGCG complexes

Keeping the nanoparticles in a stable state and making the GO
component release continuously

Improving lung function and histopathological features, inhibiting

Dosage Representative Preparations Main Functions References
Forms
Lipid-based Cur-RL-Lips (Rhamnolipid-modified Achieving the sustained release effect of Cur and enhancing its Cheng, C,
nanocarriers curcumin liposomes) physiological activity et al*®
A. P-NL-ZF (Phytol multilayer compo- | Protecting phytosterol from gastrointestinal degradation, improving | Chen, Y, et al®'
site nanoliposomes) its bioavailability to achieve sustained release
HA@Brb-Lips (Hyaluronic acid- Improving the solubility and bioavailability of Brb, achieving the Kutbi, HI,
decorated berberine liposomes) sustained release effect of HA@Brb-lips etal®®

Ren, |, et al®®

Tiboni, M,
et al®®
Alshamrani, M,

et al”®

Ali A, et al”™

Fan XX, et al”®

Liu, H, et al*®

Gao, J, et al®
Rodsuwan, U,

et al®*

El-Moslemany,

rhamnolipid and tea tree oil for the inflammatory responses and oxidative stress in the lungs RM, et al”?
delivery of tanshinone IlIA)
TP-(O/W)NE (Tea polyphenols in O/ Protecting EGCG in neutral or slightly alkaline intestinal conditions, | Peng, Y, et al’®
W nanoemulsion) prolonging the release time of catechins, and improving the
bioavailability of EGCG

Microparticles | Embelin@GGC-MPs (Embelin- Ensuring accurate targeted colon delivery, reducing side effects, and | Sharma, A,
containing guar gum colon-targeting improving the therapeutic effect et al”
microparticles)
Cur-MPs(ESE) (Curcumin Improving the bioavailability of Cur, reducing the number of doses, | Anchi, P,
microparticles prepared by emulsion and enhancing its corresponding efficacy et al'®?
solvent evaporation method)
Cur-PLGA-MPs(CES) (Curcumin Controlling the encapsulation of poorly water-soluble drugs, Yuan, S, et al'%
microparticles prepared by coaxial improving the encapsulation efficiency, and achieving sustained
electrostatic spray method) release of Cur
MOE-CS-PMs (Chitosan polymer Contributing to the continuous release of active ingredients, Pagano, C,
particles loaded with moringa oleifera | protecting damaged tissues, and promoting healing etal'”
leaves)
COFE-GC-MPs (Gelatincollagen Increasing drug loading, achieving sustained drug release, as well as | Jiménez, RA,
microparticles loaded with the extract | enhancing the anti-inflammatory and antioxidant activity of calendula | et al''®
of Calendula officinalis flowers)

(Continued)
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Table 5 (Continued).

Dosage Representative Preparations Main Functions References
Forms
Microcapsule CP-Mf-MCs (Microcapsules of cashew | Prolonging the release of mangiferin, facilitating the anti- Barbosa
apple pectin loaded with mangiferin) inflammatory and antioxidant effects of mangiferin Ribeiro, AC
etal''®

Microspheres

PP/GP-MD-GA-MCs
(Microencapsulation of pink pepper
extract and green propolis extract
with maltodextrin and gum arabic as
encapsulating agent)

GPE-ALG-MCs (Alginate/pectin
microparticles loaded with grape peel
extract)

TAA-Carbopol 934-HPMC-MSs
(Carbopol 934/
hydroxypropylmethylcellulose
microspheres loaded with trans-
aconitic acid)

COS-CaP-Qt-MSs (Pectin/Ca®*
microspheres crosslinked with

Preventing the degradation of bioactive components in the gastric
environment before entering the intestinal tract and enhancing the
antioxidant activity

Inhibiting the diffusion rate of anthocyanins, enhancing the stability

and antioxidant capacity of anthocyanins

Causing an anti-inflammatory response continuously, prolonging the

duration of the anti-inflammatory effect

Improving the stability and controllability of microspheres, enhancing
the bioavailability and therapeutic effect of quercetin, and relieving

Laureanti, EJG,

etal''’

Norcino, LB,

etal'’

Pinto de
Oliveira, D,

etal'?*

Jing, S, et al'?’

oligochitosan to deliver quercetin) inflammation
Res-TPP-CS-MSs (Resveratrol-loaded Prolonging the sustained release time of microspheres and the Cho, AR,
chitosan-tripolyphosphate bioavailability, improving the anti-inflammatory activity of resveratrol | et al'®!
microspheres)
LbGP-MSs (Microspheres loaded with | Increasing the collagen fiber content of the periodontal membrane | He, S, et al'>?
lycium barbarum glycopeptide) and alleviating the local inflammation
Phospholipid Naringenin-phospholipid complex Enhancing the anti-inflammatory and antioxidant activity of naringin | Maiti, K,
complex and inhibiting the rapid metabolism of naringin, providing a more etal'®
lasting protective effect on the liver
PC-GO-PPE (PPE nanophospholipid Maintaining the antioxidant activity of phosphatidylcholine, achieving | Andishmand,
complex with phosphatidylcholine and | sustained release, showing stronger killing power to cancer cells, H, et al'®®
gamma-oryzanol as excipients) and reducing the toxicity to normal cells
Niosomes DSO niosomes (Date seed oil loaded | Reducing the level of inflammatory markers PGE2 and TNF-q, Soliman, MS,
niosomes formulation) possessing excellent stability and sustained release characteristics et al'!
AG-XG/LBG-Gel/NIOs (Xanthan and | Improving the skin permeability and bioavailability of the drug, Coviello, T,
locust bean gum gel-embedded possessing favorable mechanical properties and stability etal'®
niosomes loaded with glycyrrhizinate)
BAs-gel/Pro-Nios (Boswellic acid- Improving the transdermal delivery efficiency of BAs and enhancing | Mehta, M,
loaded proniosomal gel) the anti-inflammatory effect of BAs H Dureja, and
M GargI46
Tablet GE-Tablets (Tablets of extracts of Prolonging the release time of the active ingredient, possessing Guo, YW,
Gardenia) significant antioxidant activity and bioavailability etal'¥’
NPRBO-L100-NE30D (Tablets Inhibiting the LPS/IFN-y-mediated induction of nitric oxide, iNOS, Sirithunyalug,
containing natural purple rice bran oil) | and COX-2 production B, et al'*®
DHM@GF-DLT (Dihydromyricetin Achieving zero-level controlled release of DHM with better floating | Zhang, R,
double-layer floating tablets) ability and prolonging gastric retention time in the rabbit stomach etal'??
(Continued)
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Table 5 (Continued).

Dosage Representative Preparations Main Functions References
Forms
Others Chip Propolis chitosan chips Reducing pulpal inflammation and promoting hard tissue Balata, GF,
regeneration, producing higher quality secondary dentin, and etal'”’
reducing inflammatory responses in the pulp
Patch CS-Cur (Collagen-based | Inhibiting the proliferation of psoriatic keratinocytes, improving Terzopoulou,
patches as curcumin therapeutic efficacy, and minimizing the side effects associated with | Z, et al'>®
carriers) conventional drug therapies
Hydrogel CEVs hydrogel beads Delivering Cur precisely to the colon, enhancing the anti- Liu, H, et al'®
bead inflammatory effect, and improving the intestinal environment in
mice with colitis
Nanofiber | Epigallocatechin gallate Eliminating oxidative stress during fixation, enabling the sustained Tan, R, et al'®?
membrane | nanofilms release of EGCG, and improving its anti-inflammatory and
antioxidant activity

Table 6 Reported Preparation Technologies for Anti-Inflammatory Drugs and Their Key Points

Polymeric

nanomicelles

Protein

nanoparticles

Nanoemulsion

homogenization

Film hydration method

The ethanol matrix precursor

liposome method

Microfluidic Technology

The solvent evaporation method

The pH-shifting method

Freeze-drying method

Liquid-liquid dispersion method

High-energy ultrasonication method

High-pressure homogeneous
method

and reducing particles to the nanometer scale through mechanical
shear force and cavitation effects (High-pressure homogenization
technology)

Being simple to operate and requiring mild conditions, but yielding

a broad particle size distribution

Requiring no rotary evaporation for organic solvent removal and
avoiding high temperature and ultrasonication

Leveraging laminar flow behavior within microchannels to enable
precise fluid manipulation, thereby achieving structural precision in
design

Leveraging controlled evaporation of organic solvents through heating,
vacuum reduction, or agitation to enable gradual solidification, thereby
achieving precise formation of microparticles or nanoparticles
Utilizing differences in solubility, charge, or conformation of drugs or
carrier materials under varying pH conditions to prepare
nanoparticles and micelles

Subliming water directly from ice crystals to gas under high-vacuum
conditions, protecting the activity and stability of heat-sensitive drugs,
biologics, and unstable components

Utilizing interfacial interactions between two phases for the formation
of a stable heterogeneous system, while relying on surfactants or
mechanical forces to accomplish droplet refinement and stabilization
Exploiting the cavitation effect generated by high-intensity ultrasound
and strong shear forces to form nanoformulations with small and
uniform particle sizes; being highly efficient but prone to overheating
Relying on ultrahigh-pressure fluid shear enables continuous
production and facilitates industrial-scale preparation

Dosage Preparative Technique Key Points References

Forms

Lipid-based Ethanol injection method Utilizing the rapid diffusion of ethanol to induce phase separation, Cheng, C,

nanocarriers spontaneously forming nanoparticles or micelles et al®®
Magnetic stirring and high-pressure | Enabling uniform mixing and preliminary dispersion (Magnetic stirring), | Chen, Y, et al*'

Kutbi, Hl, et al*®

Ren, ] et al®®

Tiboni, M,

et al®

Alshamrani, M,

etal”®

Liu, H, et al®®

Gao, , et al®!

Rodsuwan, U,

et al®*

El-Moslemany,
RM, et al’?

Peng, Y, et al®®

(Continued)
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Table 6 (Continued).

Dosage Preparative Technique Key Points References

Forms

Microparticles | Emulsion solvent evaporation Pre-forming the oil phase, followed by high-speed homogenization in | Sharma, A,
method the aqueous phase to yield an O/W emulsion; having mild conditions, | et al”

Microcapsule

Microspheres

Phospholipid

complex

Niosomes

Tablet

Coaxial Electric Spray

Spray-drying method

The water-in-oil emulsion/

crosslinking method

Double emulsification method and
ultrasonic gelation method

Emulsion solvent diffusion method
and polyelectrolyte complexation
method

lonic cross-linking method

Emulsion template method

Solvent reflux method

Thin film hydration/sonication

method

Coacervation phase separation
method

Wet granulation and compression
method

Direct compression method

high encapsulation efficiency, and wide applicability

Driving by a high-voltage electric field. Delivering shell and core
material solutions separately through inner and outer coaxial needles
and synchronously forming microparticles/nanostructures under
electric field traction

Being dispersed into minute droplets through atomization and rapidly
evaporating the solvent in a hot gas stream to produce uniformly sized
dry microparticles/powders in a single step features simple operation,
mild conditions, and scalability

Dispersing the aqueous phase into the oil phase to form emulsion
droplets, followed by solidifying the droplets through crosslinking
reactions to generate solid microparticles or nanoparticles. Possessing
feature of controllable particle size

Forming multiple emulsions via two-step emulsification to provide
uniform primary structures, crosslinking and solidifying them by
utilizing ultrasonic cavitation and thermal effects, resulting in the
formation of microspheres or microcapsules

Using two-phase solvent diffusion as the core mechanism to achieve
phase separation through rapid diffusion, whereas relying on
electrostatic interactions between oppositely charged
macromolecules to enable self-assembly to form cross-linked
networks; combining multiple advantages, including high encapsulation
efficiency, high stability, and high biosafety

Using polyelectrolyte polymers as carriers and forming three-
dimensional network structures rapidly via electrostatic interactions
under the action of multivalent ions to encapsulate drugs; being
capable of rapidly forming microspheres, microcapsules, or hydrogels
at room temperature

Using uniformly sized droplets formed by emulsification as templates,
curing at the droplet interfaces, and finally removing the templates to
obtain microspheres or microcapsules

Continuously heating in a closed system to evaporate and condense
the solvent repeatedly, avoiding solvent loss and allowing stable long-
term extraction without frequent solvent supplementation
Evaporating under reduced pressure to form a uniform dry film,
hydrating to obtain crude vesicles, and sonicating to obtain nanoscale
vesicles with small size and uniform distribution

Using two oppositely charged polymers as wall materials and
undergoing phase separation via electrostatic interaction to form

a polymer-rich coacervate phase

Processing the soft material, then producing wet granules, followed by
drying and sizing, and finally tablet compression molding; being suitable
for drugs with poor liquidity and high hygroscopicity

Directly compressing tablets without granulation. Possessing features
of fewer processing steps, shorter processing time, and no moist heat
generation, and maximizing the protection of the stability of
thermosensitive and hygroscopic drugs

Yuan, S, et al'%

Pagano, C,

etal'”

Jiménez, RA,

etal'’®

Norcino, LB,
etal''

Jing, S, et al'?’

Cho, AR,
et al'®!

He, S, et al'3?

Maiti, K, et al'>?

Andishmand, H,
et al'®®

Mehta, M,

H Dureja, and
M Garg|46
Guo, YW,
etal'?

Zhang, R,

et al'*?
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molecular interactions, aggregation, and diffusion. The physiologically based absorption model (PBAM) can predict the
distribution of active pharmaceutical ingredients (APIs) in organs and blood within the body based on drug properties and
administration sequences.'®® In the future, it may be considered to establish a dedicated repository for computer-simulated
in vivo environmental data and share it via cloud platforms. This approach would facilitate the reduction of redundant
experiments, shorten the R&D cycle, and promote model iteration and error transparency, thereby achieving mutual benefits.
The development of computer-aided formulation design and data cloud repositories holds significant implications for natural
product formulation research, warranting further attention in this direction. Figure 8 demonstrates the design and preparation
of multiple pharmaceutical formulations through Al-assisted technology integrated with advanced 3D printing.

i“‘ ‘\'A
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Protein nanoparticles
Capsules
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0000000 D

Artificial intelligence-assisted
preparation technology

3D printing technology
Microspheres

Figure 8 Schematic diagram of artificial intelligence (Al) design with 3D printing technology to develop workflows for various natural anti-inflammatory drug formulations.

32 https: Drug Design, Development and Therapy 2026:20



Fang et al

Pharmaceutical Designs for the Combined Application of Natural
Anti-Inflammatory Drugs with Other Drugs

Although monotherapy has demonstrated certain advantages in drug delivery and therapeutic efficacy control, it still
exhibits limitations such as single-target targeting and limited efficacy in complex pathological microenvironments. To
further enhance therapeutic outcomes and broaden its clinical applications, combination therapy strategies have emerged
as a critical approach to overcome the limitations of monotherapy through the synergistic effects of multiple active
ingredients.'®> The combination of natural anti-inflammatory agents with other drugs might be a promising strategy to
broaden the applications of natural anti-inflammatory agents.

Among potential candidates for colon-targeted oral drug delivery, microspheres represent a promising choice owing
to their enhanced stability, ease of preparation, and scalability.'®® Huang et al prepared hydroxyethyl starch-curcumin
microspheres (HCMS) and further incorporated the anti-inflammatory drug dexamethasone. DHC-MSs were shown to
accumulate in the inflamed colons in a mouse UC model induced by dextran sulfate sodium. Subsequently, the
degradation was started in the presence of a-amylase, culminating in therapeutic effects through the synergistic action
of CUR and DEX.'"’

The in-situ forming gel is a novel type of drug delivery system that is sensitive to environmental factors. After
reaching the site of application, because of the response of the polymer material to external stimuli, the in-situ forming
gel undergoes a phase transition to form a non-chemically crosslinked semi-solid preparation (from solution to gel),
which results in the formation of gel. Liu et al chose the temperature-sensitive poloxamer 407 and ion-sensitive
deactylatedgellan gum (DGG) as excipients to prepare a temperature/ion double-sensitive in-situ forming gel containing
the volatile oil of Chinese thorowax root and the effective components of baicalin. Baicalin demonstrated a strong anti-
inflammatory effect, rapidly alleviating the inflammatory symptoms. The anti-inflammatory effects of Chinese thorowax
root were relatively milder but lasted longer, and their synergistic anti-inflammatory activity was significantly increased,
with an extended duration of action.'®®

There is a close relationship between prostate cancer and inflammation, which plays an important role in the
occurrence, development, and metastasis of prostate cancer. Due to the important role of inflammation in prostate cancer,
anti-inflammatory treatment has become a potential therapeutic strategy, and a variety of anti-inflammatory natural drugs
can be used for the treatment of prostate cancer.'®® In addition, a separate study found that quercetin and EGCG had
a synergistic effect in the treatment of prostate cancer. And they could synergistically induce apoptosis in prostate cancer
cells by blocking the migration and invasion of stem cells.'”® Based on the above confirmed synergistic effect of the two
drugs, further studies have been conducted. Cialdella-Kam et al demonstrated significant synergistic anti-inflammatory
effects of quercetin and tea polyphenols (green tea extracted) in obese mice.'”' Liu et al developed a synergistic anti-
inflammatory drug delivery system (quercetin/EGCG)-loaded micelle using hydrolytic quinoa protein (HQP) and cationic
lotus root starch (CLRS) via the layer-by-layer assembly method. In vivo experiments in DSS-induced UC mice further
confirmed that Qt-HQP-EGCG-CLRS micelles could effectively accumulate in the inflammatory regions of the colon and
sustain the release of the drug to exert anti-inflammatory activity, thus significantly alleviating the symptoms of UC.'"?

Bacterial cellulose (BC), a reproducible natural bionanomaterial, has been widely used in various application
fields. BC membranes have also been considered as an ideal dressing for wound healing and inflammatory reaction.'”
Marquele-Oliveira et al developed a BC membrane system based on the incorporation of a self-micro emulsifying
formulation (SMEF), that co-encapsulated propolis and the essential oil consisted of Cinnamomum cassia. The
original BC membranes were modified using the naturally extracted propolis, which favored wound healing and reduced
the inflammatory response of BC membranes. The addition of Cinnamomum cassia essential oil provided an antimicro-
bial spectrum against both Gram-positive bacteria strains and Gram-negative bacteria strains. The developed SMEF
promoted the co-encapsulation and stability of the propolis and cinnamon oil compounds. The synergistic action of
propolis and cinnamon essential oils achieved the broader antimicrobial spectrum and higher antimicrobial activity,
prolonged drug release, and accelerated the wound healing process.'™*

The therapeutic efficacy of traditional Chinese medicines often results from the synergistic effects of multiple
components acting simultaneously. The combination of multiple Chinese medicines fully exhibits the unique advantages
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of a multi-system, multi-channel, and multi-target therapeutic strategy.'”> In another study, Hwang et al took KOB
extracts and pseudoephedrine as the core medicine to prepare a fixed-dose combination tablet. The KOB extracts,
consisting of Atractylodes macrocephala, Astragalus membranaceus, Saposhnikovia divaricata, Ostericum koreanum,
and Scutellaria baicalensis, exhibited anti-inflammatory effects on mast cell-mediated allergic inflammatory reactions in
the mast cells. Pseudoephedrine could relieve the congestion symptoms of allergic rhinitis and also act through
vasoconstriction of dilated blood vessels in the nasal mucosa, resulting in the reduction of swelling associated with
inflammation.'’® Natural product-based combination drugs take advantage of many of the known pharmacokinetic and
pharmacodynamic advantages of both natural products and engineered combination drugs, making them an excellent
choice as lead drugs for novel therapeutics.

Natural anti-inflammatory components exert their anti-inflammatory effects through multi-pathway and multi-target
synergistic mechanisms, achieving therapeutic efficacy that surpasses that of individual components. The combination of
natural anti-inflammatory drugs with CAD enables systematic design of highly efficient and low-toxicity combination

77 molecular dynamics

therapy regimens through multi-target structure screening, multi-target molecular docking,
simulations, and ADMET prediction. Once these technologies reach maturity, computer-aided design of personalized
natural drug combination regimens based on patients’ genomic and metabolomic data can be explored. Table 7
summarizes the representative combinations and functional positioning of natural anti-inflammatory drugs plus syner-

gistic drugs in different delivery platforms, providing a clear reference for the multi-target anti-inflammatory strategy.

Some Other Issues to Consider in the Drug Delivery of Natural

Anti-Inflammatory Drugs

It has been suggested that exposure of natural products to metal ions, high temperatures and alkaline conditions ought to
be minimized due to their structural instability.'”® For instance, the antioxidant effect of DHM is attributed to the
phenolic hydroxyl group on its B-ring, which is sensitive to pH and temperature, so it requires extra attention during the
design, preparation, and storage of DHM formulations.'”® To avert or minimize the latent unwanted reactions between
the drug and the excipients, future research is also warranted to accurately quantify the complexity and diversity of active
ingredients, thereby ensuring the stability and homogeneity of the drug’s efficacy.

Furthermore, emerging technologies such as 3D printing, while offering greater manufacturing flexibility and material
versatility, still face resolution limitations in nanoparticle fabrication. This poses multifaceted challenges for drug
formulation development, particularly in critical areas including drug release control, structural-functional integration,
product quality assurance, and clinical application. Material jet printing technology emerges as a viable solution to
address these resolution constraints in 3D printing. The integration of electrohydrodynamic jetting (E-Jet) with nano-
particle ink, which leverages the advantages of thin channel and electrical field stimulated liquid flow, enabling precise

Table 7 The Combined Applications of Anti-Inflammatory Drugs with Other Drugs

Dosage Combined Drugs Main Functions References

Forms

Microspheres | Curcumin and Mitigating inflammation, reducing spleen enlargement, downregulating the Huang, D, et al'®’
dexamethasone expression of pro-inflammatory cytokines, and modulating the diversity of gut

microbiota

In situ gel Baicalin and chinese Enhancing anti-inflammatory activity and prolonging the effect time Liu, TT, et al'®®
thorowax root

Micelles Epigallocatechin gallate | Enabling controlled release in the intestine and relieving symptoms of Liu, K, et al'”?
and quercetin ulcerative colitis

Membranes Cinnamomum cassia Achieving the broader antimicrobial spectrum and higher antimicrobial activity, | Marquele-Oliveira, F
and propolis prolonging drug release, and accelerating the wound healing process etal'”*

Tablet KOB extracts and Inhibiting mast cell-mediated allergic inflammatory response, achieving Hwang, CJ, et al'’®
pseudoephedrine sustained release effect, and reducing side effects
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manipulation of nanoparticles at the nanoscale. This technology thus achieves the highest printing resolution.'®®
However, it should be noted that adding nanoparticles to ink may cause dispersion stability issues, increase the difficulty
of inkjet printing, and lead to clogging of fine-diameter nozzles. The value of 3D printing in the field of pharmaceutical
formulation lies in its macrostructural freedom (complex functionality, personalized customization). By utilizing 3D
printing to achieve geometric designs unattainable through traditional tablet compression, material science can be
employed to compensate for resolution limitations. With the development of the 3D printing industry, the demand for
quality standards of various 3D printing materials and their properties is increasing. Equally important is the growing
significance of printing processes.To address the core challenges of 3D printing—such as insufficient resolution, nozzle
clogging, and low efficiency in large-scale production—systematic optimizations can be implemented across four
dimensions: materials, equipment, processes, and intelligent technologies. By developing high-precision printing equip-
ment, creating low-viscosity functional materials, establishing intelligent multi-nozzle parallel processing techniques, and
implementing continuous assembly line production models, these approaches can comprehensively resolve critical issues
like low resolution, nozzle clogging, and suboptimal scalability, thereby facilitating its industrial application in fields
such as pharmaceutical formulations, tissue engineering, and personalized medical devices.

Current research on combining anti-inflammatory natural products with other drugs is largely blind and poorly
directed. The wide variety of untapped natural compounds, along with the even larger number of potential drug
combinations, poses significant challenges in identifying optimal pairings. The integration of artificial intelligence
technology with traditional network pharmacology and high-throughput screening demonstrates significant advantages
in data processing capacity, prediction accuracy, efficiency, and applicability. Among these, Al-driven network pharma-
cology achieves more precise drug-target-disease association prediction through graph neural networks (GNN) and
transformer architectures. GNN identifies key nodes in inflammatory pathways and recognizes combinations of natural
products with complementary mechanisms.'®' Convolutional neural networks (CNNs) process molecular 2D/3D struc-
tures to predict protein-ligand binding affinity.'®* The integration of multimodal data and artificial intelligence technol-
ogy is also an important research direction and hotspot.'® Artificial intelligence-powered high-throughput screening
integrates TCMSP, TCMID, and other traditional Chinese medicine databases with the ZINC natural product library,
enabling high-computational screening of molecular libraries at the million-scale. The binding affinity of the compounds
to disease target proteins was then simulated using molecular docking software to screen for high-affinity candidate
molecules. In short, the feasibility and safety of combining anti-inflammatory natural products with other drugs should
also be further investigated on this basis.

Conclusion

This paper reviewed the pharmaceutical design of natural anti-inflammatory medicines, both as monotherapies and in
combination with other drugs. To date, a variety of techniques have been employed to produce a wide range of natural anti-
inflammatory drug formulations that have improved the solubility, permeability, and stability of natural anti-inflammatory
products. Meanwhile, developing technologies such as 3D printing and Al-assisted design have demonstrated broad applica-
tion prospects in pharmaceutical formulation development. The co-application of natural anti-inflammatory drugs with other
drugs represents a hopeful approach to broaden the therapeutic application of natural anti-inflammatory drugs. Although
significant progress has been made in the field of anti-inflammatory natural drug formulations, numerous research limitations
and knowledge gaps remain. Natural products exhibit complex compositions and uncontrollable quality; most studies have
failed to identify the specific pharmacologically active components or establish unified raw material quality standards, making
it difficult to meet industrial and regulatory requirements. Key industrialization challenges—including large-scale production
processes, storage stability, and supply chain integration—are often overlooked. Laboratory-based preparation methods
struggle to be scaled up for industrial production, resulting in low conversion efficiencies.

Challenges and Prospects

The translation of natural anti-inflammatory drug studies into commercially available products is currently inadequate. The
reasons for insufficient conversion include challenges in large-scale production, formulation storage difficulties, insufficient
clinical evidence, and regulatory standard issues. Lab-scale preparation techniques are difficult to scale up due to high costs,
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strict process control requirements, and poor batch-to-batch consistency. The instability of nanoformulations during storage
and transportation further shortens the shelf life and increases supply chain burdens. In addition, unstable raw material sources,
complex regulatory approval pathways, huge clinical evaluation costs, and insufficient clinical evidence collectively hinder
industrialization. To address these critical bottlenecks, systematic breakthroughs can be achieved in five key areas: production
processes, formulation technologies, raw material supply chains, clinical research, and regulatory frameworks. The adoption
of industrial-friendly processes such as microfluidics, spray drying, and freeze-drying combinations can reduce production
costs and enhance batch-to-batch consistency. Development of green, low-cost, and scalable preparation technologies will
facilitate a smooth transition from laboratory-scale techniques to industrial production. Establishing highly stable formulation
systems—through strategies like core-shell structures, freeze-dried preparations, nanocrystals, and polymer coatings—will
improve the stability of natural drugs during storage and transportation, thereby extending shelf life and reducing supply chain
costs. Standardizing raw material cultivation, extraction, and purification processes, along with establishing fingerprint
profiles and content uniformity standards, will address issues of unstable raw material sources and uncontrollable quality.
Furthermore, establishing a comprehensive standardized clinical research system and appropriate regulatory standards will
enable efficient and robust commercialization of laboratory achievements.

So far, synergistic applications have been primarily explored for the treatment of inflammation and other related
diseases, while further investigation is required to assess their potential in other pathological conditions. In order to
optimize synergistic effects, approaches, such as the combination of computer-aided technology and traditional network
pharmacology or high-throughput screening, might be employed to purposely identify and select suitable combination
approaches of natural anti-inflammatory drugs. In the plan of synergistic dosage forms, we should consider not only the
mechanism of action, but also the physicochemical properties and the administration route of the drugs.

Future anti-inflammatory natural product formulations may exhibit a trend toward intelligent response to inflamma-
tory microenvironments, green safety, and Al-driven intelligence. The approach will shift from single-drug delivery to
co-delivery of multiple natural products, as well as the combination of natural drugs with small molecules/biologics to
achieve multi-target synergistic anti-inflammatory effects. Safe excipients such as plant proteins, polysaccharides,
biodegradable polymers, and natural lipids will replace toxic cross-linking agents and synthetic excipients, enabling
the construction of ROS-, pH-, enzyme-, and redox-responsive formulations for precise drug delivery to inflammatory
sites. Additionally, anti-inflammatory natural product formulations may integrate artificial intelligence technologies to
optimize formulations, regulate processes, design targets, and monitor quality through AI and machine learning algo-
rithms, achieving full-chain intelligentization in research and production. This provides a novel pathway to address
natural drug delivery bottlenecks and accelerate industrialization.
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