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Abstract: Diabetes mellitus is a major threat to human health. Both its incidence and 
prevalence have been rising steadily over the past few decades. Biomacromolecular agents 
such as insulin and glucagon-like peptide 1 receptor agonists are commonly used hypogly-
cemic drugs that play important roles in the treatment of diabetes. However, their tradi-
tional frequent administration may cause numerous side effects, such as pain, infection or 
local tissue necrosis. To address these issues, many novel subcutaneous delivery systems 
have been developed in recent years. In this review, we survey recent developments in 
subcutaneous delivery systems of biomacromolecular hypoglycemic drugs, including sus-
tained-release delivery systems and stimuli-responsive delivery systems, and summarize 
the advantages and limitations of these systems. Future opportunities and challenges are 
discussed as well. 
Keywords: diabetes mellitus, subcutaneous injection, insulin, glucagon-like peptide 1 
receptor agonists, sustained-release, stimuli-responsive

Introduction
Diabetes mellitus (DM) is a metabolic disorder symptom caused by the low secretion of 
insulin by β-cells or the inefficient combination of insulin with β-cell surface receptors, 
leading to high blood glucose levels and even some serious or fatal associated 
complications, such as macrovascular and microvascular diseases.1 In 2018, there 
were 451 million people with diabetes worldwide, and that number is estimated to 
increase to 693 million in 2045.2 Therefore, diabetes is a serious threat to the world 
population health with limited treatment options. At present, various kinds of antidia-
betic agents, such as metformin, dipeptidyl peptidase 4 (DPP-4) inhibitors, sodium- 
glucose cotransporter 2 (SGLT2) inhibitors, glucagon-like peptide 1 (GLP-1) receptor 
agonists, alpha-glucosidase inhibitors (AGIs), insulin-secretagogue, thiazolidinediones 
(TZDs) and insulin, are used to treat hyperglycemia.3 The mentioned drugs are taken 
orally, except for insulin and GLP-1 receptor agonists (GLP-1Ras), which are adminis-
tered subcutaneously. To date, insulin administration is still the major therapy for the 
treatment of diabetes, but GLP-1Ras is gaining increasing attention.

Insulin and GLP-1 receptor agonists are biomacromolecular drugs that are admi-
nistered by subcutaneous injection for their structural and stability-related reasons.4 

The human insulin hormone is a 51 amino acid protein (5.8 kDa, Figure 1A), that 
forms “A” (21 amino acids) and “B” (30 amino acids) chains connected by a disulfide 
bond.5 Based on the development of insulin, short-acting insulins, such as regular (R) 
insulin, aspart, lispro, and glulisine, and long-acting insulins, such as neutral 
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protamine hagedorn (NPH) insulin, glargine, detemir and 
degludec, are administered one to four times daily to treat 
diabetes.6 GLP-1 receptor agonists are synthetic peptides 
with structural resistance to DPP-4 proteolysis or improved 
recombinant human GLP-1.7 The most widely used drugs in 
the clinic are exenatide and liraglutide, which are composed 
of 39 amino acids (4.19 kDa, Figure 1B) and 29 amino acids 
(3.75 kDa, Figure 1C), respectively.8,9 In addition to these 
two drugs, some novel GLP-1 receptor agonists have been 
developed and used,10 such as another short-acting drug 
lixisenatide,11,12 and other long-acting drugs, such as 
albiglutide,13,14 dulaglutide,15,16 and semaglutide.17 In addi-
tion, long-acting GLP-1Ras requires weekly subcutaneous 
administration, while both short-acting GLP-1Ras and insu-
lin require one or multiple daily subcutaneous administra-
tion, which can cause psychological stress leading to poor 
patient compliance. Thus, many researchers have focused on 
finding alternative routes of administration or reducing the 
frequency of injections to lessen the inconvenience and 
drawbacks of frequent injections.18 Some noninvasive 
administration routes are being investigated, including pul-
monary, oral, nasal, transdermal and buccal delivery.19 

Initially, a dry powder inhaler was approved by the Food 
and Drug Administration (FDA) and the European Medicine 
Agency (EMA) for pulmonary insulin delivery, but this was 
withdrawn and its development was discontinued in 2007 

because of the inconvenience of the device and its unstable 
bioavailability due to different respiratory factors.20 Oral 
delivery is known as the most patient-friendly route, but it 
is highly challenging to ensure that peptide/protein drugs are 
stable in the gastrointestinal tract and to obtain a high 
bioavailability.21 Due to many difficulties, the oral delivery 
of peptide/protein drugs has been being studied for many 
years with no major breakthrough and only a few products 
have been investigated in phase II trials, including long- 
acting insulin analog tablets, enteric-coated insulin 
capsules,22 and insulin gel capsules.23 Moreover, nasal and 
transdermal routes are difficult to use in the clinic due to the 
disadvantages of their small surface area, long-term damage 
to nasal passages,24 low permeability and allergic reactions 
to skin.25 On account of the pharmaceutical limitations and 
bioavailability problems, those noninvasive delivery routes 
require high drug loadings to achieve the expected blood 
glucose control, which is difficult to realize in the clinic. 
Therefore, subcutaneous delivery with high bioavailability is 
still the main delivery route of biomacromolecular drugs for 
treating diabetes, and it still requires further pharmaceutical 
developments to reduce the frequency of administration and 
eliminate the injection discomfort.

In recent decades, a number of drug delivery systems 
have been developed to overcome the limitations and 
drawbacks of subcutaneous administration. Various 

Figure 1 Computer-generated images of insulin (A), exenatide (B) and liraglutide (C).
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carriers, such as hydrogels, liposomes, microparticles and 
nanoparticles, can realize long-acting or stimuli-responsive 
release behaviors of insulin or GLP-1 drugs to achieve 
a desirable quality of life in diabetic patients. In this 
review, we will focus on the different sustained release 
systems and stimuli-responsive systems for the subcuta-
neous delivery of antidiabetic agents and biomacromole-
cular drugs, including polymeric materials, lipid-based 
carriers, inorganic nanoparticles, glucose-responsive insu-
lin systems, ultrasound-triggered systems, and pH- or tem-
perature-triggered systems (Figure 2). Moreover, the 
advantages and limitations associated with these carriers, 
as well as future opportunities and challenges will be 
discussed.

Subcutaneous Sustained-Release 
Delivery Systems
Under normal physiological conditions, basal insulin secre-
tion is steady and continuous. Long-acting insulins with 
a single daily predormital injection, such as protamine hage-
dorn insulin, insulin glargine and insulin detemir, have been 
extensively used to attain sufficient basal glycemic 
control,26,27 as have long-acting GLP-1Ras. However, injec-
tions with longer durations need to be developed to make 
them more convenient and avoid the risk of hypoglycemia. 
Due to their high molecular weight, short half-life and 

vulnerability to enzymatic degradation, it is very difficult 
for these peptide/protein drugs to obtain longer durations.28 

Numerous novel systems have been investigated for insulin 
and GLP-1Ras delivery to improve their stability and dura-
tion, including polymeric micronanocarriers, in-situ hydro-
gels, liposomes, and inorganic micro/nanoparticles.

Polymer-Based Micro/Nanocarriers
Colloidal micro/nanoparticle systems with large surface 
areas significantly enhance epithelial permeability and 
improve the bioavailability of protein and peptide 
drugs.29 Various biodegradable polymers approved by the 
FDA are commercially available for drug delivery in 
micro/nanoparticle formulations.21 By modifying the poly-
mer structure, these polymeric carriers, such as Poly (lac-
tic-co-glycolic acid) (PLGA), Poly (lactic acid) (PLA) or 
Chitosan (CS), can realize structural stability and sustained 
release of the protein and peptide drugs.

PLGA-Based Carriers
PLGA is a copolymer composed of lactic acid and glycolic 
acid in different ratios. Due to its biodegradability and 
biocompatibility, PLGA has been approved by the FDA 
and the EMA for various drug delivery systems in 
humans.30 PLGA micro/nanoparticles have many advan-
tages that make them suitable for the delivery of macro-
molecules, including protecting drugs from degradation, 

Figure 2 Schematic illustration of various subcutaneous delivery systems used for antidiabetic biomacromolecular drugs.
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sustained release behavior, simple methods of production, 
easy modification and targeting capabilities.31 Initially, 
Barichello and coworkers applied the precipitation- 
solvent evaporation method to prepare PLGA nanoparti-
cles loaded with lipophilic, hydrophilic drugs and insulin 
(an amphiphilic drug). Because insulin is insoluble in 
organic solvents, its encapsulation efficiency was 6.8–-
12.1%, which was much lower than that of lipophilic 
drugs.32 Then, the author loaded PLGA-insulin nanoparti-
cles (INPs) into Pluronic F-127 (PF-127) gels to obtain 
a controlled release behavior. After subcutaneous admin-
istration in rats, the mean residence time (MRT) of INP- 
loaded 30% PF-127 was delayed from 1.3±0.3 h to 3.8±0.5 
h and the AUC was 1.5 times higher than that of INP.33 

The high serum insulin level lasted for 12 hours. However, 
the studied system did not meet the expected sustained 
release behavior. Shenoy et al improved an emulsion- 
solvent evaporation method to form PLGA-insulin micro-
spheres (37 to 52 μm) to increase the insulin entrapment 
efficiency to 60.24±2.23% and maintain steady blood glu-
cose levels after administration in diabetic rats within 60 
days.34 However, it is difficult to control the initial burst 
release and ensure protein stability during degradation in 
unmodified macromolecules and PLGA carriers.35,36

Some methods can be used to avoid these issues. First, 
stabilizers can be added into the system for complexation 
or modification of the drugs. In Yin and coworkers’ 
research, PLGA microspheres (MS) loaded with GLP-1 
were obtained by S/O/O solvent extraction and zinc car-
bonate was utilized to make GLP-1 more stable.37 The 
initial burst release was significantly reduced from 37.2% 
to 7.5% and a 4-week period of controlled release in vitro 
was achieved by zinc complexation. After administration 
in diabetic mice, GLP-1 MS showed a sustained long-term 
pharmacological efficacy, decreasing the blood glucose 
level for a period of 28 days. According to previous 
studies, polyethylene glycol (PEG)-conjugated peptides 
exhibited improved pharmacological stability compared 
with native peptides.38,39

Lim et al prepared PEGylated Exendin-4 (Ex4) PLGA 
microspheres with improved circulatory stability and 
decreased immunogenic response compared to that of 
native Ex4. Compared to Ex4 microspheres with a burst 
release of 43.8%, PEG-Ex4 microspheres exhibited 
a much smaller burst release of 10.8% on day 1 in vitro 
and a sustained release profile for 14 days following near 
zero-order kinetics in vivo.40

Second, the preparation approach can be improved to 
reduce the burst release and increase the entrapment effi-
ciency of the peptides. A nonaqueous processing medium 
was used in the emulsion solvent extraction method for the 
preparation of PLGA microspheres to ensure a low burst 
release and a high entrapment efficiency.41 Xuan et al used 
silicon oil as the external phase in the w/o/o method to 
prepare exenatide-PLGA microspheres. Compared with 
the w/o/w method, the encapsulation efficiency of micro-
spheres prepared with the w/o/o method increased from 
65.3% to 98.0%. The microspheres ensured the stability of 
exenatide in release buffer for up to 28 days and exhibited 
a sustained release behavior. After subcutaneous adminis-
tration in mice, the t1/2 of PLGA microspheres was 
120.650±44.184 h, which was about approximately 120- 
fold higher than the t1/2 of the exenatide aqueous solution 
injection.42 Kim et al invented a monoaxial ultrasonic 
atomizer method to prepare insulin-loaded microcapsules 
with a mean particle size of 50 μm (Figure 3). Following 
the administration of these microcapsules in type 1 dia-
betes rats, plasma insulin concentration was maintained 
stable for 30 days and the blood glucose levels were 
controlled at 100–200 mg/dL in a period of 55 days.43

Third, structural modifications of the micro/nanocar-
riers can protect proteins from degrading in an acidic 
microenvironment, which can avoid the denaturation and 
bioactivity decline of loaded proteins. Jiang et al devel-
oped a composite microsphere consisting of a poly (acry-
loyl hydroxyethyl starch) (AcHES) hydrogel containing 
insulin encapsulated in PLGA microparticles. This com-
posite matrix system effectively protected the protein. 
SDS-PAGE and MALDI-TOF MS analysis showed the 
stability of insulin, and the in vitro release profile showed 
only a small burst release effect. After subcutaneous injec-
tion, the system provided sustained release performance 
with glucose suppression in diabetic rats for 8~10 days.44 

According to the previous report, PEGylation is an effec-
tive modification of protein-based drug systems that can 
increase their stability and reduce the drug toxicity 
effectively.45 Thus, Saravanan et al attached poly PEG to 
insulin-loaded PLGA nanoparticles (ISPPLG NPs) pre-
pared by the w/o/w emulsion solvent evaporation 
method.46 A high encapsulation efficiency of 66% was 
achieved by the ISPPLG4 NPs, which showed 
a cumulative release of insulin for up to 6 h. The NPs 
exhibited a pronounced hypoglycemic effect with reduced 
triacylglycerol, lipid peroxidation and cholesterol levels, 
restoring the damage to the tissues of diabetic rats. 
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Recently, cholic acid (CA)-initiated PLGA and water- 
soluble polyethyleneimine cross-linked polyethylene gly-
col (PEI-PEG) (CA-PLGA-b-(PEI-PEG)) self-assembled 
micelles were prepared, which trapped insulin via 

electrostatic interactions. Then, the microspheres (MIC- 
MS) were manufactured by the double emulsion method 
(Figure 4). Internal acidification of the PLGA MS during 
degradation was avoided by incorporating PEI to ensure 

Figure 3 SEM pictures of microcapsules by monoaxial ultrasonic atomizer method. (A) Picture of freeze-dried microcapsules, (B) picture of one microcapsule, (C) the 
cross-sectioned picture. (D) Light microimage of microcapsules loading insulin, (E) picture of a cross-sectioned microcapsule loading insulin, and (F) confocal laser 
microimage of FITC microcapsules loading insulin with nile red PLGA. Reprinted with permission from Kim BS, Oh JM, Hyun H et al Insulin-loaded microcapsules for in vivo 
delivery. Mol Pharm. 2009;6(2):353–365. Copyright © 2009 American Chemical Society.43

Figure 4 Synthetic processes and structure diagrams of MIC-MS. Reprinted by permission from Springer Nature. Wang J, Li S, Chen T et al Nanoscale cationic micelles of 
amphiphilic copolymers based on star-shaped PLGA and PEI cross-linked PEG for protein delivery application. J Mater Sci Mater Med. 2019;30(8):93. Copyright 2019.48
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the stability of insulin.47 The MIC-MS exhibited 
a sustained release phase with nearly zero-order release 
kinetics with a 3.6% daily insulin release lasting for 10 
days and a decrease in the initial burst release from 
38.39% to 19.97% during the first 12 h.48 MIC-MS is 
a novel system with great potential for the long-acting 
delivery of insulin or other proteins.

PLA-Based Carriers
PLA is a well-known biodegradable and biocompatible 
polyester. Due to its amphiphilicity, it is widely used in 
protein delivery systems for oral administration.49,50 

However, in the subcutaneous route, only a few PLA 
microspheres were used for the delivery of hypoglycemic 
macromolecule drugs. Yeh et al developed a w/o/w solvent 
evaporation method with electrolytes in the continuous 
phase to prepare insulin-loaded PLA microparticles. 
Among the studied electrolytes, NaCl resulted in a high 
loading efficiency (49% to 38% without electrolytes) and 
a high amount of insulin (%) on the microparticle surface, 
on the outer layer and inside the core with values of 8, 37 
and 43%, respectively, which were 24, 14 and 7% without 
electrolytes. Due to the addition of electrolytes, more 
insulin was found distributed inside the core, which led 
to the sustained release accompanying the degradation of 
PLA microspheres.51 However, the method of preparation 
including the absorption of protein onto the polymer sur-
face, the moisture effect and the generation of an acidic pH 
environment within the microspheres, resulted in the 
instability of the proteins in PLA polymers.52,53 In the 
conventional preparation process of the w/o/w emulsion, 
insulin acted as surfactant and preferably adsorbed at the 
water/oil interfaces, which caused insulin unfolding, inac-
tivation, and irreversible aggregation.52,54 Therefore, many 
researchers have aimed to improve the preparation meth-
ods to ensure the stability of insulin in PLA microparticles. 
Sheshala et al constructed insulin-loaded PLA-PEG micro-
spheres with a controlled level of plasma insulin over 
a 1-week time period upon a single subcutaneous admin-
istration in diabetic rats. The released percentage of insulin 
increased with the ratio of PLA-PEG ranging from 8:2 to 
3:7 because of the large pores that are formed when PEG 
transfers from the internal aqueous phase to the external 
aqueous phase. However, the release percentage surpris-
ingly decreased for PLA-PEG ratios of 2:8 to 1.5:8.5 
because of the lower amount of PEG incorporated in the 
microspheres. Therefore, the addition of an appropriate 

amount of PEG is beneficial for obtaining excellent release 
behavior and ensuring the structural stability of insulin.55

Chitosan Derivative-Based Carriers
CS is a natural cationic polysaccharide, approved for 
application in wound dressings by the FDA and listed in 
the pharmacopoeias of many countries.56 The increasing 
utilization of chitosan and its derivatives in oral or muco-
sal drug delivery is based on their superior mucoadhesive 
properties and penetration-enhancing effects. Quaternized 
chitosan, one of the CS derivatives, can reverse its positive 
charge in neutral conditions, which leads to an increase in 
residence time and bioavailability.57 On the basis of this 
principle, Zhang et al explored a cholic acid and 
N-(2-hydroxy)-propyl-3-trimethylammonium chloride 
modified chitosan (HTCC-CA), used as a liver-targeted 
insulin delivery in neutral environment. A liver targeted 
delivery vehicle of insulin, consisting of CA modified 
HTCC, was developed by Zhang et al In neutral environ-
ment, HTCC retains a cationic charge that can enhance its 
adhesion to negatively charged insulin through electro-
static attraction and increase the uptake by the liver. CA 
can further enhance the hepatic uptake through increased 
binding with insulin via hydrophobic interactions. In vitro, 
the insulin release profile was prolonged and the cellular 
uptake of insulin was increased to 466%. And the bioa-
vailability of this system in diabetic rats was up to 475%. 
Compared to free insulin, the time period of the blood 
glucose level lower than 70% (PT-70%) of these nanopar-
ticles was significantly prolonged as well.58 Later, the 
same research group modified fatty acids to replace CA 
and increase the surface hydrophobicity of the nanoparti-
cles and the stability of insulin loaded inside the nanopar-
ticles. The higher the surface hydrophobicity of the 
nanoparticles was, the better was the antidiabetic efficacy. 
Compared to free insulin group, the relative pharmacolo-
gical availabilities of nanoparticles modified by lauric acid 
and oleic acid were 233% and 311%, respectively, follow-
ing subcutaneous administration in diabetic mice.59 Thus, 
the modification of positively charged HTCC and the 
introduction of hydrophobic groups onto nanoparticle sur-
faces can effectively realize the liver-targeted delivery of 
insulin.

Other Polymer-Based Carriers
Poly (hydroxybutyrate-co-hydroxyhexanoate (PHBHHx) 
is one of the members of the microbial polyhydroxyalk-
anoate biopolyester family and is used as a biodegradable 
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nanocarrier for the specific and sustained release of hydro-
phobic drugs.60 Nevertheless, hydrophilic insulin cannot 
be readily encapsulated into PHBHHx nanoparticles 
because of the strong lipophilic nature of PHBHHx. Peng 
and his team prepared an insulin phospholipid complex 
(INS-PLC) to enhance the lipophilicity of insulin and 
loaded insulin into biodegradable PHBHHx nanoparticles 
(INS-PLC-NPs)61 and PHBHHx 3D scaffolds (INS-PLC- 
SCAs),62 respectively. In those two systems, insulin 
showed sustained release in vitro. Twenty percent of insu-
lin was released within 31 days from INS-PLC-NPs and 
6% of insulin was released within 120 days from INS-PLC 
-SCAs. After subcutaneous implantation in streptozotocin 
(STZ) -induced diabetic rats, the hypoglycemic effect was 
significantly prolonged compared to that of the adminis-
tration of insulin solution. The therapeutic effect lasted for 
more than 80 h in case of the INS-PLC-NPs and for more 
than 130 h in case of the INS-PLC-SCAs; in addition, the 
pharmacological bioavailability was enhanced 3.5-fold and 
4-fold, respectively. Therefore, PHBHHx carriers are pro-
mising candidates for a long-term insulin release formula-
tion. To further prolong the hypoglycemic effect of insulin 
and significantly reduce the injection frequency, the same 
researchers combined INS-PLC-NPs and chitosan-based 
thermosensitive hydrogels to formulate INS-PLC-NP- 
loaded CS/GP hydrogels (NP-CS/GP). The hypoglycemic 
effect of NP-CS/GP following subcutaneous injection in 
diabetic rats lasted for more than 5 days, longer than INS- 
PLC-NP and INS-CS/GP. Therefore, the introduction of 
CS/GP hydrogels has great potential for ultralong-acting 
insulin injections.63

Another biodegradable, biocompatible polymeric car-
rier is microspheres of p(CPP:SA). After the water-soluble 
degradation products formed, the anhydride bonds of this 
CPP:SA copolymer would be hydrolyzed. Insulin micro-
spheres were fabricated by the w/o/w double emulsion 
solvent evaporation technique.64 The molar ratio of the 
CPP:SA copolymer could affect the insulin encapsulation 
efficiency (EE) and in vitro release profile. When the zinc 
oxide was added and the content of CPP was increased, 
the burst release of insulin was reduced and the in vitro 
release was prolonged over a month. After administration 
to diabetic rats, the serum insulin and the glucose levels 
were both prolonged for up to 35 days, which was con-
sistent with the in vitro results. To evaluate the stability of 
insulin in the CPP:SA microspheres during these long time 
periods, SDS-PAGE, CD spectroscopy, TOP MS and SE- 
HPLC were used. The results indicated that the released 

insulin was conformationally and chemically stable and 
bioactive during the sustained release phase.65

In situ Gelling Systems
As in situ hydrogels are sensitive to the environment and 
responsive to specific molecules, they can be used as drug 
delivery systems to protect drugs from adverse environ-
ments and control drug release.66 In situ gelling systems 
are biodegradable solutions with high biocompatibility. 
Because in situ gelling systems are safe and effective, 
they can be considered an alternative method to traditional 
subcutaneous injection of insulin.

Temperature-Sensitive Hydrogels
Temperature-sensitive hydrogels are aqueous polymer 
solutions at room temperature and transform to a sol-gel 
form at physiological temperature.

Dhawan et al prepared ten formulations that mixed 
a fixed concentration of insulin with different polymer 
solutions containing varied concentrations of PLGA and 
varied ratios of benzyl alcohol (BA) and benzyl benzoate 
(BB).67 From in vivo studies in mice, they concluded that 
the formulation containing PLGA and a combination of 
hydrophilic and hydrophobic solvents could reduce the 
burst effect and prolong the release.

For example, PLGA–PEG–PLGA triblock copolymer, 
a long-acting thermoreversible drug delivery system, is 
one of the research hotspots. Choi et al used this triblock 
copolymer as an injectable implant system, loading insulin 
with a concentration of 6 mg/mL for sustained insulin 
release. The released insulin level was steady and 
approached a constant within 2 weeks, and the blood 
glucose levels in Zucker Diabetic Fatty (ZDF) rats were 
maintained in the euglycemic range during insulin 
release.68 However, a high burst release is often observed 
in the release profile of insulin-loaded formulations. Thus, 
a delivery system containing PLA-PEG-PLA triblock 
copolymers and zinc-insulin was developed.69 The results 
showed that insulin with 40% (w/w) PLA-PEG-PLA 
(molecular weight 1584–1500–1584 Da) could be released 
continuously at a controlled rate over a 3-month time 
period and the release profile could be changed by altering 
the composition and concentration of the polymer or by 
adding metal ions. Recently, a novel delivery system was 
developed by incorporating oleic acid-grafted-chitosan oli-
gosaccharide-zinc-insulin complexes into PLA-PEG- 
PLA.70 In vivo studies showed that, after a single admin-
istration, the basal insulin level could be maintained stably 
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at 21 mU/L over 91 days and the blood glucose could be 
controlled to 120 mg/dL over 63 days in STZ-induced 
diabetic rats, which is almost satisfiable to the physiologi-
cal basal insulin requirement. In addition, it did not cause 
inflammation, tissue damage, collagen deposition or other 
adverse reactions and was therefore suitable for use as 
a long-acting delivery system.

These triblock copolymers can load not only insulin, 
but also other antidiabetic peptides. Initially, an optimized 
thermogel formulation, containing 2 mg/mL exenatide by 
mixing three additives (1.25 wt % zinc acetate, 5 wt % 
PEG200, and 5 wt % sucrose) in a 1:1 hydrogel mixture.71 

It was illustrated that the additives used above could 
reduce the burst release significantly and increase the 
complete release of exenatide in the later period. Results 
showed that both the in vitro and in vivo release could be 
sustained for more than 7 days in this formulation. 
Moreover, the effects between two methods of administra-
tion had been compared, free EXE given twice a day or the 
hydrogel formulation of EXE given on day 0 and day 10, 
and results demonstrated that the concentration of insulin 
is much higher, while the concentration of glycosylated 
hemoglobin (HbA1c) was lower in hydrogel system.72 

Therefore, this formulation of exenatide was much more 
beneficial on the promotion of the secretion of insulin, the 
sustained glycemic control and the patient compliance.

Later, two thermogelling triblock copolymers, poly (ε- 
caprolactone-co-glycolic acid)-poly (ethylene glycol)-poly 
(ε-caprolactone-co-glycolic acid) (PCGA-PEG-PCGA) 
and PLGA-PEG-PLGA, were synthesized to load 
liraglutide.73 Liraglutide is a fatty acid-modified antidia-
betic polypeptide with higher hydrophobicity than insulin 
and exenatide. In vitro release profiles indicated that 
within 9 days, 56% of the loaded liraglutide was released 
from the PCGA-PEG-PCGA formulation. In contrast, over 
85% of the loaded liraglutide was sustained for release 
from the PLGA-PEG-PLGA formulation. The in vivo tests 
showed that the hypoglycemic effect was prolonged for 
one week, which was consistent with the in vitro release 
profile. Thus, the PCGA-PEG-PCGA thermogel is 
a beneficial long-acting system for liraglutide release.

Recently, Zhuang et al synthesized PCGA-PEG- 
PCGA, PLGA-PEG-PLGA and a 1:1 mixed hydrogel of 
the two components to load lixisenatide.74 Lixisenatide 
was released quickly from the PCGA-PEG-PCGA formu-
lation in vitro and the accumulated release was 84.3 ± 
2.3% during the first 5 days. In contrast, only 58.2 ± 
0.4% of the lixisenatide was released from the PLGA- 

PEG-PLGA formulation in a 10-day time period. 
Lixisenatide was released continually from the 1:1 mixed 
hydrogel over a 10-day period, and the accumulated 
release reached 93.1 ± 2.8%. The in vivo study showed 
that after a single subcutaneous injection, the plasma lix-
isenatide level was maintained for 9 days. Therefore, the 
mixed hydrogel formulation is beneficial for the long-term 
delivery of lixisenatide.

Poly (ethylene oxide)–poly (propylene oxide)–poly 
(ethylene oxide) (PEO–PPO–PEO), also named Pluronic, 
is a nonionic amphiphilic triblock copolymer that made by 
a propylene glycol initiator and the sequential addition of 
propylene and ethylene oxides.75 PF-127 is a typical ther-
mosensitive reversible material that can convert from a gel 
to a solid at physiological temperature. The PF-127 gel can 
be used as a controlled delivery system for insulin.33 Nasir 
et al studied different formulations consisting of PF-127 
alone or PF-127 with methylcellulose in different propor-
tions and the in vitro and in vivo results indicated that the 
optimal formulation containing 15% w/v PF-127 and 3% 
w/v methylcellulose prolonged the insulin release and 
maintained basal plasma insulin levels for 10 days.76

Subsequently, PF-127 gel was used to prepare 
a formulation with high loaded insulin concentration (up to 
80 mg/mL, equal to 2200 IU/mL), and in vivo studies 
demonstrated that the blood glucose levels in diabetic rats 
could promptly be controlled to normal and the action could 
be remained for approximately 17 days, which was well 
correlated with the in vitro results.77 Therefore, PF-127 gel 
can be used as a long-acting insulin delivery system.

Some articles suggested that PF-127 could also be used 
to load different forms of insulin or other antidiabetic 
peptides. Chen and coworkers dispersed insulin-loaded 
liposomes into a PF-127 gel.78 The results suggested that 
this system permitted the sustained release of insulin for 
up to 7 days with a higher bioavailability than single 
liposomes or PF-127 gels containing insulin. And another 
delivery system, multilayered NPs/PF-127 mixtures loaded 
with exenatide, was improved. Compared with free exena-
tide or exenatide-loaded multilayered NPs, this mixed for-
mulation not only prolonged the release, but also 
significantly enhanced the hypoglycemic effect of 
exenatide.79

Chitosan can also be used in thermosensitive long-acting 
systems. Ghasemi et al studied the application of a chitosan/ 
β-glycerol phosphate (CS/β-Gp) hydrogel containing 8% (w/ 
v) β-Gp and 0.01 mg/mL insulin as a sustained delivery 
system and found that the hypoglycemic effect lasted 5 
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days in diabetic mice following a single subcutaneous 
injection.80 Another system, decanoic acid-modified glycol 
chitosan (DA-GC) hydrogels loaded with palmitic acid- 
modified exendin-4 (Ex4-C16), was showed that this formu-
lation prolonged the release of Ex4-C16 for over 10 days.81

There are many other materials applicable as long-acting 
thermosensitive hydrogels. Higashi and coworkers illustrated 
that PEGylated insulin loaded in polypseudorotaxanes 
(PPRXs) with cyclodextrins (CyDs) maintained the hypogly-
cemic effect and considerably increased the area under the 
plasma glucose level-time curve (AUCG).82,83 The in vitro 
release rate of PEGylated insulin in the γ-CyD PPPX was 
higher than that in α-CyD PPPX. Later, the CyDs PPPX 
hydrogel system delivering non-PEGylated insulin was 
investigated, and the results were consistent with Higashi 
et al.84 Therefore, γ-CyD PPPX is a potential sustained 
release system for PEGylated or non-PEGylated insulin.

Poly (ethylene glycol)-block-poly (alanine-co-phenyl 
alanine) (PEG-PAF) is another applicable material. 
A PEG-PAF hydrogel formulation containing 13.8 mg 
insulin/kg was injected in rats and showed a decreased 
blood sugar levels for over 18 days.85

Tetra-PEG hydrogel microspheres with a self-cleaving β- 
eliminative covalent linker can be used as a novel long-acting 
delivery system for exenatide release. Schneider and cow-
orkers investigated the pharmacokinetic properties of this 
system, which showed that exenatide was released slowly 
and had a half-life of approximately 7 days.86 However, the 
results indicated that exenatide would degrade in the subcu-
taneous depot. The authors found that [Gln 28] exenatide, 
which possesses similar pharmacokinetic and pharmacody-
namic properties than exenatide, remained stable for a longer 
time period.87,88 They also demonstrated that the half-life of 

[Gln 28] exenatide in the tetra-PEG hydrogel delivery system 
was approximately one month, and that the hypoglycemic 
effect could be maintained for a month after a single sub-
cutaneous injection in cats. Therefore, this [Gln 28] exenatide 
formulation has the potential to treat diabetes.

pH- and Temperature-Sensitive Hydrogels
As the poly (β-amino ester) (PAE) copolymer is sensitive to 
pH and the poly (ethylene glycol)-poly(ε-caprolactone) 
(PCL-PEG-PCL) copolymer is sensitive to temperature, 
PAE-PCL-PEG-PCL-PAE is dual-sensitive hydrogel 
(Figure 5A). Huynh and coworkers verified that this penta-
block copolymer transferred from a sol to a gel in response to 
both temperature and pH. The in vivo test in SD rats showed 
that after subcutaneous injection at pH 7.0 and 10°C, insulin 
was released continuously from the complex hydrogel (5 mg/ 
mL insulin in 25 wt% PAE-PCL-PEG-PCL-PAE solutions) 
for 15 days (Figure 5B).89 In a subsequent study, they inves-
tigated the different effects of various amounts of insulin and 
various concentrations of this pentablock copolymer in the 
hydrogel on the release.90 They concluded that the optimal 
insulin-loaded complex hydrogel containing 10 mg/mL insu-
lin and 30 wt% PAE-PCL-PEG-PCL-PAE with sustained 
insulin release for over 1 week following a single subcuta-
neous injection could be used to treat diabetic rats.

Lipid-Based Delivery System
As insulin is a hydrophilic compound, it is necessary to 
increase the lipophilicity of insulin to improve the efficiency 
of crossing the mucosa barrier. Zhou et al prepared complex 
compounds containing insulin and phospholipids with var-
ious mass ratios by a solvent evaporation method and inves-
tigated the physicochemical properties and the stability of 
the complex.91 The results indicated that the lipophilicity of 

Figure 5 (A) Schematic diagram of the complexes between PAE and amino acid of insulin. Reprinted from Huynh DP, Nguyen MK, Pi BS et al Functionalized injectable 
hydrogels for controlled insulin delivery. Biomaterials. 2008;29(16):2527–2534. Copyright 2008, with permission from Elsevier.89 (B) The plasma release profile of insulin in 
SD rats. Reproduced from Huynh DP, Im GJ, Chae SY et al Controlled release of insulin from pH/temperature-sensitive injectable pentablock copolymer hydrogel. J Control 
Release. 2009;137(1):20–24. Copyright 2009, with permission from Elsevier.90
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insulin could be increased notably and that insulin was stable 
when the mass ratio of the phospholipids and insulin was 
7.5:1 or higher. Therefore, the application of phospholipids 
is feasible and important in drug delivery systems for insulin.

Liposomes
Liposomes, small lipid spheres that are composed of con-
centric lipid bilayers surrounding aqueous compartments, 
are applicable as sustained delivery systems. Comparing 
equivalent amounts of insulin-loaded liposomes and free 
insulin with or without empty liposomes, Stevenson et al 
found that the insulin-loaded liposomes could prolong the 
duration of reduced glucose levels to at least 7 h following 
subcutaneous administration.92

Multivesicular liposomes (MLVs) consist of noncon-
centric multiple lipid layers. As the diameter of MLVs is 
generally in the range of tens of microns, a high amount of 
drugs can be loaded to maintain sustained drug release. 
Zhang et al prepared liraglutide-loaded multivesicular 
liposomes (Lrg-MVLs) by the water-in-oil-in-water (W1/ 
O/W2) double-emulsion method and studied the encapsu-
lation efficiency and the release profile.93 The results 
showed that the encapsulation efficiency of liraglutide 
was 82.23±4.78%, and that liraglutide maintained 
a constant and stable hypoglycemic effect in vivo for 
over 144 h after a single subcutaneous injection.

Lipid Gels
Vesicular phospholipid gels (VPGs) are semisolid liposo-
mal dispersions containing aqueous compartments in the 
core of the vesicles or between the vesicles; thus, they can 
be used to carry and sustain the release of hydrophilic, 
amphiphilic or lipophilic drugs.94 Zhang and coworkers 
fabricated exenatide-loaded VPGs containing various con-
tents of phospholipids and studied their release profiles. 
They concluded that, considering the viscosity and release 
profiles, the formulation containing 30% (wt %) VPGs 
was optimal, and exenatide could be released from this 
formulation steadily for more than 10 days.95

Subsequently, they investigated another kind of lipid 
gel, the phospholipid-based phase separation gel (PPSG), 
which convert from the sol state to the solid or semisolid 
state after subcutaneous injection. They selected the opti-
mal formulation containing biocompatible phospholipid 
S100 and medium-chain triglycerides (MCT) and found 
that exenatide-loaded PPSG showed hypoglycemic effects 
for 15 days in diabetic rats.96

Thus, exenatide-loaded lipid gels have the potential to 
be applied as a sustained and controlled release system for 
treating diabetes.

Inorganic Micro/Nanoparticles
Inorganic particles, such as mesoporous silicon (PSi) and 
silica, are applicable as novel long-lasting drug delivery 
systems. However, due to the limitation of small pore size 
and pore volume, there are few studies of this type of 
delivery system.

Huotari et al prepared different kinds of GLP-1-loaded 
PSi, including negatively charged thermally-oxidized 
mesoporous silicon (TOPSi) (pI 1.8), thermally- 
carbonized mesoporous silicon (TCPSi) (pI 2.6) and their 
corresponding positively charged amine-modified micro-
particles, TOPSi-NH2-D (pI 8.8) and TCPSi-NH2-D (pI 
8.8).97 They found that, compared with free GLP-1 or 
GLP-1 loaded negative particles, the absorption of GLP- 
1 onto positive particles was significantly higher, however, 
the duration of GLP-1 action was not prolonged. Later, 
Chen et al encapsulated exenatide into well-ordered hex-
agonal mesoporous silica nanoparticles (EXT-SBA-15) 
and studied the in vitro release profile of exenatide from 
this system.98 The results showed that the encapsulation 
efficiency of exenatide was 15.2 ± 2.0% and that the blood 
glucose levels were controlled below 20 mmol/L for 25 
days following subcutaneous injection of EXT-SBA-15. 
Therefore, EXT-SBA-15 could ensure the sustained 
release of exenatide.

The utility of modified large pore size mesoporous 
silicon nanoparticles is covered in part 3 of this review.

Stimuli-Responsive Subcutaneous 
Delivery Systems
In traditional delivery systems, the release behaviors of 
drugs are always passive and lack strict control over the 
blood sugar levels. To control blood sugar levels intelli-
gently and steadily, several stimuli-responsive subcuta-
neous delivery systems have been developed.

Glucose-Responsive Systems
To enhance the link between continuous glucose-sensing 
and the delivery of insulin, several closed-loop delivery 
systems of insulin have been established in recent years. 
Most of these systems are designed by combining glucose- 
sensing components with responsive insulin-releasing 
components. To date, the enzymes glucose oxidase 
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(GOx), glucose binding protein (GBP) and phenylboronic 
acid (PBA) have been commonly applied as glucose- 
sensing components.

GOx-Based Systems
GOx is a glucose-specific enzyme with high selectivity 
that can catalyze the transformation from glucose to glu-
conic acid (GlucA) effectively. GlucA molecules can 
cause pH-sensitive cationic or anionic hydrogels to swell 
or shrink, respectively. Therefore, it is common to use the 
combination of GOx and the pH-sensitive hydrogel to 
regulate the release rate of insulin.

A glucose-responsive delivery microdevice based on 
a bioinorganic nanocomposite membrane has been 
developed.99,100 GOx, catalase (CAT) and manganese 
dioxide (MnO2) nanoparticles were used in the transfor-
mation mentioned above, with the pH stimulus caused 
from GlucA molecules altering the volume of the hydro-
gel to change the permeability of the membrane. The 
in vivo studies showed that the regulated effect of blood 
glucose was maintained for 1 week. Nevertheless, 
a heavy fibrous capsule was easy to be generated when 
this device was implanted and the membrane degraded 
after 2 weeks. Therefore, this device was optimized by 
surface modification with 20-kDa PEG chains.101 After 
modification, it showed that the immune response was 
significantly reduced and the integrity of the membrane 
was improved. And the blood glucose levels could be 
controlled in diabetic rats for up to 18 days, which was 
markedly prolonged than before.

Gu et al developed a crosslinked nanonetwork system 
composed of insulin, a pH-responsive matrix, and nanopar-
ticles containing GOx and CAT, to regulate the release of 
insulin.102,103 Under hyperglycemic conditions, GOx gener-
ates a pH stimulus, which cause the network to dissociate 
and triggers the release of insulin according to the stimulus. 
Following a single subcutaneous administration, the blood 
glucose levels remained normal in the long term.

Afterwards, Tai et al assembled a type of GOx-loaded 
pH-sensitive nanovesicle consisting of a diblock copoly-
mer. After injection, glucose was passively transported 
into the core of the nanovesicle, where it was enzymati-
cally oxidized and generated an acidic environment in 
which the nanovesicle became hydrolyzed and triggered 
the insulin release from this system.104 In vivo studies 
showed that, after a single injection, the blood glucose 
level in diabetic mice was controlled to a normal level 
for 5 days.

Later, Mohamm et al developed a nanocomplex for-
mulation by mixing oppositely charged chitosan and 
enzyme-loaded PLGA nanoparticles.105 The nanoparticles 
were dissociated in response to a pH stimulus, which 
resulted in the release of insulin from this system. The 
results showed that the blood glucose levels could be 
controlled for 98 hours in diabetic rats following 
a subcutaneous injection.

Yu et al developed a glucose-responsive microsphere 
formulation composed of insulin, a pH-sensitive hydra-
zone polymer (methoxypolyethylene glycol-hydrazone 
-4-methoxypolyethylene glycol benzoate, mPEG-Hz- 
mPEG4AB), PLGA, GOx and CAT.106 The hydrazone 
bond is unstable under hyperglycemic conditions, and 
more than half of the insulin was released within 15 
hours. In contrast, insulin was nearly not released under 
normal blood glucose levels. The hypoglycemic effect was 
maintained in rats for 2 days after a single subcutaneous 
administration.

However, as the activity of glucose-sensing compo-
nents is high, the permeability and pH value of most 
glucose-sensitive delivery systems that have been 
reported may change considerably, leading to over half 
of the loaded insulin being released despite the blood 
glucose level being lower than the normoglycemic level 
(< 7 mM), or may even cause hypoglycemia. Therefore, 
Xu et al designed a novel nanosystem by coating an 
enzyme-polymer consisting of GOx/CAT and PEI onto 
insulin-loaded silica vesicles with a layer-by-layer 
approach.107 Compared with the enzyme layers, the PEI 
layers have a stronger proton affinity and can buffer 
large changes in pH, thus increasing the insulin-release 
threshold (Figure 6). The insulin release switches to 
“ON” in a hyperglycemic state. In the normoglycemic 
state, it switches to “OFF”. The results showed that the 
blood glucose levels were maintained at normal levels 
for 84 hours following a single administration.

To achieve both rapid and long-term release goals, 
Volpatti et al designed an insulin-loaded co-formulation 
containing modified acid-degradable acetalated-dextran 
polymers with different ratios (rapid-release: 55% cyclic 
modifications; extended-release: 71% cyclic modifica-
tions) and enzymes.108 The results showed that the glyce-
mic level was controlled for 16 hours after injecting this 
formulation.

Recently, another novel delivery system 
(ZIF@Ins&GOx) utilizing zeolitic imidazole framework-8 
(ZIF-8) nanocrystals to encapsulate insulin and GOx was 
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developed.109 ZIF-8 is a metal-organic framework (MOF) 
that can protect the bioactivity of insulin even under adverse 
conditions and is degraded in response to a pH stimulus. 
Thus, insulin can be released from this system once glucose 
penetrates the cavities of the ZIF-8. In vivo studies demon-
strated that this formulation significantly controlled the 
blood glucose levels in a diabetic mouse model for 3 days.

Hydrogen peroxide (H2O2) is another byproduct that is 
rapidly generated at high glucose concentrations during 
the oxidation of glucose by GOx. Therefore, H2O2- 
sensitive materials can also be used as a responsive insulin 
release component.

Li et al developed glucose and H2O2 dual-sensitive 
polymeric nanogels composed of PEG, pentaerythritol 
tetra(3-mercaptopropionate) (QT) and acryloyl 
(4-(5-(hydroxymethyl)-5-methyl-1,3,2-dioxaborinan-2-yl) 
phenyl) methanol (AHMDM).110 AHMDM is a dual- 
responsive polymer because of the cyclic phenylboronic 
ester component, which can not only react with glucose, 
but also clear H2O2. Therefore, after encapsulating GOx 
and insulin into this system, the release of insulin can be 
controlled by both glucose and H2O2. In vivo tests demon-
strated that the hypoglycemic effect was maintained for 
approximately 16 hours in diabetic mice after subcuta-
neous injection of these nanogels.

PBA-Based Systems
PBA is a nonenzymatic polymer sensitive to glucose. 
Unlike GOx, it will not cause an immunoreaction. It is 
also widely used to sense changes in blood glucose levels.

Wu et al developed an insulin-loaded monodisperse 
nanogel system composed of poly(N-isopropylacrylamide), 

poly (3-acrylamidophenylboronic acid) and maleic acid– 
dextran.111 In vitro and in vivo studies demonstrated that 
insulin was released from this system in response to glucose 
to decrease the blood glucose level to 51% of the baseline 
and maintain the effect for approximately 2 hours.

However, as the pore sizes of the hydrogel were large 
and its water content was high, insulin was released pre-
maturely and even led to the risk of hypoglycemia. To 
solve this problem, Zhao et al designed a novel micropar-
ticle-hydrogel (MP-gel) hybrid system consisting of PBA- 
PLGA MPs and a dopamine-conjugated hyaluronic acid 
(DOP-HA) hydrogel.112 Under neutral pH conditions, 
DOP combines with PBA to terminate the release of 
insulin at normal glucose levels. However, if the glucose 
level is high, glucose reacts with PBA and the micropar-
ticles are released from the hydrogel to regulate the blood 
glucose level. In vivo studies demonstrated that after the 
injection of this MP-gel, the blood glucose levels in dia-
betic mice were regulated to normal levels for approxi-
mately 2 weeks.

Another insulin-loaded porous PLGA microsphere 
coated with poly (vinyl alcohol) (PVA) and a novel copo-
lymer containing PBA (p(AAPBA-co-NVCL)) by the 
layer-by-layer approach has been developed.113 PVA can 
react with PBA and generate borate/diol complexes, and 
this complex polymer is disintegrated and insulin is 
released from this system when exposed to glucose. The 
results showed that the optimal system composed of eight 
alternating layers of each component had high drug load-
ing and encapsulation efficiency (2.83 ± 0.15% and 82.6 ± 
5.1%, respectively) and controlled the release of insulin in 
diabetic mice for up to 18 days.

Later, in consideration of the difficulties in verifying 
the availability of glucose-responsive delivery systems in 
large animal models, a novel charge-switchable polymeric 
complex composed of insulin and poly (EDAA-FPBA) 
was developed.114 This complex polymer can release insu-
lin in response to the blood glucose levels via the reaction 
of PBA and causes glucose to switch its charge from 
positive to negative. In addition, in vivo studies showed 
that insulin was rapidly released from this system under 
hyperglycemic conditions in both diabetic mice and mini-
pigs after subcutaneous injections.

GBP-Based Systems
GBP is a saccharide-binding protein that can interact with 
glucose selectively, which causes the bond between GBP 
and the polymer to break. Therefore, GBP can be utilized 

Figure 6 Different insulin release situations under the physiological glucose- 
responsive system.107 Reprinted with permission from Xu C, Lei C, Huang L et al 
Glucose-responsive nanosystem mimicking the physiological insulin secretion via an 
enzyme-polymer layer-by-layer coating strategy. Chemistry of Materials. 2017;29(18):-
7725–7732. Copyright © 2017 American Chemical Society.107

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                       

International Journal of Nanomedicine 2021:16 1272

Li et al                                                                                                                                                                 Dovepress

http://www.dovepress.com
http://www.dovepress.com


as a component in the glucose-sensitive delivery systems. 
Concanavalin A (Con A), a lectin from jack beans, is the 
most commonly used GBP.

Initially, it was found that the maltose-insulin derivative 
could reversibly bind to Con A and were released when 
exposed to the hyperglycemic environment by competitively 
substituting free glucose.115,116 Later, Kim and coworkers 
synthesized succinyl-amido-phenyl-glucopyranoside insulin 
(SAPG-insulin) and attached it to Con A to achieve the self- 
regulated release of insulin.117,118 However, this system 
needed a long time to respond to changes in glucose. 
Therefore, the same authors designed new hydrophilic 
nylon microcapsules. The response time could be reduced 
if there were at least two layers and each layer contained 
active Con A and SAPG-insulin.119

In addition, as Con A can reversibly bind to polysac-
charides such as chitosan and mannose, it can also be 
applied to synthesize glucose-responsive hydrogels.

A complex hydrogel with Con A and poly (2-glucosylox-
yethyl methacrylate) (poly (GEMA)) was synthesized. It was 
found that the use of Con A increased the density of this 
crosslinked network so that this system changed its swelling 
ratio in response to glucose.120 Yin et al prepared insulin- 
loaded genipin-crosslinked microgels containing Con A and 
a chitosan derivative (GEA-chitosan). In vitro results showed 
that insulin was quickly released via the expansion or hydro-
lysis of the hydrogel as the glucose levels increased.121,122 

Subsequently, Con A was utilized in a crosslinked network of 
poly(N-isopropylacrylamide) (poly (NIPAM)).123 At physio-
logical pH, this nanogel system swelled and stabilized within 
1 s as the concentration of glucose ranged from 50 μM to 
20.0 mM. In addition, the release of insulin in vitro was 
regulated by the glucose concentration in a pulsatile profile.

Polysaccharides and Con A can also be used in glu-
cose-responsive nanoparticle delivery systems due to their 
mutual association. Wu et al developed a controlled deliv-
ery system consisting of Con A, mannose and mesoporous 
silica nanoparticles (MSNs).124 Drug-loaded MSNs were 
functionalized with mannose epitopes and then covered by 
a layer of Con A via the interaction between carbohydrates 
and proteins. When exposed to a high concentration of 
glucose, the drug could be released from this system 
owing to the competitive binding of blood glucose.

Dual-Responsive System
Wang and coworkers developed a novel insulin-loaded 
cycloborate-based glycopolypeptide nanocarrier composed 
of a phenylboronic acid-containing homopolymer 

(PAAPBA), a PEG-b-P(Asp-co-AGA) and GOx.125 

Cycloborate, formulated by binding PAAPBA with PEG- 
b-P(Asp-co-AGA), degraded when the following sequence 
occurred: glycosyl group replacement by glucose, glucose 
oxidization and hydrolyzation by H2O2 that was produced 
during the oxidation of glucose by GOx (Figure 7).

Later, they developed insulin and GOx loaded poly 
(acrylamidophenylboronic acid)/sodium alginate nanopar-
ticles based on the carrier above.126 In vivo studies demon-
strated that blood glucose levels in diabetic mice decreased 
to a normal state within 0.5 h, and this effect could be 
maintained for up to 14 h.

Magnetic-Responsive Delivery
Alginate/chitosan microcapsules containing magnetic iron 
oxide nanoparticles were prepared by Finotellim et al to 
deliver insulin.127 The results showed that after being 
placed into an oscillating magnetic field, the release of 
insulin was noticeably enhanced, and the preliminary 
in vivo tests verified that the released insulin from this 
formulation retained its activity. Therefore, it is possible to 
use this delivery system to control the release of insulin.

Ultrasound-Facilitated Delivery
Ultrasound can also be actively used to control the delivery 
of drugs. Di and coworkers established a PLGA nanonet-
work containing insulin and evaluated the release behavior 
of insulin under a focused ultrasound system (FUS). The 
results illustrated that this nanonetwork formulation regu-
lated the blood glucose levels for over 1 week after a 30-s 
stimulus of FUS.128 However, the amount of insulin 
decreased rapidly after each FUS-trigger, thereby decreas-
ing the hypoglycemic effect gradually. Afterwards, the 
same group developed chitosan microgels integrated with 
insulin-encapsulated PLGA nanocapsules (Figure 8A). The 

Figure 7 Schematic diagram of the preparation and reaction of nanoparticles. 
Reprinted with permission from Wang Y, Fan Y, Zhang M et al Glycopolypeptide 
nanocarriers based on dynamic covalent bonds for glucose dual-responsiveness and 
self-regulated release of insulin in diabetic rats. Biomacromolecules. 2020;21(4):-
1507–1515. Copyright © 2020 American Chemical Society.125
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in vivo studies of STZ-induced type 1 diabetic mice showed 
that after the subcutaneous injection of this formulation, 
insulin was released passively from the nanocapsules and 
stored in the microgels temporarily to avoid the initial burst 
effect. Once stimulated by FUS for 30 s, insulin was 
released quickly. Moreover, even after the system had 
been activated six times, the regulation of the blood glucose 
levels did not decrease rapidly (Figure 8B).129 Therefore, 
this ultrasound-facilitated microgel formulation can control 
blood glucose levels more effectively for a long time 
period.

Near-Infrared-Activated Insulin Delivery
A near-infrared (NIR) laser is another stimulus that is 
safe and applicable to real-time clinical systems to deli-
ver drugs. A continuous-wave near-infrared laser was 
used to activate the release of insulin in a novel compo-
site membrane device consisting of hydrophobic ethyl-
cellulose and hollow gold nanoshells (AuNSs).130 Under 
the NIR laser, AuNSs absorb light and convert it to heat, 

which prompts the membrane to turn from impermeable 
to poriferous and triggers the release of insulin from this 
device (Figure 9A). In diabetic SD rats with subcuta-
neous implants of this device, the blood glucose levels 
were controlled for 14 days after repeated 30-min expo-
sure to equal intensities of the NIR light (570 mW/cm2) 
(Figure 9B).

Conclusion and Future Perspectives
Subcutaneous delivery systems with fast-acting and highly 
bioavailable delivery have been still widely used. As insu-
lin and other biomacromolecular drugs are not stable in the 
gastrointestinal tract, subcutaneous delivery systems are 
more beneficial to ensure the stability of them. Moreover, 
due to the large surface area and higher permeability, the 
absorption of the drug will be faster and steadier by sub-
cutaneous. However, there are several shortcomings of 
these systems. Long-term multiple injection may cause 
pain, infection, local tissue necrosis, psychological stress, 
or even hyperinsulinemia, leading to the poor patient 

Figure 8 (A) A schematic diagram of the integration of a chitosan microgel with insulin-loaded PLGA nanocapsules. (B) The blood glucose levels in STZ-induced diabetic 
mice following different conditions: 1) a subcutaneous injection of microgel with FUS treatment (950 kHz; 20 μs; 30 s) (red line); 2) a subcutaneous injection of microgel 
without FUS treatment (black line); 3) an injection of PBS solution with FUS treatment (green line) (n = 5). Reproduced by permission from Springer Nature. Di J, Yu J, Wang 
Q et al Ultrasound-triggered noninvasive regulation of blood glucose levels using microgels integrated with insulin nanocapsules. Nano Research. 2017;10(4): 1393–1402. 
Copyright 2017.129

Figure 9 (A) Schematic diagram of developed device and the cross-section of membrane. (B) Blood glucose levels following repeated administration under the same 
irradiance (gray box; 570 mW/cm2; 30 min) in four stages within 14d (n = 3). Reproduced from Timko BP, Arruebo M, Shankarappa SA et al Near-infrared-actuated devices 
for remotely controlled drug delivery. Proc Natl Acad Sci USA. 2014;111(4):1349–1354. Copyright (2014) National Academy of Sciences.130
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compliance. Therefore, it is necessary to reduce the fre-
quency of administration and eliminate the injection 
discomfort.

Nowadays, a variety of formulations, materials and 
devices with sustained or stimuli-responsive mechanisms 
have been established and show remarkable therapeutic 
effectiveness at both the research and clinical levels. 
Novel systems which we summarized above, such as 
micro/nanocarriers, in situ hydrogels, and magnetic, ultra-
sound, NIR or glucose-responsive systems, have shown 
the quite potential to modify the stabilities and pharmaco-
kinetic properties of biomacromolecules to improve the 
compliance of diabetic patients and their quality of life.

Despite the advances illustrated in this review, there are 
still issues that need to be addressed regarding potential 
clinical applications. First, precise doses and constant release 
of insulin are challenges for both stimulated release systems 
and depot-based systems. In most delivery systems now in 
use, the dose of insulin is excessive, and the long-term use of 
overdose may cause the change of cells or tissues, which is 
harm to the patients. These challenges can be addressed by 
developing more sensitive glucose response sensors and new 
polymerization techniques. Second, achieving consistency 
between the in vitro and in vivo formulations is another 
urgent problem that needs to be solved. Although the 
expected fast in vitro action has been shown in many studies, 
the in vivo behavior is not satisfactory. A possible solution is 
to add or improve new glucose-response moieties in the 
materials or devices to achieve stronger associated 
consistency.131 Finally, the biocompatibility and toxicity of 
novel materials and devices need to be further evaluated 
because any possible side effects may lead to serious health 
issues in long-term treated diabetic patients. In particular, the 
in vivo toxicity of these materials and their degradation 
products should be further assessed in detail to confirm 
their safety as implanted biomaterials. Therefore, a precise 
release dose, suitable biodegradability and biocompatibility, 
satisfactory sustained release and accurate stimuli-responsive 
capability are important for the development of subcutaneous 
delivery systems for insulin and GLP-1 agonist polypeptides 
in diabetes treatment.
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