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A B S T R A C T

Oral supramolecular drug delivery systems (SDDSs) have shown promising potential, along with a rapid increase 
in the development of polypeptide-based drugs. Biofriendly, biocompatible, and multistimulation-responsive 
SDDSs achieve their unique deliverability via noncovalent bonds, which can encapsulate drugs and release 
them at the target site along the oral tract. In this review, we analyze the oral tract from an anatomical 
perspective and explain the potential physical, microenvironmental, and systematic barriers, as well as the 
properties of drug delivery. After understanding the specific environment at different oral sites, the application of 
SDDSs to the mouth, stomach, small intestine, and cell targeting is summarized. Finally, this review summarizes 
the application of SDDSs for the successful delivery of drugs and describes how to overcome the barriers of SDDSs 
in drug delivery using a more biofriendly approach.

1. Introduction

Over the past 40 years, the global prevalence of overweight and 
obesity has nearly tripled, making it one of the most serious unmet 
public health challenges of the 21st century [1]. In 2015, overweight 
and obesity were estimated to affect two billion people worldwide [2], 
of which, 650 million were obese [3]. In 2016 alone, nearly 40 % of the 
adults in America were obese, according to the National Health and 

Nutrition Examination Surveys of the US Centers for Disease Control and 
Prevention [4]. Thus, overweight and obesity have become pandemics, 
affecting approximately 39 % of the world’s population with a global 
prevalence rate of 12.5 % [5]. If this trend continues, it is estimated that 
more than one billion adults will become obese by 2030 [6]. The 
increasing proportion of obese individuals worldwide has resulted in 
huge expenditures. Currently, the cost of healthcare products and ser
vices for obesity is estimated to reach 2 trillion USD annually, which is 
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2.8 % of the world’s gross domestic product [2]. By 2060, predicted 
expenditure on obesity is expected to increase by 3.29 % of the world’s 
GDP [7]. The World Health Organization has appealed to individuals to 
focus on obesity and published an acceleration plan for obesity pre
vention [8]. Body mass index (BMI) is commonly used to classify over
weight (BMI: 25–30), obesity (BMI: 30–35), and severe obesity (BMI: 
≥35) in adults [9]. Obesity is a pro-inflammatory state that can induce 
type 2 diabetes mellitus (T2DM) and oxidative stress, resulting in 
adverse cardiovascular function [10]. More than two-thirds of the 
deaths associated with high BMI, including overweight and obesity, are 
attributed to cardiovascular disease [10]. Obese individuals are at a 
higher risk of developing T2DM if their BMI is not controlled [11]. 
Therefore, restricting global obesity trends is a crucial and urgent 
mission that requires continued attention.

Supramolecular drug delivery systems (SDDSs) derived from supra
molecular chemistry using noncovalent interactions to form drug for
mulations are a promising technology for the oral administration of 
polypeptide-based drugs [12,13]. Considering the specific environ
ment of the human oral cavity and gastrointestinal tract, SDDSs are 
gaining importance owing to their abilities to adapt and respond to the 
gastrointestinal environment and achieve the targeted release of drugs 
at controlled sites and times. The mechanisms of SDDSs include host- 
guest interaction, self-assembly, protein-derived affinity interactions, 
metal coordination, and other noncovalent interactions including 
hydrogen bonding, van der Waals interaction, hydrophobic interaction, 
π-stacking, and electrostatic interaction [14,15]. Host-guest interaction 
arise from macrocycle host materials such as cyclodextrin and cucurbit 
[n]uril macrocycles [16–18], which are used in SDDSs to encapsulate 
drugs in intramolecular cavities. Self-assembly occurs in peptides under 
environmental stimuli, including pH, temperature, and ions. Self- 
assembly is controlled by chains of noncovalent interactions [19]. 
Protein-derived affinity interaction caused by the specific microenvi
ronment in the human body, especially transport proteins, such as 
glucose transporter 1, participate in these interactions, [20,21]. The 
glucose-modified azocalix[4]arene was designed as a supramolecular 
transporter to deliver liproxstatin-1 to the ischemic site via glucose 
transporter 1 [22]. Metal-ligand coordination, using metal ions and 
chelating ligands to form a “capsule” to encapsulate polypeptide-based 
drugs, results in the controlled release of the drugs. For instance, 
LysB29-terpyridine modified insulin forms supramolecular networks 
with the metal ions Fe2+ or Eu3+ and exhibits a significant ability to 
control blood glucose with a higher maximum concentration in plasma 
than unmodified insulin [23]. Other studies using metal-ligand 

coordination to deliver peptides and proteins have also achieved prog
ress in efficacy [24,25]. A series of supramolecular carriers have been 
developed in different forms, including vesicles (open and tupanvirus- 
like), micelles, and solid particles with spherical and tubular shapes, 
which are promising SDDSs for the oral delivery of peptide- and protein- 
based drugs [26]. The use of noncovalent interactions to manufacture 
SDDSs is widely in the drug delivery system design processes. These 
weak bonds are formed during the preparation steps and are broken 
down under the stimulation of a specific environment to achieve tar
geted delivery [27–33]. Because of stability, biotoxicity, and biocom
patibility, halogen bonding SDDS was not been discussed. The 
mechanisms of oral administration of SDDSs are shown in Scheme 1.

The emergence and application of oral medicine in humans were first 
recorded at 1550 and 600 BCE, respectively. The concept of supra
molecules was first proposed in 1937. With the development of molec
ular and biological research over the past few decades, the 1987 and 
2016 Nobel Prizes in Chemistry were awarded to the field of supramo
lecular science. Supramolecular materials and mechanisms are 
increasingly being used for oral drugs, especially, for delivering 
polypeptide-based drugs to the gastrointestinal tract. The details of the 
development of supramolecular science are shown in Fig. 1.

Glucagon-like peptide-1 (GLP-1) is a hormone generated by 
pancreatic cells when blood sugar increases after food intake and can 
control the blood sugar to a normal level by stimulating the secretion of 
glucose-dependent insulin by binding to the GLP-1 receptor [49]. Hab
ener et al. [50] identified the protein sequence in the 1980s by decoding 
anglerfish preproglucagon cDNA, and two glucagon-related peptides 
have attracted the attention of scientists. These glucagon-related pep
tides have been identified in various organisms, including rats [51], 
hamsters [52], pigs [53], bovines [54], and humans [55]. Recently, 
these glucagon-related peptides were classified and named as GLPs, 
GLP-1, and GLP-2 [52]. Truncated GLP-1 extracted from human and 
porcine guts can enhance insulin secretion in several animals [56–58]. 
In the last decade, the FDA has approved GLP-1 drugs to treat patients 
with T2DM [59–61]. GLP-1 shows the ability to induce weight loss 
through numerous beneficial mechanisms, including the promotion of 
insulin release [62], delay of gastric emptying [63], suppression of food 
intake [64,65], and dose-dependent increases in natriuresis and diuresis 
[66]. Data from numerous clinical cases have indicated that GLP-1 has a 
tremendous potential to treat patients who are overweight and obese. In 
the human gut environment, natural GLP-1, secreted from L-cells of the 
intestine, is cleaved and inactivated by dipeptidyl peptidase 4 (DPP4) 
within 2 min [67], which indicates a short plasma half-life. To 
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compensate for its short half-life, high doses of GLP-1 have been 
considered. However, high doses of GLP-1 can also induce nausea. 
Furthermore, administration by painful and impractical injection and 
barriers to oral administration, including the biochemical, mucus, and 
cellular barriers [34], also hinder the widespread application of GLP-1.

To overcome these problems, several strategies have been used to 
manufacture glucagon-like peptide-1 receptor (GLP-1R) agonists which 
are predominantly classified into two categories: peptides and small 
molecules. GLP-1R peptide agonists include exenatide [68,69], liraglu
tide [70], lixisenatide [71], semaglutide [72], dulaglutide [73], and 
tirzepatide (LY3298176) [74]. Small-molecule GLP-1R agonists include 
Compound 2 [75,76], orforglipron (LY3502970/OWL833) [77], dan
uglipron (PF-06882961) [64], PF-07081532 [78], TTP273 [79], Boc5 
[80], and WB4–24 [81]. However, the chemical structures of RGT-075 
and PF-07081532 have not been reported [82].

For the last two decades, GLP-1R agonists have been used to treat 
patients with T2DM by helping maintain their body weight at a healthy 
level. With the rapid development of GLP-1R agonists, the delivery of 
different polypeptide-based drugs has attracted the attention of re
searchers. However, new SDDSs for polypeptide-based drugs have not 
been developed.

In this review, we demonstrate the main delivery barriers present 
along the oral tract from the mouth to the small intestine, and we focus 
on cells according to the specific properties of polypeptide-based drugs, 
summarize their delivery strategies, and outline the supramolecular 
mechanisms involved. We also discuss the future directions of supra
molecular drug delivery technologies.

2. Anatomy and barriers to drug delivery

2.1. Physical barriers

Physical barriers should be considered before the oral administration 
of the drug. They occur in the digestive tract, mainly in the gastroin
testinal tract, as shown in Fig. 2a. Each barrier is derived from a specific 
biostructure of the human body, including the mouth, pharynx, 

esophagus, stomach, pylorus, and small, and large intestine. The design 
and manufacture of an appropriate SDDS must consider the physical 
barriers along the digestive tract.

2.1.1. Mouth
The mouth, the first place of contact for drugs during oral adminis

tration, has an inner volume of approximately 26–96 cm3, as detected by 
magnetic resonance imaging scans [84,85]. Approximately 0.5–1.5 L of 
saliva would be produced every day [86]. The sublingual and buccal 
areas feature abundant salivary glands (Fig. 2b) [86], and secreted 
saliva plays an important role in cleaning the buccal environment, often 
resulting in drug clearance [87]. Numerous gustatory receptors are 
located in the tongue area. On sensing an unpleasant taste such as 
bitterness, drugs stimulate the gum and induce a risk of choking [88]; 
thus, a possible block of the uvula, and drug adhesion on the palate need 
to be considered.

2.1.2. Pharynx
The pharynx is an important part of the human body that connects 

the mouth and esophagus, ensuring food and drug intake through 
swallowing, as the bolus is swallowed via the route shown in Fig. 2c 
[89]. Considering that the physical structure of the pharynx can be a 
limitation for drug structure design, the dimensions of each part of the 
pharynx have been described by Inamoto et al. [90]. The shape and 
structural design of a drug should rely on a “reasonable worst-case 
scenario principle” to avoid undesired risks and adverse effects [91]. 
According to this principle, the following pharynx characteristics should 
be considered: the volume of the oropharyngeal cavity is 13.5 (standard 
deviation: 4.3) cm3, the width of the pharynx is 35.5 (3.9) mm, and the 
length of the pharynx is 76.0 (6.7) mm [90]. Mouth throat simulation 
devices have also confirmed these data [92], such as the United States 
Pharmacopeia induction port [93], mouth-throat structural replica [94], 
and a conductive rubber mouth throat device designed by the Lovelace 
Respiratory Research Institute [95]. These size and shape limitations 
indicate that preparations should be designed to avoid the risk of acci
dentally aspirating or blocking the windpipe, resulting in coughing and 
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choking.

2.1.3. Esophagus
The esophagus is similar to a vertical tube nearly 25-cm long and 

consists mainly of the upper esophageal sphincter, which moves drugs 
from the pharynx to the esophagus, and the lower esophageal sphincter, 
which continues to move drugs from the esophagus to the stomach. 
Physiologically, the esophagus secretes mucus to deliver a bolus 
smoothly [89].

2.1.4. Stomach
The stomach is a J-shaped organ connected to the esophagus and 

duodenum, whose inner wall is distributed with numerous rugae of the 
mucosa, and is divided into four parts: the cardia (linked to the esoph
agus), fundus (store gas or food), body (store and digest food), and py
loric part (linked to the duodenum), as shown in Fig. 2d. For oral drugs, 
the stomach has the following functions: mixing saliva, drugs, and 
gastric fluid to form chyme, acting as a container for drugs before they 

are forced into the duodenum and small intestine, secreting gastric fluid 
into the stomach chamber, and gastrin into the bloodstream [89]. Owing 
to the presence of HCl and pepsin in gastric fluid, polypeptide-based 
drugs are digested in the stomach. However, the folds and rugae struc
tures of the inner wall of the stomach provide adhesion sites for drugs 
that prolong their retention time. Every 15–20 s, peristaltic waves occur 
in the stomach to move the drugs to the duodenum, a process known as 
gastric emptying. As drugs move forward, pyloric acid is the next 
digestion station in the stomach. The pylorus, with a diameter of 12.8 ±
7 mm [96], is a gradually narrowing structure connecting the main body 
of the stomach to the duodenum. Considering the unique biostructure of 
the pylorus, it is possible to develop drug delivery systems that can adapt 
to the physical structure of the pylorus to control drug release.

2.1.5. Small intestine
The small intestine, the main site of digestion and absorption, is 

divided into three parts: the duodenum (~25 cm), jejunum (~1 m), and 
ileum (~2 m), as shown in the left part of Fig. 2e. The duodenum is the 

Fig. 2. Physical barriers to drug delivery in gastrointestinal tract. (a) Anatomy diagram of the oral digestive tract. (b-e) Drugs delivered in mouth,esophagus, 
stomach, and small intestine. (f) Drugs delivered through transcellular transport and tight junction. Adapted from Ref [34, 83] with permission.
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most important digestion site. Pancreatic fluid, secreted by the pancreas 
and bile secreted by hepatocytes are transported into the duodenum and 
mixed with drugs, which allows them to be continuously digested and 
absorbed. The human body secretes 1.2–1.5 L of pancreatic fluid per 
day, at pH 7–8, and contains a variety of salts and digestive enzymes. 
Furthermore, 0.8–1 L of bile is secreted at a similar pH and contains bile 
salts, cholesterol, lecithin, bile pigments, and various other ions. Fully 
mixed with small intestinal fluid (containing pancreatic fluid and bile), 
orally administered drugs are partially absorbed and moveinto the 
jejunum and ileum for further digestion and absorption [89]. The villi 
and submucosal folds result in irregularity of the mucosal surface, which 
increases the surface area of the small intestinal absorption area. Mor
eprecisely, the mucosal area has been measured to have a surface area of 
~2.2 m2 [97]. Among these barriers, the secreted mucus layer is an 
obvious hindrance to drug absorption owing to its hydrophobic prop
erties and abundant mucus secretion, as shown in Fig. 2e [98]. The 
mucus layers are composed of two parts, a loosely adherent mucus layer, 
and a firmly adherent mucus layer. Mucus layers coat the gastrointes
tinal tract and form a 2 − mm thick physical barrier to reach the 
epithelial cell layer from the lumen [34]. The epithelial cell layer is the 
final barrier in the small intestine after the drug penetrates or is absor
bed through the mucus layer, as shown in Fig. 2f, including absorptive, 
goblet, enteroendocrine, and paneth cells [89]. Drugs are delivered 
viaactive absorption by cells. However, drugs can also be delivered 
through tight junctions using substances that expand and penetrate the 
tight junctions, which may damage this barrier and lead to autoimmune 
disease, inflammatory bowel disease, bacterial infection, and interstitial 
osmotic imbalance [43].

As the main absorption area is the small intestine and fewer drugs 
target the colon (a part of the large intestine), here, we focused on the 
barriers before reaching the colon and in the small intestine. The 
physical structure and chemical environment of the gastrointestinal 
tract are the bases for the development of oral drug delivery systems. 
Microenvironmental barriers and polypeptide-based drug properties 
should also be considered.

2.2. Microenvironment barriers

Different digestive fluids form microenvironment barriers in specific 
regions involved in digestion, including the saliva, gastric fluid, and 
intestinal fluid. Digestive fluids comprise ofwater, ions, peptides, pro
teins, enzymes, cells, and other substances.

Digestion fluids include saliva and gastric and intestinal fluids. Saliva 
secreted from the salivary gland contains 99 % fluid [99], and the 
remaining components include a mixture of ions (Na+, Mg+, Ca2+, Cl− , 
HCO3

− , etc.), proteins (glycoprotein, lipoprotein, mucin, histone, etc.), 
enzymes (amylase, lysozyme, etc.), and growth factors [100,101]. 
Gastric and intestinal fluids have been studied by scientists for numerous 
years, and their standard concentrations have been published (Table 1).

2.3. Systematic barriers

Systematic barriers to drug absorption in the oral gastrointestinal 
tract include gastric emptying time, gastrointestinal motility, and first- 
pass effect. Gastric emptying time and gastrointestinal motility are 
related to drug retention time. According to INFOGEST 2.0, these 
include the oral phase (30 min), gastric phase (2− 3h), and intestinal 
phase (2–3 h) [102]. First-pass metabolism, which occurs in the liver 
and gastrointestinal tract, affects the concentration of polypeptide-based 
drugs in the serum, resulting in decreased bioavailability [103]. First- 
pass metabolism results in peak concentrations of active pharmaceu
tical ingredients occurring earlier than parenteral administration 
[104,105]. To resist first-pass metabolism, higher dosages of drugs 
should be taken orally; however, an excessive dose of drugs can damage 
the liver and kidney. Moreover, gastrointestinal intolerance can occur 
under this condition [106]. Systemic barriers must be considered before 
polypeptide-based drug design or formulation protection.

2.4. Drug properties and barriers

Drug properties include solubility, stability, bioactivity, efficacy, 
toxicity, biocompatibility, and transport mechanism. The solubility and 
stability of peptide- and protein-based drugs are associated with the 
manufacturing process andloading of the drug. Bioactivity and efficacy 
are considered the most important properties of drugs and are related to 
the usage and their therapeutic effects. Toxicity and biocompatibility 
are different, and toxicity aims to describe the damage from the drugs 
themselves to the body, whereas biocompatibility is used to describe the 
potential damage caused by the multiple materials used in drug 
formulation. The transport mechanism should be understood suffi
ciently to help develop an appropriate delivery system, such as knowing 
the precise delivery route of drugs in the epithelium layer, especially the 
transport proteins or routes on the cellular membrane, such as the GLP-1 
receptor [107] or the tight junction pathway (Fig. 2f) [108].

3. Supramolecular oral drug delivery strategies and 
technologies

3.1. Oral supramolecular drug delivery system

The development of SDDSs through supramolecular interactions and 
deformation by triggers is summarized in Table 2. From the anatomical 
perspective, the targets of supramolecular drug delivery systems are the 
mouth, stomach, small intestine, and cells.

Oral transmucosal (sublingual and buccal) areas are important for 
oral drug administration because of the abundant capillaries distributed 
in these two main areas. Buccal SDDS is attracting attention, and its 
treatment area is shown in Fig. 2b. Xin et al. focused on the development 
of a peptide-polymer conjugate with adaptive properties that can pre
vent biofilm formation, which is a common challenge for maintaining 
the efficacy of buccal delivery systems. The selected peptide, comprising 
13 amino acids (DDDEEKRWRWRWC, DRWP), was conjugated to poly 
(oxyethylene) (PEG) to form DRWP-PEG. The arginine and tryptophan 
residues of the peptide exhibit antibacterial properties due to their (de) 
protonation state [109]. Supramolecular interactions between arginine 
and tryptophan help the composite adsorb onto hydroxyapatite and lead 
to antibacterial ability. The supramolecular bond also demonstrated 
self-healing ability during buccal tissue treatment. Under the effect of 
ionic interactions and the abundant H − bonds formed by ureido- 
pyrimidinone methacrylate, the coating layer containing the zwitter
ionic trimethylamine N-oxide and triclosan acrylate conjunction showed 
supramolecular self-healing ability, especially when incubated in the 
SSF for 2 h. The PTTU-10 % coating containing supramolecular bonds, 
showed rapid surface crack repair and restoration ability compared with 
its original state [110]. Patients with diabetes mellitus also experience 
the side effects that affect matrix metalloproteinases (MMs). To treat this 

Table 1 
Salt concentrations in the digestive fluid including simulated saliva fluid (SSF), 
simulated gastric fluid (SGF), and simulated intestinal fluid (SIF) determined 
according to INFOGEST 2.0 [102].

Salt Concentration (mM)

SSF SGF SIF

KCl 15.1 6.9 6.8
KH2PO4 3.7 0.9 0.8
NaHCO3 13.6 25 85

NaCl – 47.2 38.4
MgCl2 0.15 0.12 0.33

(NH4)CO3 0.06 0.5 –
CaCl2 1.5 0.15 0.6
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disease, a PEG/DNA gel was developed as a SDDS to deliver exosomes 
(to treat MMs). This hydrogel structure was stabilized by supramolec
ular interactions from Watson− Crick base pairings within the DNA. 
These interactions are likely to enhance the viscoelastic and self-healing 
characteristics of SDDS compared to those of other hydrogel systems. In 
addition, recovery of mandibular alveolar bone of diabetic mice was 
evaluated through the buccal area, and the results showed that the bone 
volume fraction reached 58.4 ± 7.4 % in the hydrogel loading exosomes 
compared to 16.5 ± 6.3 % in the diabetes mellitus group, indicating the 
promising regeneration capacity of the supramolecular hydrogel [111]. 
Supramolecular microneedles have also shown potential in the oral 
treatment of diabetes. Caffarel-Salvador et al. developed a SDDS for oral 
delivery using a polydimethylsiloxane model. The reduced pain poten
tial indicated that buccal insulin delivery was preferred over injection 
[112]. Similar microneedle systems have been reported [113].

The sublingual SDDS are applied below the tongue, as shown in 
Fig. 2b. A type of sublingual tablet manufactured by self-assembling 
supramolecules to deliver vaccine peptide (OVAQ11) showed higher 
stability (45 ◦C, 1 week), higher antibody response (60-fold antibody 
concentration), and easier administration than conventional carrier 
vaccines (keyhole limpet hemocyanin) [114]. Another study has eval
uated the same application area. The OVAQ11 peptide modified with 
PEG self-assembled into fibers with lengths of hundreds of nanometers 
and widths of 10–20 nm showed strong immunogenicity upon sublin
gual administration. Small-angle neutron scattering indicated that 
supramolecule PEG encapsulated Q11 and promoted mucosal delivery 
in the sublingual area [115]. Furthermore, this supramolecular material 
was manufactured as a vaccine against tract infections caused by uro
pathogenic Escherichia coli [116]. A minimal supramolecular nano
vaccine fluorinated aromatic peptide containing a fluorinated aromatic 

peptide that enhances antigen binding and transmembrane capabilities 
has also been proposed. In mouse models, the vaccine exhibited 
considerable higher antibody titers than traditional adjuvants; specif
ically, four-fold higher than untreated aromatic peptides and 501-fold 
higher than the conventional aluminum adjuvants [117]. These ad
vantages are from the supramolecular material fluorine, which enhances 
the transmembrane deliver ability of the drug delivery system owing to 
its lower surface energy and lipophobicity. This supramolecular material 
has also been investigated in another study [118].

Drug delivery systems loaded with ovalbumin (OVA) have been 
designed using supramolecular mechanisms [118–120]. Jia et al. used 
peptides as modules to achieve self-assembly, resulting in encapsulation 
of the OVA [118]. 4RDP(F5)-OVA demonstrated the most promising 
ability to achieve long-term immune memory to resist tumor challenge, 
which was recorded after 68 days of treatment, and its safety was 
confirmed [118]. Chung et al. showed that L-arginine-modified dextran 
nanohydrogels were formed through supramolecular interactions 
involving H − bonds and hydrophobic interactions, and by encapsu
lating OVA, the release of OVA was controlled by the dissolution of the 
formed supramolecular network points [120].

3.2. Supramolecular drug delivery system in the stomach

The gastrointestinal tract is the most important digestion area and 
the main absorbance area for drugs. They are mainly divided into the 
esophagus, stomach, small intestine, and colon. Considering the specific 
bioproperties of different gastrointestinal sites shown in Fig. 3a, oral 
drugs can be released by molecular materials stimulated by different 
digestion times, temperatures, gastric rugae, gastric emptying rates, and 
intestinal motility.

Table 2 
Development of supramolecular drug delivery system platform via supramolecular interactions and release by triggers.

Supramolecular 
materials

Supramolecular interaction Active pharmaceutical 
ingredients

Disease Deformation triggers Deliver site Ref.

Polylysine/NH2- 
β-Cyclodextrin

Host-guest recognition Allicin Cancer Electrostatic 
interaction

HepG2 cell [121]

2-Hydroxypropyl- 
β-cyclodextrin

Host-guest recognition Chloramphenicol, Ampicillin, 
Kanamycin, Gentamicin

Bacterial infection H2O, saliva Mouth [122]

Sulfonated azocalix[4] 
arene

Host-guest recognition Hydroxychloroquine Rheumatoid arthritis Hypoxia Inflammatory 
articular cavity

[123]

Sulfonated azocalix[4] 
arene

Host-guest recognition Doxorubicin Cancer Hypoxia Tumor [124]

Glucose-modified 
azocalix[4]arene

Host-guest recognition Liproxstatin-1 Ischemic stroke Hypoxia GLUT-1 [22]

Pillar[5]arene Host-guest recognition Guanidine pillar[5]arene Bacterial infection Self-assembly in H2O Lung, skin [125]
Poly-cucurb[7]uril Host-guest recognition/affinity- 

mediated/ion-dipole 
interaction

F-KLAK (cytotoxic peptide) Cancer Electrostatic 
interaction

Tumor [126]

P11–4 Self-assembly P11–4 Early caries Ca2+ Mouth [127]
EAK-16 Self-assembly Camptothecin Cancer pH or ion concentration Tumor [19]
RADA16-IKVAV Self-assembly Proregenerative cytokines Injured spinal cord 

tissue
pH or ion concentration Human neural 

stem cells
[128]

DNA-PNA Hydrogen bonding DNA-PNA Brain injury or spinal 
cord

95 ◦C or “invader” 
oligonucleotide

Astroglial cells [129]

PNA Hydrogen bonding Bivalent Direct Thrombin 
Inhibitor

Thrombotic events Antidote Circulatory system [48]

Fmoc-FF Charge-charge interaction Fmoc-FF Alzheimer’s or 
Parkinson’s disease

pH Brain [30]

Peptide- 
photosensitizer 
conjugates

π-stacking PheoA Cancer Rising temperature Tumor [29]

HPMC Hydrophobic interaction Fenofibrate Hyperlipidemia Oral digestion 
environment

Oral [130]

PNIPAm Hydrophobic interaction 5-FU and DEX Oral ulcers and early 
melanoma

37 ◦C Oral [131]

Magnetic-graphitic- 
nanocapsule

van der Waals interaction Doxorubicin Gastric disease Gastric fluid Stomach [31]

Sulfated glycopeptide 
nanostructures

Affinity interaction BMP-2 Bone diseases Spine 
microenvironment

Spine [132]

AuTPyP-Cu MOF Metal coordination Cu2+ and AuTPyP Cancer Low pH and ultrasound Tumor [133]
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Time-dependent SDDSs have also been developed. These mainly 
comprise of three mechanisms: mucus adhesion, resistance to polyrus, 
and stomach swelling (Fig. 3a). Chen et al. used supramolecular mate
rials such as cabopol, poloxamer, and hydroxypropylmethylcellulose to 
manufacture a mucoadhesive film and achieved nearly 12 h of gastric 
tissue and stomach retention; the process of delivery and retention in the 
stomach is shown in Fig. 3b–g [134]. Schematics of the magnetic soft 
robot are shown in Fig. 3b. The robot unfolded and adhered to the 
stomach mucosa using magnetic stimulation. First, the robot was in a 
released and encapsulated state, that is, it was a Type I robot. Second, 
multitarget adhesion was determined using a robot in the stomach, 
which was tracked by ultrasound imaging. The sizes of the robot layer 
and the capsule are shown in Fig. 3c. The side layer of the soft magnetic 
substrate features a magnetic frame and a nonmagnetic base, whereas 
the center layer is characterized by a nonmagnetic frame and a magnetic 
base (Fig. 3d). A schematic of the unfolding process of the Type I, II, and 
III robots is shown in Fig. 3e, based on the foldable structures of the 
robot shown in Fig. 3f. In Fig. 3g, the pattern on the left shows the initial 
state of the gastric tissue with the layers of the robot. The right pattern 
shows that the robot layer remained adhered to the tissue in the stomach 
after immersion in SGF for 12 h [134], which indicates the long-term 
adhesion of this SDDS in the stomach.

Swelling and stacking in the stomach may be useful strategies to 
prolong drug release. Jin et al. established a double network SDDS, 
where the first network swelled owing to the PAM network, and the 
second network continued to swell owing to the chitosan and sodium 
alginate. These two networks ensure SDDS retention in the stomach and 
prolonged drug release. This swollen SDDS is affected by gastric fluid 
owing to the breaking of weak supramolecular bonds (Fig. 4a) [136].

Carbopol has been used to design a drug carrier to delay the oral drug 
release time [137,138], which promotes the adhesion ability of the drug 
delivery system via the gastric route. Another time-dependent strategy 
was inspired by a biostructure adapted to the stomach structure. A 
starfish-like supramolecular drug carrier was designed and encapsulated 
and drug retention was achieved over a long period (weeks or months) 
in the pig stomach [139]. Supramolecular materials such as poly(e- 
caprolactone) (PCL) and Pluronic P407, act as drug-loaded carriers, 
Eudrigt L100–55 acts as an enteric linker, Plastoid B acts as an adhesive 
plasticizer, and PCL-polyurethane acts as an elastomer. After taking the 
drug orally, at a specific time, the drug “unfolded” due to digestion of 
the gastric fluid and adopted the shape of a starfish to adapt to the 
gastric cavity and adhere to the pylorus (pyloric diameter: 12.8 ± 7.0 
mm [140]) to prolong the gastric retention of the drug [139]. Similar 
strategies have been applied in research on oral drug delivery systems 
[96,141,142]. Swelling SDDS can also be orally administered. The SDDS 
concentration reached 10-fold after contact with SGF for 50 min [136], 
whereas another study demonstrated a higher swelling rate of 100-fold 
in 10 min (Fig. 4b–d) [135]. Polyacrylic acid and polyvinyl alcohol 
formed a SDDS through supramolecular interactions, and the formation 
process and mechanism are demonstrated in Fig. 4b and Fig. 4c. As the 
absorbance time increased, the swelling ratio increased from 5 min to 
60 min, as shown in Fig. 4d.

Wang et al. [143] found that montmorillonite nanosheets function
alized via carboxymethyl β-cyclodextrin were successfully synthesized 
and self-assembled into supramolecular networks of organoclay with 
hydrogen bonding junctions. Berberine hydrochloride (BBH) was loaded 
into the networks, and the antimicrobial properties of Escherichia coli 
(E. coli) and Staphylococcus aureus (S. aureus) were investigated. BBH 

Fig. 3. Schematic diagram of stomach and developed SDDS in stomach. (a) scheme of the biostructure of stomach. (b-g) Schematics of a magnetic multi-layer soft 
robot and its application for on-demand multi-targeted adhesion. Reprinted and adapted from Ref [89, 134] with permission.
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demonstrated higher concentration-dependent antibacterial activity 
after the formation of D-networks. Time-dependent antimicrobial ac
tivity showed that the D-network dispersion system with 600 mg/ml 
BBH almost suppressed the growth of E. coli, whereas D-networks with 
250 mg/ml BBH inhibited the growth of S. aureus by 97.81 % for more 
than 3 days. In summary, supramolecular organoclay networks may 
serve as promising antimicrobial delivery systems to facilitate the 

delivery of BBH to E. coli and S. aureus, thereby reducing the potential 
environmental risk of antibiotic abuse.

Temperature-responsive SDDSs are derived from temperature- 
responsive supramolecular molecules, and are classified into three 
main categories: high-temperature dissolution, sol-gel transparent 
supramolecules, and thermal shrinkage or expansion supramolecules. 
Babaee et al. [141] described an esophageal and gastric-resident drug 
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delivery system mainly composed of poly(ε-caprolactone or PCL), which 
opens as a flower-like shape after oral administration and allows long- 
term retention in the esophagus. In the presence of hot water (55 ◦C), 
the “arm” shrinks, leading to the unfolding of the SDDS, as shown in 
Fig. 5a-b. More precisely, the figures demonstrate the configuration of 
the device in various states: folded before deployment, fully deployed, 
lodged within the esophagus, and refolded following activation with hot 
water to facilitate its exit from the esophagus (Fig. 5b). Poloxamer 407, 
poly(2-(N-dimethylamino) ethyl methacrylate), PNIPAm, poly(oligo
ethylene glycol (meth)acrylates), poly(N-vinyl caprolactam)-based, poly 
((meth)acrylate)-based, and poly(2-oxazolines) material are some 
temperature-responsive materials applied for oral drug delivery [144]. 
PNIPAm-based supramolecular materials have been used and designed 
with the structure of a blue-ring octopus [131], which collapses and 
releases the drug after stimulation at 37 ◦C from 20 ◦C. Protein-based 
materials also act as temperature-tracker switches. As shown in 
Fig. 5c, the microneedles within the patch, which were integrated with 
silk fibroin, PNIPAm, and F127 to form a composite hydrogel, exhibited 
a responsive drug delivery mechanism. Upon tissue penetration, these 
microneedles activated their injection behavior in response to the body’s 
temperature, ensuring a swift drug release within a 2-h timeframe. 
Subsequently, they facilitated prolonged drug release to sustain the 
therapeutic impact over several days. A schematic of the temperature- 
response mechanism of the PNIPAm-based hydrogel is shown in 
Fig. 5d. Because of the increase in temperature, the viscosity of the silk- 
Fp hydrogel reached approximately 500 mPa⋅s at 37◦ ◦C from about 
dozens mPa⋅s (Fig. 5e). The release abilities of 5-FU and DEX as active 
pharmaceutical ingredients were tested, and the results indicated that 
the release speed was fast during the first 2 h and then controlled at a 
relatively low speed in 2–24 h (Fig. 5f and g, respectively).

Several studies have reported the use of a sol-to-gel transparency 
mechanism. Chen et al. [130] established a thermogelling film to orally 
deliver a nanoemulsion of fenofibrate with the supramolecular material 
hydroxypropyl methylcellulose (HPMC). The mechanism of SDDS is 
shown in Fig. 6a–c. Tween 80 was used to encapsulate the hydrophobic 
drug fenofibrate and HPMC to form an emulsion (Fig. 6b) via hydro
phobic interaction between the methyl groups upon heating (Fig. 6c). 
Photographs of the oral films are shown in Fig. 6d and e. A film with a 
thickness of 111.8 μm was formed containing 0.4 g oil. The release ca
pacity of this oral gel was recorded (Fig. 6f), indicating that the release 
ability of SDDS was controlled by erosion. Similarly, Wang et al. [146] 
manufactured temperature-responsive SDDS using methylcellulose/ 
PEG/xylitol/Na2HPO4, and conversion from sol to transparent gel from 
approximately 25 ◦C to 37 ◦C was observed (Fig. 6g-k). As a generally 
regarded as safe supramolecular material, chitosan can form a thermo
gel with increased ionic strength, controlled release rate, and drug 
retention [147]. Chitosan also exhibits high mucoadhesion to mucins via 
electrostatic interactions [148]. Temperature-triggered self-assembly 
materials have attracted attention; monolinolein can form a Pn3m cubic 
phase (Q) at 38 ◦C from a less viscous lamellar phase (L) with la3d 
symmetry structure at 25 ◦C (Fig. 6g) [145]. By understanding the 
structural transformation of the SDDS, the release abilities of tofacitinib 
(TOFA) (Fig. 6h and i) and tacrolimus (TAC) (Fig. 6j and k) were studied. 
The results demonstrated that the controlled-release ability of SDDS 
after structural transformation resulted in the formation of a gel upon 
increasing the temperature to 38 ◦C.

pH-responsive SDDSs have been designed based on the pH of the 
human gastrointestinal tract. The mechanism of pH-responsive SDDS 
usually involves H+ concentration, functional group status (-COOH and 
-NH2), electrostatic interactions, structural transformation (peptides 
and proteins), and swelling or shrinking (pH-responsive polymers). Hu 
et al. [149] used DNA and acrylamide to form copolymers to encapsulate 
insulin. Within an acidic pH range of 1.2 to 6.0, a copolymer with a 
hydrogel-like state was created through crosslinking by A-motif du
plexes arranged in parallel at pH from 1.2 to 3.0 and i-motif quad
ruplexes at pH from 4.0 to 6.0. Upon reaching physiological pH, the 

adenine and cytosine bases become deprotonated, leading to the disso
ciation of the copolymer into a solution. This process resulted in the 
separation of the A-motif and i-motif structures into their respective 
single-stranded forms, which were characterized by adenine-rich and 
cytosine-rich sequences. Orally administered insulin was controlled in 
the cross-linked networks in the stomach and duodenum and released 
from the supramolecular hydrogel owing to the elimination of reverse 
Hoogsteen and electrostatic interactions in the intestine (Fig. 7a). For 
the in vitro digestion test, the release ability of pH-responsive SDDS was 
determined in artificial gastric (pH 1.2), duodenal (pH 5.0), and intes
tinal (pH 7.2) fluids the results are shown in Fig. 7b-d. The pH sensitivity 
of SDDS allowed it to resist the pH of the fluid in the stomach and du
odenum (nearly 0 % in 120 min) and release insulin in the intestine, 
confirming the controlled-release ability at specific sites (nearly 100 % 
in 60 min in the intestine). The ELISA results also indicated the 
controlled-release capacity of SDDS (Fig. 7e). The unique pH resistance 
of the A-motif and i-motif structures of SDDS is shown in Fig. 7f, and the 
combination of these two structures would help achieve promising pH 
resistance and release at the pointed site (intestine). Compared to sub
cutaneous injections of insulin, the SDDS showed interesting efficacy. 
More precisely, as shown in Fig. 7 g, no reduction in blood sugar was 
observed in unencapsulated insulin administered orally (30 IU/kg), 
whereas a 20 % decrease occurred after 2 h of subcutaneous injection of 
insulin (3 IU/kg). Insulin release was effectively managed for over 12 h 
using the insulin@DNA hydrogel administered orally. This SDDS led to a 
peak in the serum insulin level at 6 h post-administration, recording a 
level of 15.2 ± 4.2 μIU/kg. Changes in the structure of SDDS with pH 
were also demonstrated in another study. The self-assembling peptide 
(Fig. 7h) was combined with PEG to achieve pH-responsive capacity to 
control drug release owing to structural transformation (Fig. 7i). In an 
alkaline pH environment, SDDSs remain in the sol state (Fig. 7j), but 
after being placed in an acidic pH environment, they transforms into a 
gel state with a high storage modulus (G’, Fig. 7k) [150].

A DNA-based hydrogel has been reported to promote controlled 
release, with FcRn showing a similar ability. Martins et al. [151] found 
that chitosan with a positive surface ζ potential coating (25 ± 0.5 mv) on 
the surface of FcRn-modified porous silicon particles could prolong the 
gastrointestinal retention time on the negatively charged mucin layer in 
the intestine. Hypromellose acetate succinate (HF) was designed as an 
enteric pH-responsive part due to its property of being soluble at alka
line pH and its tendency to precipitate in an acidic pH environment, the 
manufacture of the SDDS is shown in Fig. 7 l and m. The difference in the 
release capacity of the coated and uncoated SDDS is shown in Fig. 7n, 
indicating that the HF coating layer offers a low pH (1.2) resistance. The 
in vitro permeability of SDDS was effectively confirmed to be significant 
in Fig. 7o. Cell viability demonstrated that SDDS safety was ensured 
within a concentration range of 25–600 μg/ml (Fig. 7p). Martins et al. 
used this formulation to deliver GLP-1 agonists and achieved a 
controlled release of drugs. The same strategies were used in other 
studies [45,150,152,153].

Zhang et al. [154] developed micelles loaded with ginsenoside CK 
(APDCK) using a chitin-derived homing peptide (A54 peptide) to target 
hepatocellular carcinoma cells. This SDDS demonstrated a pH- 
responsive drug release ability and achieved sustained release via a 
non-Fickian diffusion mechanism. In vitro studies have demonstrated 
that micelles loaded with APDCK exhibit significantly higher toxicity to 
HepG2 and Huh-7 cells than CK alone. In addition, the increased cellular 
uptake of these micelles by the mentioned cells was validated through 
confocal laser scanning microscopy and flow cytometry analyses. 
Furthermore, western blotting analysis demonstrated that APDCK mi
celles promoted apoptosis in hepatocellular carcinoma cells by elevating 
caspase-3, caspase-9, and PARP proteins. Therefore, APDCK micelles can 
act as a platform for delivering hydrophobic drugs and enhancing drug 
targeting and anticancer activity.

Miller and Medina [155] developed a synthetic colonic mucus 
mimetic fluorine-assisted mucus surrogate (FAMS) that replicated the 
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structural, mechanical, and biochemical properties of human colonic 
mucus. FAMS forms a network of viscous fibers by self-assembling 
fluorinated amino acids at the liquid-liquid interface, which can bind 
to mucosal proteins to provide a habitat for microbial colonization, 
which binds to human colon cells to generate artificial mucosa or 
microbiome organs. FAMS are simple to design, inexpensive, and can 
modulate their rheological properties in reaction to environmental 
conditions (e.g., ionic strength and pH), ensuring that they are useful for 
drug screening and in vivo studies.

3.3. Supramolecular drug delivery system in the small intestine

Ionic-sensitive SDDSs have been inspired by the complex ion envi
ronment in the small intestine because of the salts in the intestinal fluid, 
including KCl (6.8 mM), KH2PO4 (0.8 mM), NaHCO3 (85 mM), NaCl 
(38.4 mM), MgCl2 (0.33 mM), and CaCl2 (0.6 mM) [102]. Alginates are 
widely used as oral materials and have attracted the attention of re
searchers. Patta et al. [156] established an 8-h gastrointestinal-retention 
oral drug delivery system using electrostatic interaction with − 14 kcal/ 
mol Gibbs energy between ionized alginate and chitosan. A similar 
material was used in a study by Taymouri et al. [157], in which a series 
of ionic-sensitive delivery systems composed of alginate and delivered 
proteins were prepared and confirmed to dissociate at high physiolog
ical ionic strength and under the influence of microions in the solution, 
which led to charge detection effects [158,159]. Carrageenan-based 
supramolecular materials are used as orally administered drugs, which 
can cross-link with iron ions and release drugs into the intestinal envi
ronment [160–162].

Swelling SDDSs have been widely applied in the hydrogel state. 
Typically, swelling ability is related to factors such as shape, network 
structure, uniform degree of network, inner network interaction, hy
drophilicity, porosity, rheology, thermal ability, and environmental 
ionic concentration. The carboxymethyl cellulose-based hydrogel was 
designed as a swelling-controlled-release cargo to deliver soybean pep
tides in the small intestine, and different release rates were recorded 
owing to complex factors including crystallinity, porosity, pH, electro
static interaction, and movement of polymer chains [163,164]. 
Absorbing moisture causes SDDS to swell and form an obvious mesh-like 
network, which increases the volume of SDDS and prolongs the distance 
between the supramolecular chains. This result, in the expansion of 
networks owing to the weakening of the weak bond linkage, allowing 
drugs to be delivered smoothly via oral administration [165]. Another 
study on microparticles comprising of three pectins and CaCl2 that 
formed a supramolecular gel showed different swelling abilities in SGF, 
SIF, and SCF. SVC gels (campion pectins) swelled in SGF and SIF, while 
maintaining a stable swollen state for 24 h in SCF. The LMC gel (duck
weed pectins) swelled in all simulated gastrointestinal fluids and dis
solved in SCF. The apple pectin gel was swollen in SGF, began to dissolve 
in SIF, and dissolved in SCF within 30 min [166].

Mucoadhesive SDDSs [167] were developed by considering the 
specific environment of the mucus layer mentioned in Section 2.2. Su
pramolecular interactions can help cargo penetrate the mucus layer, 
reach the intestinal epithelial cell layer, and adhere to the mucosa of the 
gastrointestinal tissue. Without penetration and resistance, the drug 

vehicle would probably flush down the intestinal tract, resulting in drug 
wastage and reduced drug efficiency [168]. For instance, Ganoderma 
lucidum spores were designed as a porous vehicle after iturin A (peptide) 
treatment and switched to a hydrophilic vehicle after iturin A and KOH 
treatment and to a hydrophobic vehicle after iturin A and HCl treatment. 
The retention time was approximately 120 h. The drug release profile 
followed first-order kinetics, and the low release constants indicated 
controlled and prolonged drug release ability [169]. Furthermore, sticky 
hydrophobic and charged substances exhibited motion in terms of 
adhesion in another study [170].

Oral microneedle SDDSs were developed based on their pH- 
responsive, temperature-responsive, swelling, and mucoadhesive abili
ties. Attracted by porcupine fish and their defensive status (Fig. 8a and 
b), Gao et al. used the swelling supramolecular material sodium car
boxymethyl cellulose to ensure astonishing absorption and swelling 
ability, resulting in maintenance of the gastrointestinal tract for a rela
tively long time. The drugs were loaded into the arrow part of the oral 
microneedle SDDS (Fig. 8c), which was designed on a high-performance 
stretchable base that could stretch nearly 50 % longer (Fig. 8d), with an 
expansion of approximately 20-fold after swelling (Fig. 8e). A schematic 
of a spherical SDDS of oral microneedles is shown in Fig. 8f, showing the 
flexible film and absorbent gel corresponding to replicating the quills, 
skin, and water retention in the abdominal region of the porcupinefish. 
The swelling capacity of SDDS in water and ex vivo minipig intestines is 
shown in Fig. 8g and h. The microneedle expands and relies on natural 
gut motility to facilitate needle insertion, adherence to the mucosa, and 
discharge of medication. After enduring continuous muscular squeezing, 
the microneedle mechanism hit its exhaustion threshold, fragmented, 
and was eliminated from the body via the digestive system (Fig. 8i) 
[171]. A similar study was conducted by Zhang et al. [172]; however, a 
magnet was used to control the movement of the SDDS (Fig. 8j). As per 
the figure, the magnetic field-guided oral microneedle SDDS penetrates 
the small intestinal wall (Fig. 8k). After penetration through the wall of 
the small intestine, the magnetic substance would be separated owing to 
degradation, resulting in retention of the tips for lasting drug release 
(Fig. 8l).

These oral microneedle SDDSs aim to penetrate the mucus layer and 
deliver drugs to the epithelial cell layer. The objective of oral micro
needle SDDS is to breach the mucosal barrier and facilitate drug delivery 
to the epithelial cells. For example, a temperature-triggered SDDS 
(Fig. 9a) was developed and applied for oral drug delivery. Using the 
temperature-sensitive material paraffin wax as hinge segments to form a 
structure perpendicular to the small intestinal epithelial layer and 
deliver insulin to the plasma in rats (Fig. 9b), the microinjector (green 
line) achieved a higher plasma insulin concentration than intrarectally 
injected insulin (blue line), achieving controlled release compared with 
intravenously injected insulin (red line). Testing the AUC of insulin 
indicated that insulin efficacy was not significantly different between IV 
insulin and the microinjector SDDS (Fig. 9c). Furthermore, supramo
lecular chitosan has been used to enhance the adhesive ability of this 
SDDS [173]. Another SDDS was designed as a jet-trigger (Fig. 9d) for 
rocket-inspired effervescent motors (RIEMs) [174]. NaHCO3 and citric 
acid were mixed with poly(vinylpyrrolidone) (PVP) and encapsulated in 
enteric-soluble capsules (Fig. 9d), resulting in the generation of CO2 

Fig. 7. pH-responsive SDDSs. (a-g) A-motif and i-motif synergy DNA hydrogel with pH-resposive ability for oral insulin delivery. (a) Schematic depiction of the 
preparation and release profiles of pH-responsive DNA hydrogel. (b-d) Release profile of FITC-insulin from DNA hydrogel in AIF, AGF, and ADF. (e) ELISA of insulin 
released from DNA hydrogel in different artificial digestive fluid. (f) Dissociation behaviors of DNA hydrogel cross-linked by both A-motif and i-motif (curve a), A- 
motif alone (curve b), and i-motif alone (curve c) at pH 1.2, 5.0, and 7.2. (g) Blood glucose levels versus time in diabetic mice after oral taken free insulin solution 
(curve a), subcutaneous injection (curve b), and insulin@DNA hydrogel (curve c) [149]. (h-k) Fast pH-responsive SDDS. (h) Chemical structure of the peptide− PEG 
polymers utilized as self-assembling blocks. (i) Schematic depiction of the pH-responsive hydrogel. (j) pH-dependence of G’ values of the hydrogel. (k) time sweep 
profile of storage modulus of hydrogel in different pH from 10.0 to 3.0 [150]. (l-p) pH-responsive SDDS made by chitosan-modified FcRn-targeted porous silicon 
nanoparticles@hypromellose acetate succinate (HF). (l) the manufacturing process of CS-Fc-UnPSi@HF nanoparticles. (m) Coating process of CS-Fc-UnPSi@HF using 
glass capillary microfluidics. (n) GLP-1 release profiles from CS-Fc-UnPSi and CS-Fc- UnPSi@HF NPs. (o) In vitro GLP-1 permeability of GLP-1, CSUnPSi@HF, and CS- 
Fc-UnPSi@HF NPs loaded with GLP-1. (p) Cell viability values of different intestinal cells when exposed to the different NP formulations (UnPSi, Fc-UnPSi, CS-Fc- 
UnPSi, and CS-Fc-UnPSi@HF NPs) [151]. Reprinted and adapted from Ref [149] [150] [151] with permission.
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Fig. 8. Oral microneedle SDDSs. (a-i) porcupine fish inspired oral microneedle SDDS. (a-b) porcupine fish at calm and frightened status. (c) A fluorescent image 
showing the microneedles with 1 mm bar; (d) Photograph of the stretched microneedle patch with a 5 mm scale bar. (e) Photograph of the swelling SDDS before (top) 
and after swelling (bottom) with a 15 mm scale bar. (f) Schematic depiction of the bioinspired SDDS. (g) Photographs of the microneedle SDDS pre- and post-swelling 
with a 10 mm scale bar. (h) Images of a swollen microneedle SDDS in ex vivo minipig intestine with a 10 mm scale bar. (i) Schematic of microneedle SDDS delivery 
route through a digestive tract [171]. (j-l) Magenetic-filed-guide oral microneedle SDDS. (j) Schematic depiction of magnet microneedle SDDS. (k) Microneedle SDDS 
guided by the magnet and penetrate epthilal cell layer. (l) Degradation of SDDS and release of drugs from the inserted microneedle [172]. Reprinted and adapted 
from Ref [171] [172] with permission.
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when SDDS reached the intestinal digestion fluid (Fig. 9e).
SDDS intestinal self-assembly is an intelligent system that responds 

to comprehensive and complex intestinal environments, including pH, 
ion concentration, digestion enzymes, and temperature. To enhance the 
efficacy of DPP4 inhibitors, Pugliese et al. [175] established a nanogel 
using the RADA16 peptide to encapsulate Lup1 as a DPP4 activity in
hibitor to help control blood sugar levels in humans. After spontaneous 

self-assembly of the RADA16 peptide, the supramolecular organization 
of RADA16-Lup1 was formed and DPP4 activity was impaired by 29 % in 
human serum compared to unencapsulated Lup1 by 18.1 %. The self- 
assembly trigger was determined to be an external stimulus, including 
the pH, temperature, or the presence of monovalent or divalent elec
trolyte ions. Another study demonstrated self-assembled peptides (5–15 
amino acids, 605–2067 Da) derived from Crassostrea gigas as oral 

Fig. 9. Stimulation-resposive oral microneedle SDDSs. (a-c) Body temperature triggered SDDS. (a) Schematic depiction of two microinjectors, each with an injection 
arm that penetrates the mucosal layer after being heated to body temperature, ensuring the transport of macromolecular drugs across the mucosal epithelial barrier. 
(b-c) Pharmacokinetic profile and AUC of the concentration of human insulin measured in mice plasma after 4 h. Intravenously injected insulin (Red); oral 
microinjectors (green); intrarectally insulin (blue) [173]. (d-e) Jet-type oral microneedle SDDS. (d) Schematic illustration of the rocket-like effervescent micromotors. 
(e) Schematic depiction of RIEMs for orally delivering active agents in vivo [174]. Reprinted and adapted from Ref [173] [174] with permission. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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treatment ingredients to heal wounds in mice, with significant wound 
healing promotion (p < 0.05) [176]. Self-assembly of SDDS could also 
deliver the β-sheet peptide KLVFF to suppres tumor cell proliferation by 
activating the generation of reactive oxygen species (ROS). The 
polymer-peptide conjugate self-assembled in vivo [177].

Insua et al. developed a supramolecular pH-responsive drug delivery 
system, they focused on a particular cyclic peptide (CPx) capable of 
forming nanotubes by one-dimensional (1D) self-assembly in an aqueous 
solution and then further arranging them into tubular bilayers to form 
giant two-dimensional (2D) nanosheets [178]. These nanosheets have 
remarkable dimensions at the mesoscopic scale and can be reversibly 
transformed by stimuli such as temperature and pH, including changes 
in the state of dispersion, aggregation, and assembly. Such materials are 
generated through a sequential one-dimensional to two-dimensional 
self-assembly process with hierarchical organization. Regarding supra
molecular pH-responsiveness, the self-assembly behavior of CPx cyclic 
peptides at different pH values has attracted significant attention. At pH 
7.4, nanotubes have a highly anionic character on surface because of the 
degree of deprotonation of glutamic acid (>99.9 %) and the neutrality of 
histidine residues (>96 %). This leads to the assembly of nanotubes via a 
hydrophobic bilayer structure, where layer-to-layer displacement pro
duces stable π-stackingof leucine zippers and tryptophan indoles. The 
negatively charged surface of this structure prevents individual layers 
from clumping and is stabilized by hydrogen bonds between the side 
chains of histidine and glutamine. In addition, the morphology of the 
nanosheets was affected by the pH change. When the pH was adjusted to 
the histidine pKa value (pH 6.0), protonation of the histidine imidazole 
ring led to disintegration (or collapse) of the nanosheets owing to 
increased electrostatic forces between the cyclic peptide monomers. As 
the pH was further lowered to the pKa value of glutamic acid (pH 4.0), 
electrostatic repulsion resumed despite the formation of some electro
static aggregates, and the nanosheet structure was maintained when the 
pH was decreased to where the CPx monomers acquired a full positive 
charge (pH 2.8). These experimental results emphasize the crucial role 
of glutamic acid and histidine in the two-dimensional self-assembly of 
CPx and confirm that dynamic remodeling of nanosheets can be ach
ieved by modulating the pH. To offer some guidence for the proper SDDS 
along with the oral tract, the strength and limitation of SDDSs are 
demonstrated in Table 3.

Other aspects of self-assembled peptides have also been investigated. 
Wang et al. [179] evaluated the self-assembly of short peptides into 
nanoribbons, particularly the mechanism by which β-sheets interact 
with polar zippers to form higher-order structures. Short peptides were 
used based on the formula Ac-I3XGK-NH2, where X represents different 
amino acid residues, including uncharged polar amino acids (glutamine 
Q, serine S, and asparagine N) and hydrophobic amino acids (such as 
glycine G, norvaline norV, and leucine L). Altering the position of X 
resulted in variable self-assembly behaviors and nanostructured mor
phologies. Transmission electron microscopy and atomic force micro
scopy confirmed that the wide and flat nanoribbons formed by Ac- 
I3QGK-NH2 were approximately 50 nm wide and exhibited a rigid and 
flat morphology. The small-angle neutron scattering data indicated that 
the Ac-I3QGK-NH2 nanoribbons comprised multilayered β-sheets, with 
each layer being approximately 3.8 nm thick. Furthermore, circular 
dichroism and Fourier transform infrared spectroscopy measurements 
confirmed that all designed peptides adopted β-sheet conformations. 13C 
{15 N} REDOR using solid-state nuclear magnetic resonance techniques 
further elucidated the stacking mode of β-sheets in Ac-I3QGK-NH2 
nanoribbons, which featured an antiparallel arrangement and a one- 
residue shift. These findings suggest that the formation of polar zip
pers is mediated by hydrogen-bond interactions between the β-sheets, 
which promote further lateral stacking of the β-sheets to form wide 
nanoribbons.

Control of the structure of self-assembled peptides has also been 
demonstrated in other studies. Zhao et al. [180] designed several hex
apeptides and used isoleucine and valine to adjust the hydrophobicity of 

hexapeptide, and finally found that the peptide bolaphiles would usually 
form long nanotubes by the single layer of peptide due to structure of 
molecule, β-sheet secondary structure and the shape and hydrophobicity 
of side-chains. Adjusting the hydrophobicity and variation in the core 
side chain demonstrated that the size of the peptide nanotubes could be 
adjusted to 100–100 nm.

Metal coordination is one of the supramolecular interaction. Liu et al. 
[181] described a method for the in situ polymerization of nanoscale 
metal-organic framework (MOF) to improve their stability under 
digestive environments and enable intracellular stimulus-responsive 
drug delivery. The team found that by wrapping the polymer around 
the MOF surface, the MOF could be protected from decomposition by 
phosphate ions or acidic environments, thus preventing the leakage of 
the drug carrier. In vivo positron emission tomography studies revealed 
that 64Cu-labeled polymer-coated MOF nanoparticles had a prolonged 
circulation time in vivo and accumulated in tumors to a greater extent 
than unmodified MOF nanoparticles. This suggests that MOF nano
particles with enhanced stability owing to in situ polymerization can 
serve as effective drug trucks for targeted drug delivery and controlled 
release into tumors.

Bao et al. [133] constructed gold‑copper MOF nanosheets (AuTPyP- 
Cu NSs) using a ligand self-assembly strategy, which responded to both 
pH and sonication to synergistically trigger cuproptosis (copper death) 
and enhance chemotherapy. The AuTPyP-Cu NSs released Cu ions in a 
controlled manner in the presence of an acidic tumor microenvironment 
and sonication. AuTPyP-Cu NSs can control the release of Cu ions in an 
acidic tumor microenvironment under ultrasound, which activates 
iron‑sulfur protein 1 (FDX1)-mediated cuproptosis through the gener
ation of ROS by reacting with glutathione. Furthermore, the released 
AuTPyPs specifically bindto thioredoxin reductase and activate a redox 
imbalance in tumor cells. Moreover, this study elucidated the controlled 
assembly of multiresponsive nanotherapeutics and the application of 
specific ROS modulation in anticancer therapy.

Combining the advantages and disadvantages of SDDSs, we present 
the advantages and limitations of the applied SDDSs as follows: Time- 
dependent SDDS are designed to regulate drug release according to a 
predetermined temporal mechanism. These systems typically use ma
terials, such as water-soluble matrices or osmotic pumps, where the drug 
release rate and duration are programmed in advance and remain un
affected by external environmental factors or physiological fluctuations. 
A significant advantage of time-dependent SDDSs are their ability to 
maintain a consistent drug concentration over time, minimizing fluc
tuations in plasma drug levels. This feature is advantageous to treat 
chronic conditions that require stable, long-term drug concentrations, 
such as hypertension and diabetes. Moreover, time-dependent systems 
reduce the frequency of drug administration, which can improve patient 
adherence to the prescribed regimens.

However, a primary drawback of time-dependent SDDSs is their lack 
of flexibility, as they cannot be adjusted to accommodate individual 
patient differences or physiological variations. Specifically, if a patient’s 
condition changes, the drug release rate and dosage may no longer be 
optimal, potentially compromising the therapeutic outcome. In addi
tion, these systems may encounter issues such as rapid drug release at 
the onset or slow release toward the end of the dosing period, which 
could cause either overdose or insufficient drug delivery. Consequently, 
although time-dependent SDDS are suitable for the stable, long-term 
treatment of chronic diseases, their applicability to personalized medi
cine remains limited. Future research should focus on integrating bio
logical feedback mechanisms and intelligent control systems to enhance 
the adaptability and responsiveness of time-dependent SDDS.

Temperature-responsive SDDSs regulate drug release based on the 
thermosensitivity of the materials used. When the external or local 
temperature changes, the thermoresponsive polymers in the drug de
livery system undergo physical or chemical transformations, such as the 
transition from a hydrophilic to a hydrophobic state, which leads to the 
release of the drug. Typical materials include poly(N- 
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Table 3 
Strength and shortage of supramolecular drug delivery system.

Supramolecular 
Drug Delivery 
System (SDDS)

Materials with 
supramolecular interactions

Supramolecular 
mechanism

Applied site Trigger Strength Limitation Ref

Time-dependent 
SDDS Pluronic P123

Hydrogen bond 
interaction Colon pH 7.4

Target release profile 
with 88.35 % of the 
dose released after an 8 
h lag period

Elimination risk [137]

Time- dependent 
SDDS

PEG, PLA, Elastollan®1185, 
Eudragit L100–55

Hydrogen bond 
interaction

Stomach SGF One week stomach 
retention

Low stabilization 
and drug loading

[142]

Time-dependent 
SDDS

Carboxymethyl beta- 
cyclodextrin

Host-guest 
interaction, 
Hydrogen bond 
interaction, self- 
assembly

Gastrointestine 
tract with E. coli 
and S. aureus

pH 7.4
Synchronously 
antibacterial 
property

Low drug loading 
rate

[143]

Temperature- 
responsive 
SDDS

PCL, PEG, Eudragit E PO Hydrogen bond 
interaction

Esophagus or 
stomach

Warm water 
(55 ◦C)

Long-term retention

Too hot for 
esophagus, hard 
control, leakage 
risk

[141]

Temperature- 
responsive 
SDDS

PNIPAm, Pluronic F127, Silk 
Fibroin

Hydrogen bond 
interaction 
Hydrophobic Force

Cutaneous, 
mucosal or 
splanchnic 
diseases

20◦

to 37 ◦C
Excellent penetration 
and strong fixation

Reverse drug 
osmosis [131]

Temperature- 
responsive 
SDDS

HPMC
Hydrophobic 
interaction

Gastrointestine 
tract

55 to 70 ◦C formed, 
37 ◦C released Erosion mechanism

Low 
biocompatibility [130]

Temperature- 
responsive 
SDDS

Monolinolein (MLO) Self-assembly Colon 38 ◦C Preventing leakage
Inaccurate 
targeting

[145]

pH-responsive 
SDDS

Acid-resistant Zr-based MOF
Metal 
Coordination, 
Hydrogen Bonding

intestinal tract ~pH 8.0

High encapsulation 
capacity (92.72 %) and 
encapsulation 
efficiency (44.08 %) in 
only 10 min

Elimination risk, 
too complex with 
organic solvent 
during preparation

[96]

pH-responsive 
SDDS

Liposomes, 
Chitooligosaccharides, 
phospholipids

Electrostatic 
Interaction, 
Hydrogen Bonding, 
Hydrophobic Force

MCF-7 tumor 
cells

Acidic 
environment

Inhibit the growth of 
MCF-7 cells after 72 h Complex system [147]

pH-responsive 
SDDS

DNA, acrylamide, and 
insulin

Electrostatic 
interactions, 
hydrogen bonding, 
self-assembly

Stomach and 
duodenum

~pH 7.2 Stable under extreme 
acidic conditions

Low mechanical 
properties

[149]

pH-responsive 
SDDS

Chitosan, FcRn-modified 
porous silicon particles, and 
hypromellose acetate 
succinate

van der Waals 
interaction, 
hydrogen bonding

Intestine ~pH 6.8
Targeted sustained and 
effective drug release

Short-term 
retention [151]

pH-responsive 
SDDS

DSPE-PEG, poly 
(amidoamine) dendrimer

Electrostatic 
Interaction, self- 
assembly

Periodontal 
tissues Lipase, low pH

Multiple functions, 
High loading efficiency, 
High biocompatibility

Systemic toxicity 
risk [45]

pH-responsive 
SDDS

Isoguanosine- 
phenylboronic-guanosine

Self-assembly, 
hydrogen bonding, 
metal coordination, 
π-stacking

Oral squamous 
cell carcinoma

Acidic tumor 
microenvironment

Dual-functional, 
exceptional stability 
(more than one year), 
excellent sustained 
release capability

Not suitable for 
mouth pH

[153]

pH-responsive 
SDDS

Ginsenoside CK, chitin- 
derived homing peptide 
(A54 peptide)

Self-assembly, Liver ~pH 7.4 Promote apoptosis
High risk of 
biotoxicity [154]

pH-responsive 
SDDS

Fmoc-pentafluoro-L- 
phenylalanine

Hydrogen bonding Colon pH 6.5
Mimics the double layer 
architecture of native 
human colonic mucus

Short residence 
time

[155]

Ionic-sensitive 
SDDS

Chitosan-arginine, and 
alginate

Electrostatic 
interaction

Gastric mucosa 
and intestinal 
tract

pH 2.5
Easy to prepare and 
store, Structural 
changes in pH response

Inappropriate 
targeting

[156]

Ionic-sensitive 
SDDS Alginate

Electrostatic 
interaction Colon

pH 7.4 
ionic strength 150 
mM

Pulse transmission
Inadequate 
response sensitivity [157]

Ionic-sensitive 
SDDS Polypyrrole

Electrostatic 
interaction

Gastrointestinal 
tract Current or voltage

Linear response, 
controlled and 
programmable drug 
delivery

13 wt% drug 
loading [159]

Ionic-sensitive 
SDDS

κ-Carrageenan, 
polyacrylamide

Electrostatic 
Interaction, 
hydrogen bonding, 
hydrophobic 
interaction, Self- 
assembly,

Artificial 
diaphragm, 
tendon, and 
cartilage

External stimulus

Self-healing, excellent 
cytocompatibility, 
outstanding mechanical 
behaviors and 
biocompatibility

Unknown drug 
loading capacity 
and release rate

[160]

(continued on next page)
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isopropylacrylamide), which exhibits a transition near body tempera
ture (37 ◦C), making it particularly suitable for localized treatments such 
as tumor therapy and site-specific drug delivery. Temperature- 
responsive SDDSs can be precisely controlled via external heat sources 
(such as radiofrequency heating and laser thermal therapy) or by 
endogenous temperature changes (such as localized temperature in
creases in tumor areas). One of the key advantages of these systems is 
their ability to achieve targeted drug release, which significantly re
duces systemic side effects, especially in applications such as cancer 
treatment.

Nevertheless, the main challenge of temperature-responsive SDDSs 
are their dependence on temperature fluctuations. Variations in body 
temperature, limitations of external temperature control devices, and 
difficulties in maintaining localized temperature control can affect the 
precision of drug release. In addition, some thermoresponsive polymers 
may experience structural instability during repeated temperature cy
cles, which could compromise the long-term efficacy of the system. 
Therefore, the development of intelligent temperature control systems 
and feedback mechanisms based on biological sensors to achieve more 
precise temperature regulation and drug release remains a critical for 
future development. Furthermore, the biocompatibility and stability of 
thermoresponsive materials are also important research topics, 

particularly concerning their safety in long-term therapies.
pH-responsive SDDSs use changes in pH as a trigger to control drug 

release by exploiting the dissolution, swelling, or expansion properties 
of polymers. These systems are widely used in gastrointestinal drug 
delivery, in which the pH gradient between the stomach and intestinal 
environments can be harnessed for targeted drug release. For example, 
polymers such as Eudragit and chitosan remain stable in acidic envi
ronments and undergo swelling or dissolution under alkaline conditions, 
releasing encapsulated drugs. pH-responsive SDDSs are useful in oral 
drug delivery, especially for drugs that are sensitive to stomach acids, 
such as protein-based drugs and antibiotics. These systems effectively 
protect drugs from degradation by stomach acid and facilitate drug 
release in the neutral pH environment of the small intestine. Further
more, pH-responsive SDDSs can modulate the hydrophilicity and hy
drophobicity of polymers, enabling sustained release and targeted drug 
delivery within the intestine.

Conversely, the main limitation of these systems lies in their 
dependence on gastric pH variability. Individual differences in gastric 
acid secretion and gastrointestinal disorders (such as peptic ulcers and 
functional dyspepsia) can cause significant fluctuations in pH, leading to 
inconsistent drug release. Moreover, some pH-responsive polymers may 
suffer from biostability issues at extreme pH levels, potentially 

Table 3 (continued )

Supramolecular 
Drug Delivery 
System (SDDS) 

Materials with 
supramolecular interactions 

Supramolecular 
mechanism 

Applied site Trigger Strength Limitation Ref

Swelling SDDS PAM, chitosan, sodium 
alginate.

Electrostatic 
interaction, 
hydrogen bonding

Stomach SGF
Reside in the stomach 
with intact shape for 16 
days

Abdominal 
bloating

[136]

Swelling SDDS
Polyacrylic acid, polyvinyl 
alcohol

Hydrogen bonding, 
self- assembly

Stomach SGF

Swell in the stomach 
within 60 min, and 
remain soft but robust 
in the gastric cavity for 
up to 29 days

Obstruction risk, 
abdominal bloating

[135]

Swelling SDDS
κ-carrageenan, poly(acrylic 
acid/dimethylaminoethyl 
methacrylate)

Electrostatic 
Interaction, 
hydrogen bonding

Tumor tissue Temperature, pH, 
magnetic field

Triple-responsive Unknown biosafety [162]

Swelling SDDS Carboxymethyl cellulose, 
and polyvinyl alcohol

Hydrogen bonding small intestine SGF No chemical crosslinker 
and coating technology

Uncontrolled rate 
of drug release

[163]

Swelling SDDS Pectin, isooctane and Tween 
80

Hydrophobic 
interaction

Stomach, 
intestine, colon

SGF and SIF provide the stronger 
satiating effect

Gastrointestinal 
burden, electrolyte 
imbalance

[166]

Mucoadhesive 
SDDS

Tamarind seed 
polysaccharide, 
carboxymethylcellulose, and 
chitosan

Hydrophobic 
interaction, 
Electrostatic 
Interaction, 
hydrogen bonding

Oral cavity Saliva

High swelling, slower 
and more sustained 
release, 100 % release 
at 40 min

Low drug loading [164]

Mucoadhesive 
SDDS

Mesoporous silica 
nanoparticles

Electrostatic 
Interaction, 
hydrogen bonding

Intestine Intestinal mucus

Interactions are 
spontaneous and 
thermodynamically 
favorable

Doubtful utility in 
humans [167]

Mucoadhesive 
SDDS

TEMPO oxidized Konjac 
glucomannan (sOKGM) 
microspheres

Self-assembly, 
Electrostatic 
Interaction,

Colon
Neutral pH at 
intestinal 
conditions

High mucoadhesive and 
mucus-penetrating 
properties

Poor oral effect [168]

Mucoadhesive 
SDDS

Ganoderma lucidum spores 
(GLSs)

Host-guest 
Interaction, affinity 
interaction

Stomach, 
intestine

SGF and SIF
Long stomach retention 
time

Low loading rate [169]

Mucoadhesive 
SDDS

mRNA, puromycin ligation, 
TBMB, and PK15 (amino 
acid sequence: fMet- 
ACSDRFRNCPADEALC- 
(GS)3)

Affinity 
interaction, 
π-stacking

Stomach, gut 
epithelia FGFR3c High affinity, stability

Uncertain biotoxicy 
risk [170]

Oral microneedle 
SDDS

PEGDA, polyvinyl alcohol 
and acrylamide Hydrogen bonding Intestine Intestinal fluids High bioavailability

Slow to reach 
action site [171]

Oral microneedle 
SDDS

Gelatin methacryloyl 
(GelMA) Hydrogen bonding Intestine

external magnetic 
guidance

Rapidly reach target 
site Slight gut damage [172]

Oral microneedle 
SDDS Chitosan, and alginate Hydrogen bonding

Gastrointestinal 
tract

Physiological 
temperature

Small size allows for 
bulk use

Poor 
biocompatibility 
and security (Cr)

[173]

Oral microneedle 
SDDS

PVP, and GleMA Hydrogen bonding Gastrointestinal 
tract

Intestinal fluid Direct drug absorption Gut damage risk [174]
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compromising system reliability. Therefore, enhancing the flexibility 
and stability of such systems remains a critical challenge. In addition, 
personalized drug release mechanisms may improve the applicability of 
pH-responsive SDDSs for diverse patient populations, addressing indi
vidual physiological variations more effectively.

Ionic-responsive SDDSs trigger drug release by sensing changes in 
ion concentrations within the body. These systems typically rely on ion 
exchange reactions or ion-crosslinking properties of polymers to control 
drug release. The common materials used in these systems include chi
tosan, alginate, and similar biopolymers. Upon exposure to specific ions, 
such as calcium or magnesium, the polymer undergoes structural 
changes, which triggers the release of the encapsulated drug. Ionic- 
responsive SDDSs are frequently used for targeted delivery, particu
larly in applications related to cancer therapy, infectious diseases, and 
inflammatory conditions, where the system can respond to local ion 
concentration fluctuations, enabling precise drug release. The main 
advantage of ionic-responsive SDDSs are their biocompatibility. As the 
concentrations of ions, such as calcium and sodium are relatively stable 
and well-regulated in the body, these systems exhibit strong adaptability 
to the physiological environment. Moreover, their ability to use natural 
ion gradients ensures minimal interference from normal biological 
processes.

In contrast, ionic-responsive SDDSs also have certain limitations. 
First, ion concentration changes can vary significantly between in
dividuals or under different disease states, leading to a reduced pre
dictability of drug release. Second, the ion responsiveness of some 
systems can be influenced by several factors, such as diet, medication 
intake, and pathophysiological conditions of the patient, which can 
cause unpredictable drug release patterns. Enhancing the ion selectivity 
and improving the stability of these systems remain critical areas for 
future research to ensure their clinical feasibility and reliability.

Swelling SDDSs regulate drug release through the absorption of 
water or bodily fluids, which causes the materials to expand. These 
systems typically comprise hydrogels or superabsorbent materials, that 
absorb bodily fluids and undergo swelling, resulting in controlled, slow 
release of the encapsulated drug. The primary advantage of swelling 
SDDSs lies in their ability to provide sustained and stable drug release, 
making them particularly suitable to treat chronic diseases (such as 
hypertension, diabetes, and chronic pain management) and localized 
therapy. Compared with traditional drug delivery systems, swelling 
SDDSs reduce the frequency of administration, which enhances patient 
adherence to treatment regimens. Moreover, hydrogel materials exhibit 
excellent biocompatibility, and their drug release rate can be modulated 
by adjusting their crosslinking density, hydrophilicity, and other mate
rial properties.

The main limitation of swelling SDDSs is that their drug release rate 
can be influenced by environmental factors like, solution viscosity, 
temperature, and ion concentration, which may lead to uneven swelling 
and thus affect the consistency and controllability of drug release. In 
addition, as the system remains in the body over time, the degradability 
and stability of the materials may become limiting factors for their long- 
term use. Therefore, the key challenge in developing swelling SDDSs is 
the creation of efficient, multifunctional materials that improve the 
consistency of drug release. The incorporation of biodegradable tech
nologies to ensure the safety and stability of the system during pro
longed use remains a critical area for future research and development.

Mucoadhesive SDDSs are designed to adhere to mucosal surfaces 
(such as the oral cavity, eyes, nasal passages, and gastrointestinal tract) 
to prolong the residence time of the drug, enabling local or systemic 
drug delivery. These systems typically use biocompatible polymers with 
adhesive properties, such as chitosan, carbopol, and HPMC, which 
interact with glycosaminoglycans or glycoproteins present in the 
mucosal layer. Mucoadhesive SDDS are effective in localized treatments, 
including oral ulcers, ocular diseases, and nasal drug delivery. By 
enhancing the affinity between the drug and target mucosal surface, 
these systems significantly extend the residence time of the drug at the 

site of action, thus improving the bioavailability of the drug and 
reducing the frequency of administration, which ultimately enhances 
patient adherence to the treatment regimen.

Despite these advantages, mucoadhesive SDDS present certain 
challenges. For instance, variations in the mucosal structure between 
individuals may cause differences in the adhesive performance of the 
drug, leading to inconsistent drug release rates. Moreover, the long-term 
use of mucoadhesive systems may cause local discomfort or even allergic 
reactions, which can negatively impact patient acceptance. To overcome 
these issues, future research should focus on developing novel adhesive 
materials or the improving biocompatibility to enhance the stability and 
therapeutic efficacy of these systems.

Oral microneedle SDDSs are emerging technology that use tiny 
needle-like structures (microneedles) to penetrate the mucosal layer of 
the gastrointestinal tract, enabling direct drug absorption. These 
microneedles typically range from tens to hundreds of micrometers in 
diameter and are small enough to avoid pain while effectively pene
trating the epithelial cell layer, facilitating the absorption of drugs 
across the mucosal barrier. The primary advantage of the oral micro
needle SDDSs lies in their ability to enhance drug bioavailability, 
especially for drugs that exhibit poor oral absorption, such as macro
molecular biologics (e.g., insulin, vaccines, and antibody-based drugs). 
These drugs are traditionally limited in oral delivery owing to degra
dation or poor absorption in the gastrointestinal tract. Using micro
needle technology, drugs can directly enter the bloodstream, bypassing 
the digestive and metabolic processes of the gatrointestinal tract and 
significantly improving their efficacy. In addition, compared to tradi
tional injectable drug delivery methods, microneedle delivery systems 
provide bioavailability similar to injections while avoiding the 
discomfort and pain associated with needles. Furthermore, microneedle 
systems can enable precise drug release through self-contained drug 
carriers, minimizing unnecessary side effects. The design of micro
needles also allows integration with miniaturized drug storage devices, 
enabling long-acting drug release in the body.

Oral microneedle SDDSs technology have several challenges. First, 
the production cost is relatively high, particularly in large-scale 
manufacturing, as it requires precise equipment to fabricate and vali
date the microneedle size, shape, and penetration ability. Furthermore, 
the stability and biocompatibility of microneedle systems require 
further investigation, particularly in ensuring that microneedles do not 
cause damage or adverse reactions in the gastrointestinal tract during 
prolonged use. Current research is focused on optimizing microneedle 
materials (such as polymers, metals, and ceramics) to enhance their 
adhesion properties in the gastrointestinal tract and improve the 
controlled release of drugs. Another challenge is the drug release rate 
and drug stability after microneedle penetration; precisely controlling 
drug release and ensuring the stability of the drug remain critical issues 
for the future development of this technology.

3.4. Supramolecular drug delivery system in a cell

Intestinal epithelial cells are the last physical barrier to drug delivery 
into the serum, allowing drugs to enter circulation. There are two main 
pathways for achieving this goal: active cell transport and drug delivery 
through tight junctions.

Opening tight junctions facilitates the paracellular transport and 
target transcellular transport, but inevitably increases the risk of auto
immune disease, bacterial infection and inflammatory bowel diseases 
[43,182–185]. Subapical to the tight junction are the adherens junctions 
and desmosomes, which are linked to actin-based microfilaments and 
cytokeratin-based intermediate filaments, respectively. These cytoskel
etal structures provide the tensile strength that supports tight junctions 
and maintains cell shape [186]. The first tight junction protein to be 
discovered was zonula occludens 1 (ZO-1), followed by the two related 
proteins ZO-2 and ZO-3 [186,187]. These discoveries were followed by 
the discovery of the tetraspan transmembrane tight junction proteins 
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occludin and the claudins [186,188–190]. Tight junctions are comprised 
of ZO-1, claudins, junctional adhesion molecules (JAM), coxsackievirus 
and adenovirus receptor (CAR), Tamps protein group, actin, and myosin 
(Fig. 2f). The tight junctions opening is reversible, but can also produce 
irreversible results when the drug is too acidic or in too high concen
tration. Therefore, adjusting the pH or concentration of the drug can 
promote drug delivery while reduce the risk of infection and inflam
mation. A single citric acid solution of different concentrations 
dramatically opened the tight junctions and the tight junctions could not 
recover within 24 h. Li et al. designed a core-shell structure delivering 
peptide nanodrugs with citric acid crosslinked carboxymethylcellulose 
as the shell [191]. The designed CA-NPs (pH 4.6) were weakly acidic, 
and when the concentration of citric acid in the drug was l less than or 
equal to 5 mg/ml, the tight junctions opened and finally recovered to 
normal at 24 h. Dong et al. utilized choline ionic liquids (choline-geranic 
acid, Ch-Ger; choline-citric acid, Ch-Cit) to enhance nasal delivery of 
glucagon, the result showed the arrangement and distribution of ZO-1 
did not significantly change after co-incubation with ionic liquid at 
lower concentrations (5 mmol/L) compared with the control group 
[192]. However, after interference of high ionic liquid concentrations, it 
showed that the distribution of ZO-1 underwent a significant rear
rangement, which resulted in partial breakage or disorganisation of 
boundaries. After a 24-h recovery period, the blurring boundaries of ZO- 
1 became distinct, except for the 80 mmol/L of Ch-Cit. Therefore, 
adjusting the factors such as pH or concentration of the drug can ensure 
efficiency and good safety. Han et al. manufactured DSPE-PCB as a drug 
carrier to deliver insulin without opening tight junction [43].

Active cellular transport is primarily mediated by proteins located on 
the cellular membrane. For example, Leu-Gln-Pro-Glu was encapsulated 
in liposomes and coated with Lactobacillus acidophilus CICC 6074 S-layer 
protein. With the amphiphilic structure and extraordinary adhesion 
ability of SLP, the liposome vehicle could self-assemble, reduce fusion, 
and prolong the retention time. Furthermore, cells can endocytose li
posomes, and cell membranes have a similar structure; this process helps 
in the delivery of drugs into cells [193]. Apical sodium-dependent bile 
acid transporters are also crucial for cellular drug delivery [194]. SDDSs 
help drugs reach the target site and remain in position for a period. As 
the digestion process continues, drugs released from the weakened 
supramolecule compound are actively absorbed and transported by cells 
[195–197]. Oral insulin can be delivered via this pathway [198].

Xiao et al. [199] used SDDS for oral drug delivery. Novel combina
tion therapy strategy for UC that delivers TNFα siRNA (siTNF) and IL-22 
via orally targeted nanoparticles. SiTNF loaded into galactosylation- 
modified polymer nanoparticles (NPs). These nanoparticles success
fully targeted siTNF delivery to macrophages and inhibited the pro
duction of TNFα. Moreover, together with IL-22, NPs embedded in the 
hydrogel demonstrated an enhanced ability to promote mucosal healing. 
This hydrogel showed better therapeutic efficacy in a mouse UC model 
than hydrogels with NPs or IL-22 alone, indicating that the supramo
lecular interaction in the inner part of the drug delivery system pro
moted the controlled release and oral drug efficacy of TNFα and IL-22. 
This study demonstrated the potential of targeted delivery of siRNA and 
IL-22 to the colon via the oral route, providing a novel strategy for 
combination therapy for UC. The nanoparticle-mediated co-delivery of 
siRNA and IL-22 improved therapeutic efficacy and, reduced side effects 
and thus, may be a promising pharmaceutical preparation for UC 
treatment.

The delivery of substances through cellular pathways using SDDS 
manufactured using a supramolecular mechanism has also been 
demonstrated in some studies. Ramesh et al. [200] reported a novel 
supramolecular nanoparticle (DSNs) capable of co-delivering two kinase 
inhibitors to simultaneously inhibit CSF1R and MAPK signaling path
ways in tumor-associated macrophages. BLZ-945 (a CSF1R inhibitor) 
and selumetinib (a MAPK inhibitor) were synthesized as amphiphilic 
molecules usinga supramolecular self-assembly technique and formed 
DSNs in combination with auxiliary lipids. These nanoparticles had an 

average diameter of 98.5 ± 31 nm, and their size and potential remained 
stable for 6 days when stored at 4 ◦C. In human serum, DSNs showed 
good stability for up to 10 h. DSNs showed efficient endocytosis by M2- 
type macrophages in vitro and significantly increased the intracellular 
accumulation of inhibitors after 4 h. DSNs achieved longer inhibition of 
the CSF1R and MAPK signaling pathways in M2-type macrophages than 
the combinations of free inhibitors. Furthermore, M2-type macrophages 
treated with DSNs did not show significant cytotoxicity within 72 h, 
whereas the free inhibitor combination exhibited dose-dependent 
toxicity with an inhibitory half concentration (IC50) of 66 nM. In a 4 
T1 mouse model of breast cancer, DSNs accumulated significantly in 
tumor tissues, and at three doses (15 mg/kg each), the tumor volume 
was significantly reduced in DSN-treated mice compared with controls. 
Flow cytometric analysis revealed an increase in M1-type macrophages 
(CD11b+CD80+) in DSN-treated tumor tissues; in contrast, the number 
of M2-type macrophages decreased. In addition, a higher rate of tumor 
cell apoptosis was observed in DSN-treated tumor tissues, and the per
centage of apoptotic cells was higher than in the other groups, as 
measured by TUNEL staining. These results suggest that DSNs, formed as 
a nanoparticle system through supramolecular self-assembly, can 
effectively co-deliver two kinase inhibitors to tumor-associated macro
phages, achieve sustained inhibition of the CSF1R and MAPK signaling 
pathways, promote the transition of M2-type macrophages to M1-type 
macrophages, and show enhanced antitumor effects.

Yu et al. [201] studied SDDS drug delivery into cells and established 
a pathogen− /temperature/alternating magnetic-field-responsive drug 
delivery system. Specifically, the SDDS assembly comprises two het
erogeneous mesoporous silica nanoparticles (MSNs) for the co-delivery 
of antimicrobial peptides and antibiotics to synergistically eradicate 
pathogenic biofilms. These supramolecular assemblies comprise mac
roporous MSNs with β-cyclodextrin (β-CD)-modified polyethyleneimine 
(MSNLP@PEICD, host MSNs, H) and magnetic MSNs adorned with 
adamantane (MagNP@MSNA-CB, guest MSNs, G). The host-guest 
interaction is an obvious characteristic of supramolecular interactions. 
Through the host-guest interaction between β-CD and adamantane, host 
MSNs and guest MSNs could spontaneously form co-assemblies. The host 
MSNs had an average diameter of 90–110 nm and pore size of 7–10 nm, 
whereas the guest MSNs had a diameter of 35–50 nm. The H + G co- 
assemblies, had a size distribution of 250–480 nm and possessed a 
higher ζ-potential than the host or guest MSNs alone. In the presence of 
pathogenic cells, the H + G co-assemblies couldslowly release melittin, 
whereas the release efficiency of melittin and ofloxacin increased 
significantly under heating or AMF stimulation. In in vitro experiments, 
the drug-loaded H + G co-assemblies exhibited a higher biofilm eradi
cation ability to remove biofilm biomass and kill pathogen cells than 
MSNs or free drugs alone. In addition, the co-assemblies were signifi
cantly less toxic to mammalian cells than the free drugs because of the 
protection and encapsulation of the supramolecular structures. In an in 
vivo study, the H + G co-assembler eradicated pathogenic substances on 
implants and prevented inflammation and tissue damage.

Transparent proteins are important in transcellular drug delivery; for 
instance, subfamily B1 (hormone receptor) of Class B G protein-coupled 
receptors in humans is listed in Table 4. To treat and prevent diabetes 
and to control body weight, the GLP-1R is the crucial receptor to connect 
with agonists. Continued research has revealed the details of GLP-1R 
structure [202,203], which will help in the development of GLP-1R 
agonists. To date, 14 types of GLP-1R agonists have been developed, 
among which WB4–24 demonstrated the highest efficacy [204], and 
semaglutide demonstrated promising prolonged and controlled release 
ability [11].

The curvature of the phospholipid bilayer on the cell membranes 
influences drug absorption and delivery. Bao et al. [205] found that the 
permeability of the rod-like probing molecule D289 on the exterior of 
small vesicles (~100 nm, larger curvature) was reduced compared to 
that of large vesicles (~1000 nm, small curvature); moreover, increasing 
temperatures resulted in a higher permeability of the lipid films, which 
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Table 4 
Subfamily B1 (hormone receptor) of Class B G protein-coupled receptors in humans (reformed from ref. [213], HUGO human gene nomenclature database [214] and 
Guide to Pharmacology database [215]).

Gene name Gene products Principal functions controlled by the receptor Ligands Value (Parameter)

CRHR1
Corticotropin releasing factor 1 
(CRF1) receptor Secretion of ACTH [216]

Tyr0-CRF 9.3 (pKd) [217]
Urocortin 1 8.6–9.5 (pKd) [218]
Urocortin 2 5.3–5.4 (pKd) [218]
Corticotrophin-releasing 
hormone

7.1–9.0 (pKd) [219]

CRHR2
Corticotropin releasing factor 2 
(CRF2) receptor

Stress-related autonomic, neuroendocrine and behavioral function [216]

Urocortin 1
9.0–9.6 (pKd) 
[217,218]

Urocortin 2
9.3 (pKd) 
[216,220]

Urocortin 3 7.9–8.0 (pKd) [218]
Corticotrophin-releasing 
hormone

6.5–7.4 (pKd) [217]

CRF (perhaps) [216] N. A.

PTH1R Parathyroid hormone 1 (PTH1) 
receptor

Calcium homeostasis in bone and kidney; skeletal, pancreatic, epidermal, 
and mammary glands [221,222]

PCO371 5.4 (pEC50) [223]
PTH-related peptide 
(PTHLH)

4.5–8.6 (pIC50) 
[224–226]

PTH2R Parathyroid hormone 2 (PTH2) 
receptor

– TIP39 [227] 7.6–9.2 (pIC50) 
[228,229]

SCTR Secretin receptor Secretion of HCO3
− ; enzymes, and K+ by the pancreas [230] Secretin (SCT) 9.7 (pEC50) [231]

VIPR1 VPAC1 receptor Neuromodulation, T-cell differentiation
VIP 8.5–9.8 (pKi) 

[232–234]
PACAP-27 8.9 (pKi) [233]
PACAP-38 8.2 (pKi) [233]

VIPR2 VPAC2 receptor Circadian rhythms [235]

VIP 9.2 (pKd) [236]

PACAP-27 7.6–9.4 (pEC50) 
[237,238]

PACAP-38 7.7–9.3 (pEC50) 
[237]

ADCYAP1R1 PAC1 receptor
Glucose homeostasis, nociception, learning, and memory, circadian, 
rhythms [239–243]

VIP
<6.0–8.4 (pKi) 
[244]

PACAP-27 6.9–8.5 (pKi) [244]
PACAP-38 6.9–9.0 (pKi) [244]

GHRHR
Growth hormone releasing 
hormone (GHRH) receptor Release of pituitary growth hormone [230]

GHRH [230] N. A.
JMR-132 9.9 (pIC50) [245]
JI-38 [246] N. A.

GCGR Glucagon receptor
Hepatic glycogenolysis and gluconeogenesis, pancreatic secretion of 
insulin [230]

Glucagon (GCG) 9.0 (pEC50) [247]
NNC1702 7.3 (pIC50) [248]

GLP1R
Glucagon-related peptide 1 (GLP- 
1) receptor Pancreatic secretion of insulin and glucagon [230]

Glucagon 6.9–7.0 (pKi) [249]
GLP-1-(7–36)-amide 9.3 (pKd) [249]
GLP-1-(7–37) N. A.
Lixisenatide 8.9 (pKi) [250]
Tirzepatide 8.4 (pKi) [74]
Semaglutide 11.2 (pEC50) [251]
Liraglutide 10.2 (pEC50) [252]
Albiglutide 7.7 (pEC50) [253]
Peptide 5 8.5 (pEC50) [254]
WB4–24 4.9 (pA2) [204]
Orforglipron 8.5 (pKi) [77]
Danuglipron 6.4 (pKi) [255]
Exendin-4 8.7–9.0 (pKi) [249]
Exendin-3 [256] N.A.

GLP2R Glucagon-related peptide 2 (GLP- 
2) receptor

Proliferation of the intestinal mucosal villus epithelium [230]

GLP-2 (GCG) 8.5 (pIC50) [257]
GLP-2-(3− 33) 7.4 (pIC50) [257]
GLP-2 analog 10 10.6 (pEC50) [258]
Apraglutide 10.5 (pEC50) [259]
Teduglutide [260] N.A.

CALCRL Calcitonin receptor-like receptor Vascular tone α-CGRP 7.68 [261]
Adrenomedullin [262] N.A.

CALCR Calcitonin receptor Calcitonin: calcium homeostasis in bone and kidney; amylin: postprandial 
glucagon secretion, nutrient transit through the stomach

Calcitonin
9.0–11.2 (pEC50) 
[263,264]

Amylin (IAPP)
8.0–9.2 (pEC50) 
[265,266]

KBP-088 8.4 (pEC50) [267]
Davalintide 8.3 (pEC50) [267]
Pramlintide 8.3 (pEC50) [265]

α-CGRP 6.2–8.4 (pEC50) 
[263,268]

β-CGRP 7.2 (pEC50) [263]

Adrenomedullin
6.7–7.7 (pEC50) 
[263,264]

Adrenomedullin 2/ 
intermedin

6.5 (pEC50) [263]
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proved that the phospholipid bilayer on cell membranes is temperature- 
responsive. Xie et al. [206] established a supramolecular antibacterial 
peptide delivery system using host-guest supramolecular interactions 
between branched cyclodextrin and cationic linear peptides appended 
with azobenzene side chains. This delivery system was triggered by ul
traviolet light (λ = 365), and notably, P1/tri-β-CD, comprising a single 
peptide sample and trigeminal β-cyclodextrin through supramolecular 
interactions, formed an ultrathin nanosheet with a height of approxi
mately 1.85 nm.

Permeation enhancers act without opening tight junctions. Bzik et al. 
[207] focused on 1-phenylpiperazine and found that it improved intes
tinal mucosal permeability in rats by activating 5-HT4 receptors and 
increasing intracellular cAMP levels. However, the pharmacological 
activity of 1-phenylpiperazine limits its further development as an oral 
formulation. Weng et al. [208] revealed that sodium N-[8-(2-hydrox
ybenzoyl)amino]-caprylate could form tight complexes with insulin, 
improving its cellular uptake through passive diffusion and improving 
its intestinal mucosal permeability, thus offering a new strategy for 
designing an insulin delivery system with high oral bioavailability. Fein 
et al. [209] conducted a structure-function analysis of 13 phenyl
piperazine derivatives and discovered that several of these derivatives 
significantly increased the permeability of Caco-2 cell monolayers to the 
fluorescent marker calcein with low toxicity, indicating their potential 
as intestinal permeation enhancers rather than opening tight junctions. 
These studies demonstrate that through supramolecular mechanisms, 
such as cell membrane permeability and cytoskeletal proteins, the in
testinal permeability of polypeptide-based drugs can be effectively 
enhanced, providing valuable routes for prospective drug delivery 
systems.

Permeation enhancers open tight junctions in the epithelial cell 
layer. Artursson et al. [108] used negatively charged nanoparticles 
approximately 50 nm to enhance the permeability of intestinal cells and 
allowed the oral delivery of polypeptide-based drugs such as insulin. 
These nanoparticles interact with intestinal surface receptors and acti
vate myosin light chain kinase, resulting in cytoskeletal contraction and 
increased paracellular permeability to peptide drugs. Tran et al. [210] 
investigated sodium caprate (C10) as an enhancer of intestinal absorp
tion of a GLP-1/GIP coagonist peptide (LY). They found that C10 
increased the absorption of the LY peptide in rats and minipigs by 
reducing tight junction protein levels and improving membrane fluidity, 
that is, by opening tight junctions. Lamson et al. [211] discovered that 
the dozen-nanometers, negatively charged silicon nanoparticles could 
be used as physicochemical permeation enhancers that promote the 
delivery of proteins orally. These nanoparticles have been shown to 
attach to receptors on the intestinal surface, open tight junctions, and 
improve the uptake of prototype medications across Caco-2 monolayers 
and mouse intestinal tracts in vivo.

These studies have shown that the permeation enhancers opening of 
tight junctions is a feasible approach. However, safety and toxicity are 
critical considerations in oral delivery systems; opening tight junctions 
results in some drawbacks, including intestinal electrolyte disorder, 
tissue or muscle spasms, and risks associated with autoimmune disor
ders, bacterial infections, and inflammatory bowel diseases 
[43,183,212].

4. Outlook

Incorporating the aforementioned insights, supramolecular oral drug 
delivery systems have secured a niche in the domain of oral medication 
owing to their exceptional biocompatibility, controlled-release charac
teristics, and ability to be activated by various stimuli or the unique 
gastrointestinal microenvironment for drug release. However, it is 
crucial to select materials for oral SDDSs that are friendly to the human 
gastrointestinal tract, to ensure that neither the materials nor their 
metabolites cause irritation, leading to disorders or spasms in the gut.

At the chemical level, the selection should focus on materials that are 

inert and do not irritate the gastrointestinal lining. At the physical level, 
the design of SDDSs must consider strategies to protect the drug as it 
traverses the mucus layer, ensuring that the epithelial cell membranes 
remain intact and the tight junctions of the epithelial cells are preserved 
and restored. In addition, if the permeability of the epithelial cell 
membrane is modulated to facilitate drug absorption and transport, the 
mechanisms and substances that restore the membrane permeability 
must be considered.

With continuous advancements in medical technology, SDDSs are 
evolving. Time-dependent SDDSs aim to enhance drug bioavailability 
and reduce side effects, though high development costs remain a chal
lenge. Balancing innovation with cost control is key for commerciali
zation. Temperature-responsive SDDSs need better methods to regulate 
phase transition temperatures efficiently. Developing multi-stimulus 
responsive systems for biological lesions will be important for future 
research. pH-responsive SDDSs are growing in use. Future focus should 
be on using biodegradable materials and optimizing production pro
cesses, incorporating AI to reduce costs. Ion-sensitive SDDSs, with their 
applications in ocular, nasal, and oral drug delivery, need further 
research to address limitations in excipient types and properties like 
rheology. Swelling SDDSs show promise in drug delivery and biotech
nology, especially for encapsulating living cells. Future work should 
focus on non-toxic, biocompatible materials and improving delivery 
stability. Mucoadhesive SDDSs have seen progress with intelligent ma
terials like hydrogels and nanoparticles. As technology matures, they 
will enhance precision therapy. Oral microneedle SDDSs face challenges 
in drug absorption and preparation. Future efforts should focus on 
improving intestinal absorption and protecting drug molecules. In short, 
future perspectives are shown as follows: 

(i) New supramolecular mechanism. A new supramolecular mecha
nism could pave the way for developing oral SDDSs, with ap
proaches aligned with the principles of green chemistry and mild 
reaction conditions representing the future direction of oral 
SDDSs.

(ii) New electronic SDDS. The electrification of oral SDDSs is 
becoming a trend, combining traditional oral supramolecular 
drugs with electronic circuits and chips. This integration enables 
the electronicization of SDDSs, forming the core of SDDSs with 
“computing power and intelligence.”

(iii) New digital SDDS. Digitizing new SDDS allows for personalized 
drug customization based on data, reducing the burden on the 
kidneys and liver, and achieving truly precise and effective oral 
delivery of drugs.

(iv) New release type. In new SDDSs, adapting to patient needs, 
developing new release modes, improving patient compliance, 
and reducing dosing frequency are key goals. Achieving intelli
gent drug delivery—where a single oral administration enables 
automatic control and sustained release over an extended peri
od—represents a significant advancement.

Overall, with continued development, future SDDSs are expected to 
exhibit properties such as high biocompatibility, accuracy, personali
zation, intelligence, controllability.

5. Conclusions

SDDSs have demonstrated their unique ability for easy preparation 
and long-lasting controlled release in oral drug delivery. The role of 
SDDSs in oral pharmaceuticals has been comprehensively reviewed. The 
intricate journey of a drug after oral administration has been described, 
particularly focusing on the anatomical and physiological challenges it 
encounters, including the oral cavity, gastrointestinal tract, and cellular 
barriers. Subsequently, an in-depth analysis of contemporary oral de
livery systems and technologies tailored for peptide- and protein-based 
drugs from an anatomical standpoint is presented. Specifically, diseases 
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such as diabetes mellitus and the burgeoning obesity epidemic have 
attracted attention, and SDDSs for GLP-1R agonists show promising 
potential. Furthermore, a systematically cataloged agonists for sub
family B1 (hormone receptors) of Class B G protein-coupled receptors 
has been presented, which help modulate key physiological processes. 
This knowledge not only not only contributes to a deeper understanding 
of supramolecular technologies and the complex human milieu 
encountered during oral drug administration, but also underscores the 
significance of these systems in facilitating the active transport of 
therapeutic polypeptide-based drugs. These findings are expected to 
prompt further advances in polypeptide-based drug development, 
enhancing the efficacy of oral drug delivery systems. We propose that in 
the field of oral delivery, with the help of artificial intelligence, SDDSs 
can develop toward electronization and digitalization to achieve 
enhanced controlled release capabilities.
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[105] H.-H. Frey, W. Löscher, Anticonvulsant potency of unmetabolized diazepam, 
Pharmacology 25 (2008) 154–159, https://doi.org/10.1159/000137737.

[106] X. Song, E. Tsakiridis, G.R. Steinberg, Y. Pei, Targeting AMP-activated protein 
kinase (AMPK) for treatment of autosomal dominant polycystic kidney disease, 
Cell. Signal. 73 (2020) 109704, https://doi.org/10.1016/j.cellsig.2020.109704.

[107] F. Wu, L. Yang, K. Hang, M. Laursen, L. Wu, G.W. Han, Q. Ren, N.K. Roed, G. Lin, 
M.A. Hanson, H. Jiang, M.-W. Wang, S. Reedtz-Runge, G. Song, R.C. Stevens, Full- 
length human GLP-1 receptor structure without orthosteric ligands, Nat. 
Commun. 11 (2020) 1272, https://doi.org/10.1038/s41467-020-14934-5.

[108] P. Artursson, P. Lundquist, A new opening for orally taken peptide drugs, Nat. 
Biomed. Eng. 4 (2020) 12–13, https://doi.org/10.1038/s41551-019-0513-1.

[109] Q. Xin, Y. Zhang, P. Yu, Y. Zhao, F. Sun, H. Zhang, Z. Ma, S. Sun, X. Yang, S. Tao, 
X. Xu, C. Ding, J. Li, Oral environment-adaptive peptide–polymer conjugate for 
caries prevention with targeting, antibacterial, and antifouling abilities, Chem. 
Mater. 36 (2024) 1691–1706, https://doi.org/10.1021/acs.chemmater.3c03027.

[110] Q. Xin, Z. Ma, S. Sun, H. Zhang, Y. Zhang, L. Zuo, Y. Yang, J. Xie, C. Ding, J. Li, 
Supramolecular self-healing antifouling coating for dental materials, ACS Appl. 
Mater. Interfaces 15 (2023) 41403–41416, https://doi.org/10.1021/ 
acsami.3c09628.

[111] X. Jing, S. Wang, H. Tang, D. Li, F. Zhou, L. Xin, Q. He, S. Hu, T. Zhang, T. Chen, 
J. Song, Dynamically bioresponsive DNA hydrogel incorporated with dual- 
functional stem cells from apical papilla-derived exosomes promotes diabetic 
bone regeneration, ACS Appl. Mater. Interfaces 14 (2022) 16082–16099, https:// 
doi.org/10.1021/acsami.2c02278.

[112] E. Caffarel-Salvador, S. Kim, V. Soares, R.Y. Tian, S.R. Stern, D. Minahan, R. Yona, 
X. Lu, F.R. Zakaria, J. Collins, J. Wainer, J. Wong, R. McManus, S. Tamang, 
S. McDonnell, K. Ishida, A. Hayward, X. Liu, F. Hubálek, J. Fels, A. Vegge, M. 
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[251] J. Lau, P. Bloch, L. Schäffer, I. Pettersson, J. Spetzler, J. Kofoed, K. Madsen, L. 
B. Knudsen, J. McGuire, D.B. Steensgaard, H.M. Strauss, D.X. Gram, S. 
M. Knudsen, F.S. Nielsen, P. Thygesen, S. Reedtz-Runge, T. Kruse, Discovery of 
the once-weekly glucagon-like peptide-1 (GLP-1) analogue semaglutide, J. Med. 
Chem. 58 (2015) 7370–7380, https://doi.org/10.1021/acs.jmedchem.5b00726.

[252] L.B. Knudsen, P.F. Nielsen, P.O. Huusfeldt, N.L. Johansen, K. Madsen, F. 
Z. Pedersen, H. Thøgersen, M. Wilken, H. Agersø, Potent derivatives of glucagon- 
like peptide-1 with pharmacokinetic properties suitable for once daily 
administration, J. Med. Chem. 43 (2000) 1664–1669, https://doi.org/10.1021/ 
jm9909645.

[253] L.L. Baggio, Q. Huang, T.J. Brown, D.J. Drucker, A recombinant human glucagon- 
like peptide (GLP)-1-albumin protein (albugon) mimics peptidergic activation of 
GLP-1 receptor-dependent pathways coupled with satiety, gastrointestinal 
motility, and glucose homeostasis, Diabetes 53 (2004) 2492–2500, https://doi. 
org/10.2337/diabetes.53.9.2492.

[254] A. Jazayeri, M. Rappas, A.J.H. Brown, J. Kean, J.C. Errey, N.J. Robertson, C. Fiez- 
Vandal, S.P. Andrews, M. Congreve, A. Bortolato, J.S. Mason, A.H. Baig, 
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