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Abstract

Metabolic diseases occur when normal metabolic processes are disrupted in the human body, 

which can be congenital or acquired. The incidence of metabolic diseases worldwide has reached 

epidemic proportions. So far, various methods including systemic drug therapy and surgery are 

exploited to prevent and treat metabolic diseases. However, current pharmacotherapeutic options 

for treatment of these metabolic disorders remain limited and ineffective, especially reducing 

patient compliance to treatment. Therefore, it is desirable to exploit effective drug delivery 

approaches to effectively treat metabolic diseases and reduce side effects. This brief review 

summarizes novel delivery strategies including local, targeted, and oral drug delivery strategies, as 

well as intelligent stimulus-responsive drug delivery strategy, for the treatment of metabolic 

disorders including diabetes, obesity, and atherosclerosis.
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1. Introduction

Metabolic diseases, such as diabetes, obesity, and atherosclerosis, pose a significant threat to 

global human health, and their incidence is rapidly increasing. In a healthy metabolism, the 

proper function of pathways or mechanisms involved in nutrient sensing and management is 

essential to integrating the metabolic systems into pathogen-sensing and immune responses 
[1]. In general, metabolic disorders are caused by the dysfunction of either metabolism, 

immunity, or both [1–2]. Diabetes mellitus is characterized by hyperglycemia involved in 

high blood glucose levels, which is attributed to defects in insulin secretion and insulin 

action. The World Health Organization (WHO) estimates that over 400 million adults are 

expected to suffer from diabetes by 2030 [3]. Obesity is a related metabolic disorder that has 

also been a serious threat to human health worldwide and is comorbid with diabetes. It is 

caused by an excess of adipose tissue and an imbalance between energy intake and 

expenditure [4], which increases the risk of developing type 2 diabetes, hypertension and 

cardiovascular diseases [5]. As the leading cause of coronary artery disease, atherosclerosis 

processes responsible for the largest ratio of deaths in the United States[6]. Lipid metabolic 

disorders are the pathological basis of atherosclerosis, which is a deleterious condition 

caused by the deposition of foam cells and extracellular materials mainly in arteries[7].

Various methods including systemic drug treatment and surgery are used to prevent and treat 

the aforementioned metabolic diseases. For diabetes, the subcutaneous injection of insulin is 

the most common approach for controlling hyperglycemia in the past decades; for the 

mitigation of obesity, physical exercise, hormonal therapy and clinical surgery in 

gastrointestinal and fat elimination are alternative options; for atherosclerosis, the morbidity 

and mortality of this kind of cardiovascular events still remain unacceptably high even 

though interventional and surgical treatment options were used. However, current 

pharmacotherapeutic options for the management of these diseases remain limited and 

ineffective. For example, diabetes management typically requires daily drug administration, 

meaning many injections must be made at the same or similar site each time, causing the 

patient discomfort and reducing their compliance to treatment. Anti-inflammatory 

therapeutics is the major strategy to treat atherosclerosis. However, systemic inhibition of 

inflammation causes some side effects [8]. These methods for treating metabolic disorders 

are often insufficient in preserving metabolic equilibrium and preventing life-threatening 

complications [9]. Thus, new effective drugs or/and strategies to improve the management 

ability of metabolic disorders are critical for the treatment of related diseases.

Over recent decades, it has gradually become more important for drug delivery strategies to 

face the challenges posed by different diseases. For example, insulin pumps release the 

required insulin from the replaceable reservoir to control blood glucose levels in people with 

diabetes [10]. Alternatively, using continuous glucose monitors (CGMs) along with insulin 

pumps to automatically release appropriate doses of insulin is another insulin delivery 

strategy for the treatment of blood glucose disorder [11]. Delivery systems were also 

developed to carry drugs to the brain to regulate appetite and thermogenesis [12]. Genes and 

pathways have also been studied as targets in treating obesity [13]. These approaches have 

achieved high therapeutic efficiency but are still not sufficient to cure these metabolic 

diseases. Therefore, emerging novel delivery strategies have been intensively studied 
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nowadays. In this review, we majorly focus on the new paradigms for the treatment of 

diabetes, obesity, and atherosclerosis. The following novel delivery strategies based on nano-

biotechnologies are briefly summarized and discussed: oral drug delivery strategy, local drug 

delivery strategy, targeted drug delivery strategy, and intelligent stimulus-responsive drug 

delivery strategy (Figure 1).

2. Oral Drug Delivery Strategies for the Treatment of Metabolic Diseases

Oral delivery of therapeutics represents the most convenient route for drug administration 
[14], offering increased patient compliance (compared to injections) and higher treatment 

efficacy, especially for diseases (e.g., diabetes) requiring frequent administration [15]. 

However, biologic drugs such as proteins (insulin) and peptides are not orally bioavailable, 

due to the physiological barriers presented by the gastrointestinal (GI) tract including 

extreme pH, enzymatic degradation, and poor permeability of the intestinal epithelium [16].

Different types of insulin have pharmacokinetics that varies from 10 min to 4 h. Intraday 

variations in plasma glucose concentrations of people with diabetes require up to several 

administrations of distinct types of insulin via injections, which is associated with patient 

inconvenience, ultimately leading to poor patient compliance and treatment inefficacy. 

Therefore, the development of oral delivery modalities for insulin holds huge promise for 

improving the patient compliance and efficacy of existing biologics while accelerating the 

bench-to-bedside translation of emerging ones. However, insulin is also sensitive to pH and 

enzymatic degradation in the GI tract, and its inability to cross the GI epithelial barrier 

presents another considerable challenge for the effective oral administration. Nanomedicine 

platforms offer a practical possibility of addressing both sets of challenges simultaneously 

by encapsulating biologics in NPs capable of protecting the biologics against the harsh 

environment of the GI tract while enabling their active transcytosis across the GI barrier to 

achieve oral bioavailability [17]. In our previous work [18], we developed a first-in-kind 

insulin-encapsulated polymeric poly[lactic-co-glycolic acid-b-poly(ethylene glycol)] 

(PLGA-PEG) nanoparticle (NP) targeted to the neonatal Fc receptor (FcRn). Within the 

intestinal mucosa, the FcRn is responsible for active transport of IgG antibodies across the 

intestinal epithelium via transcytosis. Capitalizing on the function of FcRn, our NP system is 

designed to bind to the FcRn and get transported across the intestinal mucosa without 

impacting the mucosal integrity and barrier function. NPs can also shield insulin from pH 

and enzymatic degradation, and targeting the insulin-loaded NPs to FcRn by functionalizing 

them with the Fc portion of IgG facilitates active transport of NPs across the intestinal 

epithelium into systemic circulation after oral administration (Figure 2). Our 1st generation 

NP platform showed a prolonged glycemic reduction response in mouse models after oral 

gavage of clinically relevant doses of insulin encapsulated NP. The proposed NP platform is 

largely based on clinically validated polymers PLGA and PEG. This oral delivered NP 

achieved a high absorption efficiency and induced a hypoglycemic response at a clinically 

relevant drug dose.

In parallel, oral administration is also a powerful drug delivery route for obesity and 

atherosclerosis. To treat obesity, a novel oral delivery system of Bifidobacterium for human 

oxyntomodulin (OXM) was successfully exploited by Long et. al [14a]. OXM, a gut 
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hormone, released from intestinal L cells, which is benefitted to reduce food intake via 

intravenous administration. In this system, an Escherichia coli-Bifidobacterium shuttle 

vector was constructed as carries for OXM gene expression that was secreted in the 

intestinal tract for obesity and diabetes therapy [14a]. Consequently, this oral delivery 

strategy for OXM expression could reduce food intake, plasma lipids, and body weight in 

obese mice. Epigallocatechin gallate (EGCG) is a positive vasculoprotective compound 

which could reverse endothelial dysfunction and dilate brachial artery [19]. However, its poor 

bioavailability limits the clinical application. Hong et. al. yielded oral EGCG-loaded NPs 

based on chitosan (CS) and polyaspartic acid (PAA) (EGCG-CS-PAA NPs) for the treatment 

of atherosclerosis, which showed a significant decrease of lipid deposition [19]. For oral 

delivery, chitosan is a widely available, mucoadhesive material which is able to increase 

cellular permeability.

3. Local Drug Delivery Strategies for the Treatment of Metabolic Diseases

Recently, local drug delivery strategy for the treatment of diabetes, obesity and related 

metabolic disorders has been studied due to its capacity for keeping drug availability and 

permitting a reduction in dosing frequency [20]. It demonstrates the great potential to deliver 

therapeutic agents to the desired site over controlled periods of time, which is very useful in 

controlling blood glucose levels and body energy expenditure [21]. Yuksel et al. administered 

poly(lactic-co-glycolic-acid)-polyethylene glycol (PLGA/PEG) microspheres directly to the 

deep muscular fascia to load insulin and related therapeutic agents for the sustained release 

of the drug (~ 4 weeks) and to induce adipogenic differentiation [22]. As reported by Peng et 
al., the hypoglycemic effect in diabetic rats subcutaneously injected by 

poly(hydroxybutyrate-co-hydroxyhexanoate) (PHBHHx) NPs loaded with insulin lasted for 

more than three days, and this local delivery system allowed for sustained insulin release 
[23]. Similarly, insulin-PHBHHx NPs entrapped in biodegradable thermosensitive hydrogels 

can further delay insulin release in a controlled or long-term manner [24]. Transdermal drug 

delivery and intranasal delivery are other potential strategies for metabolic disease treatment 

due to the potential for contact between the drugs and the skin or mucosa over large areas of 

the body. The N-terminal amine of leptin, a derivative of an adipocyte-secreted hormone, 

was administered intranasally via the nose-to-brain route to cross the blood-brain barrier 

(BBB) [12a]. This approach enhances the absorption of leptin across the mucosal epithelium 

and improves the efficiency of obesity treatments. In order to improve diffusion across the 

skin, a patch-based drug delivery platform has been developed [25]. The use of microneedles 

is a major technological strategy used in promoting drug permeation across the stratum 

corneum. For instance, a series of microneedle (MN) patches in studies by the Gu group 

were used to incorporate pharmacotherapeutic agents for metabolic diseases [21]. An 

intelligent delivery system based on a microneedle-array patch was designed to release 

insulin in response to the hypoxic microenvironment in a hyperglycemic state (Figure 3) 
[21b]. This system, as the first prototype of the glucose-responsive “smart insulin patch”, 

included glucose-responsive vesicles that were formed by hypoxia-sensitive hyaluronic 

acid/2-nitroimidazole conjugates. Glucose oxidase enzyme and insulin were both loaded into 

the vesicles. In a hypoxic condition, these conjugates can be converted to hydrophilic 2-

aminoimidazoles. Thus, enzymatic oxidation of glucose could lead to vesicle breakdown and 
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the subsequent release of insulin in a glucose-responsive manner which mimics the function 

of pancreatic cells. In addition, based on such a smart insulin patch, H2O2-responsive 

vesicles were exploited for insulin delivery [26]. In addition, the Gu group also developed a 

transcutaneous browning agent patch based on the microneedle technology to induce 

adipose tissue transformation (Figure 4) [21a]. CL 316243 or Rosiglitazone (Rosi), the 

browning agent, was first loaded into the pH-sensitive dextran NPs and was then embedded 

into a degradable microneedle (MN) patch to continually release drugs into subcutaneous 

adipose tissue. This functions to prevent adipocyte hypertrophy, increase body energy 

expenditure and improve type-2 diabetes in vivo.

4. Targeted Drug Delivery Strategies for the Treatment of Metabolic 

Diseases

Effective delivery of therapeutic drugs is always a formidable challenge. Target delivery of 

pharmacotherapeutic compounds to the disorder sites is more effective. It is urgently 

required, but also challenging [27]. Their surfaces were modified with ligands [28], targeting 

molecules [29] or peptides [30], which could deliver higher levels of drugs to the nidus sites 

and create an improved therapeutic effect. Therefore, this is also a promising approach to 

treat metabolic diseases. Barnett et al. developed a targeted intraportal delivery strategy 

based on the magnetic resonance tracking and guiding for islets using magnetocapsules for 

restoring normal glycemia [31]. Ligands specific for special cell types can facilitate 

internalization of carrying drugs, thereby reducing the administrated dose and minimizing 

side effects. Huang et al. added a CSKSSDYQC (CSK) targeting peptide to modified 

insulin-loaded chitosan NPs, which produced a better hypoglycemic effect compared to the 

control group [30].

As described before, we showed that the immunoglobulin G antibody-modified NPs could 

target to the neonatal Fc receptor (FcRn) and across epithelial barriers when orally 

administered [18]. Generally, the FcRn interacts with Fc in a pH-dependent manner, with a 

high affinity in acidic (pH <6.5). In this delivery system, Fc fragments were grafted to the 

drug-loaded NPs (NP-Fc), giving them a strong affinity to the high-level FcRn apical surface 

of absorptive epithelial cells. Consequently, the absorption efficiency was improved by more 

than 10 times for FcRn-targeted NPs when compared to nontargeted NPs. In subsequent 

work, our group studied another targeted delivery system[32]. This system consisted of 

installing protein ligands such as transferrin (Tf) on the particle surface which could alter the 

NP behaviors within the cell (Figure 5). This NP platform consisted of poly (ester amide)s 

(PEAs) as the NP core in addition to arginine (Arg) and phenylalanine (Phe). Insulin was 

incorporated into the NP core and Tf proteins were captured on the NP surface (core-shell 

structure). This structure benefitted the absorption by epithelial cells due to the high binding 

affinity to Tf receptors and the sustained release of insulin. After oral administration, the 

hypoglycemic response of Tf-coated NP was also more sensitive than normal insulin-loaded 

NPs.

Recently, a targeted strategy was utilized to treat obesity in our group [33]. Angiogenesis, 

playing a major role in the expansion and regression of adipose tissue, makes the vasculature 
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a potential therapeutic target for obesity and related metabolic diseases [5a, 33–34]. 

Stimulation of angiogenesis results in transforming adipose tissue from energy storage status 

into energy expenditure status, which is expected for obesity treatment [33]. Based on this 

concept, poly(lactide-co-glycolide)-b-poly(ethylene glycol) (PLGA-b-PEG) was used to 

prepare NPs to entrap therapeutic compounds such as Rosi and prostaglandin E2 analog 

(PGE2). Then, the NPs were coated with a targeting peptide such as iRGD which binds to 

antigens specifically expressed on the endothelium of angiogenic vasculature (Figure 6). 

Herein, iRGD or P3, two adipose vasculature-targeted peptides, were covalently conjugated 

to the polymeric NPs. As a result, more targeted NPs homed into local adipose tissue and 

released Rosi, which amplified the white adipose tissue (WAT) browning process which 

facilitates resistance to obesity.

Atherosclerosis is a lipoprotein metabolic disorder caused by the subendothelial retention of 

apolipoprotein B (apoB)-containing lipoproteins (LPs) in the focal areas of arteries [35]. 

Hyperleptinemia may play an important role in obesity-associated cardiovascular diseases 

such as atherosclerosis [36]. This disease can stimulate an inflammatory response in the body 

and cause the thinning of the protective “cap” of subendothelial collagen thereby leading to 

oxidative stress and necrosis. One of the potential therapeutics for atherosclerosis is targeted 

delivery strategies to atherosclerotic lesions. In our group, amino acids 2–26 (Ac2–26), 

mimicking the receptor N-formyl peptide receptor 2 (FPR2/ALX) of annexin A1, were 

incorporated into collagen IV (Col IV)-targeted NPs (Col IV-Ac2–26 NPs) to stabilize the 

vulnerable plaques in atherosclerotic lesions (Figure 7) [37]. As expected, Col IV–Ac2–26 

NPs could target lesions and increase the protective collagen layer overlying lesions, 

suppress oxidative stress and decrease plaque necrosis. This is a new way of therapy for 

chronic, advanced atherosclerosis.

5. Intelligent Stimulus-Responsive Drug Delivery Strategies for the 

Treatment of Metabolic Diseases

The traditional treatment of diabetes often lacks successful automatic monitoring of blood 

glucose. An ideal drug delivery system for diabetes would intelligently release the drug 

when blood glucose levels are higher than normal, and stop the release from the device after 

normal glycemia is restored. Ever increasing numbers of functional delivery strategies are 

emerging to meet this requirement. Glucose oxidase (GOx) is widely used in the smart 

insulin delivery systems because of its induction of enzymatic oxidation through alteration 

of the microenvironment. As previously mentioned, the Gu group produced a glucose-

sensitive insulin delivery device with the aid of GOx [21b]. In a hyperglycemic state, glucose 

suffered from enzymatic oxidation with GOx. This could lead to a local hypoxic 

microenvironment, which triggers the dissociation of vesicles and subsequent release of 

insulin. Duan et al. developed a metal-organic framework (MOF)-based glucose-responsive 

insulin nanosystem to release insulin when high levels of glucose were transferred into 

gluconic acid (lower pH) under GOx action [38]. MOF was sensitive to low pH, inducing 

decomposition of the composite to deliver insulin. These are the most typical examples of a 

glucose-responsive platform for such a GOx-based insulin delivery strategy. Thus, glucose-

sensitive drug delivery systems like artificial pancreas can mimic the biofeedback systems 
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with the control of blood concentration at a regular level [39]. However, the enzyme reaction-

induced change in the microenvironment is always limited, restricting the further application 

of these smart insulin systems.

Concanavalin A (Con A), a well-known plant lectin protein, is another element used to 

trigger the glucose-sensitive response and shows a specific binding ability with glucose, 

mannose, and polysaccharide. Con A can quickly bind to glucose in place of the saccharide 

on the delivery system, leading to the breakdown of its original structure and subsequent 

insulin release [40]. Tanna et al. covalently synthesized a cross-linked polymer based on Con 

A and dextran to prepare a closed-loop drug delivery device for insulin [41]. The viscosity of 

the materials was relatively high and would change after lectin-polysaccharide interaction in 

response to the glucose concentration. Based on the specific saccharide-binding affinity of 

Con A, Yin et al. used cationic materials of N-(2-(dimethylamino) ethyl)-methacrylamide 

(DMAEMA) to prepare glucose and pH dual-responsive hydrogels for insulin delivery, 

which is very responsive to changes in glucose concentrations [42].

Recently, phenylboronic acid (PBA) and its derivatives have been used frequently to 

construct glucose-sensitive elements due to their versatile chemical structures. In aqueous 

solutions, PBA and its derivatives can bind reversibly to cis-1,2- and cis-1,3-diols, including 

sugars, to form boronate ester bonds. In a previous study, adipoylamidophenylboronic acid 

(AAPBA) was crosslinked with glycopoly peptide to form glucose-sensitive nanogels [40]. 

Insulin was quickly released from the nanogel as the glucose concentration increased. This 

study shows that the AAPBA related intelligent glucose-triggered delivery strategy is an 

excellent candidate for diabetes treatment. Similarly, a core-shell nanogel showed high 

glucose sensitivity when incorporated with PBA [43]. PBA was also directly conjugated to 

insulin molecules to trigger the required insulin release (Figure 8) [44]. The chemical 

modification of insulin with PBA can provide long-lasting glucose-sensing and glucose-

responsive activities. This delivery approach ultimately reduces the number of 

administrations required and improves the reliability of glycemic control in insulin therapy.

Another interesting approach for monitoring and regulating blood glucose levels relying on 

the pathological state is the use of artificial pancreatic cells [45]. Chen et al. synthesized 

artificial pancreatic beta cells (AβCs) using polyethylene glycol 5000–conjugated cytosine-

rich DNA (PEG–CDNA) and cholesterol-ended guanine-rich DNA (GDNA–CH). These 

artificial AβCs contain two major superstructures: the inner small liposomal vesicles (ISVs) 

and the outer large vesicle (OLV) (Figure 9). Insulin was incorporated into ISVs that mimic 

the storage granules inside the mature beta cells, while OLV was used to mimic the plasma 

membrane. When the glucose was absorbed and went through enzymatic oxidation and 

proton efflux in a sequential cascade manner, the AβCs were able to make a distinction 

effectively between high and normal blood glucose levels. In this way, ISVs and OLV 

worked together and were stimulated by hyperglycemic conditions followed by fusion and 

insulin ‘exocytosis’.
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6. Conclusion

The development of delivery strategies for the management of metabolic diseases has 

attracted considerable attention over the past few years. As a result, more new bio-devices 

and nanomaterials have been tested to provide a targeted or intelligent platform to release 

pharmacotherapeutic agents (Table 1). Even if conventional oral administration remains the 

preferred method, the gastrointestinal (GI) tract limits the bioavailability of labile drugs due 

to the presence of protease which is a degradative enzyme. Thus, an alternative drug delivery 

approach must be developed to improve bioavailability. Compared to the conventional oral 

administration of drugs, local delivery by microneedle (MN) technology is better tolerated 

by patients due to its convenience and mechanism for long-term release of drugs. In 

addition, MN-based delivery strategies have provided satisfactory therapeutic effects in the 

treatment of metabolic disorders such as diabetes and obesity.

To further improve the absorption and bioavailability of therapeutic agents, many targeted 

delivery platforms were fabricated using functional ligands or peptides. When conjugated 

with a targeting ligand, the delivery platform, such as NPs, shows improvement in 

internalization by specific cells via receptor-mediated endocytosis. For oral administration of 

insulin, it is crucial for the drug to overcome the transport barrier of the intestinal 

epithelium. Such receptor-mediated transcytosis can promote transepithelial absorption for 

precise control of hyperglycemia. In parallel, iRGD or P3 modified NPs can target adipose 

angiogenic vessels to modulate the metabolism of energy. Collagen IV (Col IV)-targeted 

NPs containing Ac2–26 could protect against advanced atherosclerosis. Furthermore, more 

efforts have been devoted to exploiting intelligent delivery strategies such as glucose-

responsive platforms for metabolic diseases. They act like a pancreas to “secrete” insulin 

from the device to restore normal glycemia.

Given recent technical advancements obtained from the bench, we believe that smart and 

functional targeted delivery systems will revolutionize the therapeutic field of metabolic 

diseases including diabetes, obesity, atherosclerosis, and other related metabolic disorders. 

However, the stability and large-scale production of these formulations still limit their 

application. To accelerate their clinical translation to improve patients’ quality of life, more 

systematical researches need to be performed to solve the current shortcomings, as well as 

safety issues. Fortunately, there are already many successful pre-clinical studies reported 

with these delivery strategies and the future explorations from bench to bedside are worth 

the wait. Increasing numbers of exciting discoveries and inventions are still on the way.
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Figure 1. 
Drug delivery strategies for the treatment of metabolic diseases: (A) oral drug delivery 

strategies, (B) local drug delivery strategies, (C) targeted drug delivery strategies, and (D) 

intelligent stimulus-responsive drug delivery strategies.
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Figure 2. 
Fc-targeted NPs deliver insulin across the intestinal epithelium. (A) Schematic of Fc-

targeted NP binding to the epithelium cells. (B) Preparation of Fc-targeted NPs which 

consisted of a PLA core and Fc fragments on the surface. (C) Fluorescently labeled targeted 

NPs were absorbed in mouse intestinal tissues. (D) The wild type mice and FcRn knockout 

mice blood glucose response to a different formulation including free insulin solution, 

nontargeted NPs, and Fc-NPs loaded with insulin. Reproduced with permission.[18] 

Copyright 2013, American Association for the Advancement of Science.

Shi et al. Page 13

Adv Healthc Mater. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Microneedle (MN)-array patch based transdermal delivery of pharmacotherapeutic agents 

for diabetes treatment. (A) The glucose-responsive vesicles were included in the MN-array 

patch and will release insulin when triggered by a hyperglycemic state. (B) Transdermal 

delivery of insulin by an MN-array patch. Scale bar: 1 cm. (C) Fluorescence images of the 

FITC-labeled insulin-loaded MN-array patch. Scale bar: 200 μm. (D) Scanning electron 

microscope (SEM) image of the MN array. Scale bar: 200 μm. (E) In vivo transdermal 

delivery of insulin by MN-array patches for blood glucose control and type I diabetes 
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treatment. Reproduced with permission.[21b] Copyright 2015, National Academy of 

Sciences.
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Figure 4. 
Microneedle (MN)-array patch based transdermal delivery of browning agents for obesity 

treatment. (A-B) The MN-array patch consisted of pH-sensitive dextran NPs and a cross-

linked hyaluronic acid (HA) matrix. (C) SEM image of MN array. Scale bar: 200 μm. (D) 

Local transdermal delivery sites for the MN-array patch. (E) The inhibition of growth of 

inguinal adipose tissues in obese mice after treatment with a browning agent-MN array. (F) 

Blood glucose levels of mice treated with the MN array at 16 h post fasting. Reproduced 

with permission.[21a] Copyright 2017, American Chemical Society.
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Figure 5. 
Preparation of Tf-coated polymeric NPs and targeting delivery of insulin to the epithelial 

cells. (A) Self-assembly formation of Tf-NPs loaded with therapeutic proteins. (B) Chemical 

structures of monomers and the components of NPs. (C) Tf-coated NPs promote the uptake 

of targeted NPs by Caco-2 cells. (D) Quantitative analysis of the relative uptake of Tf-coated 

NPs versus their nontargeted counterpart. (E) Blood glucose response of healthy animals to 

different formulations including free insulin, nontargeted NPs, and Tf-NPs via oral 

administration. (F) A hypoglycemic response of diabetic animals to different formulations 
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including free insulin, nontargeted NPs and Tf-NPs via oral administration (* p< 0.05 vs. 

free insulin). Reproduced with permission. [32] Copyright 2016, Wiley-VCH.
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Figure 6. 
Targeting delivery of peptide-conjugated polymeric NPs loaded with Rosi for obesity 

treatment. (A) Formation of PLGA-b-PEG-peptide/Rosiglitazone NPs (Peptide-NP-Rosi). 

(B) Transmission electron microscope (TEM) image of iRGD-NP-Rosi. (C) Fluorescent 

localization of iRGD-NP-Rosi in the adipose tissues where CD31+ SVF was stained with 

integrin αv antibody in red, Isolectin B4 in green and nuclei in blue. (D) In vivo 

fluorescence imaging of adipose tissues and livers. (E) Antiobesity effect of iRGD-NP-Rosi 

in obese mice. (F) The area of CD31-positive blood vessels was quantified. Reproduced 

with permission.[33] Copyright 2016, National Academy of Sciences.
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Figure 7. 
Col IV-targeted NP preparation and their therapeutic effects on advanced atherosclerosis in 

fat-fed Ldlr−/− mice. (A) Preparation of Col-IV NPs loaded with Ac2–26. (B) A TEM image 

of Col IV-Ac-2–26 NPs. (C) Structures of the materials used. (D) Location of Col IV-Ac2–

26 NPs in atherosclerotic lesions. The nuclei were stained with 4’,6-diamidino-2-

phenylindole (DAPI) and NPs are shown in red. (E) Cross-sectioned specimen evaluation of 

aortic root and brachiocephalic (BCA) lesions after different NP administrations (Col IV 

Scrm NPs and Col IV-Ac2–26 NPs). Reproduced with permission. [37] Copyright 2015, 

American Association for the Advancement of Science.
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Figure 8. 
Covalent modification of aliphatic phenylboronic acid (PBA)-related conjugates for glucose-

responsive insulin delivery. (A) Schematic formation of aliphatic phenylboronic acids. (B) A 

generalized illustration of insulin conjugated with PBAs. (C) Structures of PBA-modified 

long-acting insulin derivatives. (D) Blood glucose screening in STZ-induced diabetic mice 

after the injection of insulin derivatives including native insulin. (E) Blood glucose levels in 

diabetic mice after the administration of different insulin formulations. (F) The 

responsiveness of each insulin formulation. Reproduced with permission.[44] Copyright 

2015, National Academy of Sciences.
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Figure 9. 
AβC generation and its in vivo type I diabetes treatment. (A) Design and biochemical 

processes of AβC. (B) A TEM image of ISVs and size distribution of insulin-loaded ISVs. 

(C) Cryo-SEM image of the vesicles-in-vesicle superstructures and size distribution of the 

superstructures. (D) Small liposomal vesicles existed in the large liposome. (E) Fluorescein 

isothiocyanate-labeled glucose oxidase (GOx-FITC) and rhodamine B-labeled catalase 

(CAT-RB) were loaded into the liposome and were observed by CLSM. (F) Schematic 

illustration for reversible PEG association and disassociation tuned by glucose metabolism. 
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(G) Schematic illustration of the quenching of the peptide donor nitrobenzofuran (blue) on 

peptide K by the peptide acceptor tetramethylrhodamine (red) on peptide e induced by 

peptide assembly after PEG dissociation. (H) AβC treatment was performed on diabetic 

mice for in vivo intraperitoneal glucose tolerance test (IPGTT). Healthy mice were set as 

control. Reproduced with permission.[45] Copyright 2018, Springer Nature.
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Table 1.

Summary of drug delivery strategies for the treatment of metabolic diseases.

Platform Drug(s) Application Strategy Refs.

PLGA-PEG nanoparticles Insulin Diabetes Oral delivery [18]

Escherichia coli-bifidobacterium shuttle vector Expressing OXM Obesity Oral delivery [14a]

Chitosan/polyaspartic acid NPs EGCG Atherosclerosis Oral delivery [19]

PLGA/PEG microspheres Insulin, IGF-1 adipogenic differentiation Local delivery [22]

PHBHHx Nanoparticles, PHBHHx NPs-
loaded hydrogels

Insulin Diabetes Local delivery [23,24]

Hypoxia-sensitive hyaluronic acid/2-
nitroimidazole formed microneedle patches

Insulin Diabetes Local delivery [21b]

pH-sensitive dextran NPs-embedded 
microneedles

CL 316243 or 
Rosi

Obesity and improve 
type-2 diabetes

Local delivery [21a]

CSK-modified chitosan NPs Insulin Diabetes Targeted delivery [30]

NP-Fc Insulin Diabetes Targeted delivery [18]

Tf-PEAs/Arg/Phe-NPs Insulin Diabetes Targeted delivery [32]

iRGD (or P3)-PLGA-b-PEG NPs Rosi, PGE2 Obesity Targeted delivery [33]

Col IV-Ac2–26 NPs Amino acids 2–26 Atherosclerosis Targeted delivery [37]

MOF-based Glucose-responsive nanoplatforms Insulin Diabetes Intelligent stimulus-responsive delivery [38]

A closed-loop drug delivery device based on 
Con A and dextran

Insulin Diabetes Intelligent stimulus-responsive delivery [41]

AAPBA crosslinked with glycopolypeptide to 
form glucose-sensitive nanogels

Insulin Diabetes Intelligent stimulus-responsive delivery [40]

Artificial pancreatic beta cells (AβCs) Insulin Diabetes Intelligent stimulus-responsive delivery [45]
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