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The encapsulation of insulin in micro- or nanodelivery systems may eliminate the need for frequent subcutane-
ous injections, improving the quality of life of diabetic patients. Formulations for oral, intranasal, pulmonary, sub-
cutaneous, and transdermal administration have been developed. The use of stimuli-responsive polymeric
carriers that can release the encapsulated drug in response to changes of the environmental stimuli or external
activation enables the design of less invasive or non-invasive systems for smart insulin delivery from depots in
the body. This article will look at strategies for the development of responsive delivery systems and the future
meeting of the demands of new modes of insulin delivery.
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1. Introduction

Diabetes mellitus is an endocrine disorder that is characterized by
high blood glucose levels (hyperglycemia), ultimately leading to nu-
merous serious and even fatal complications. It is caused by the produc-
tion of either too little or no insulin as a result of destruction of
pancreatic β-cells (type 1 diabetes) or reduced insulin sensitivity,
which is followed by insufficient insulin secretion because of progres-
sive β-cell exhaustion (type 2 diabetes) [1–3]. The current standards
of care for patients with either type 1 or 2 diabetes involve the adminis-
tration of insulin, a 51-amino-acid peptide [4]. In response to hypergly-
cemia, insulin regulates blood glucose levels by stimulating cells in the
body, specifically liver and skeletal muscle cells, to take up glucose
from the blood [5,6].

The conventional approach of controlling hyperglycemia for the
treatment of diabetes involves multiple subcutaneous injections of
exogenous insulin [7–9]. Although without acute complications,
daily subcutaneous injections can cause discomfort, infection, and
hyperinsulinemia, resulting in poor patient compliance [8]. Moreover,
such injection therapy commonly leads to the suboptimal control of
blood glucose levels because glucose sensing and insulin delivery are
not directly coupled [10].

To overcome the psychological stress and shortcomings that are as-
sociated with the above conventional treatment, efforts have been
made to identify alternative, less invasive or non-invasive routes partic-
ularly those involving stimuli-responsive systems for insulin delivery.
Strategies that employ stimuli-responsive insulin-delivering carriers
or devices to improve diabetic therapeutic delivery are rapidly becom-
ing more mature. This review will elucidate alternative routes for insu-
lin delivery (including oral, intranasal, pulmonary, subcutaneous, and
transdermal administrations) (Fig. 1) that use various environmentally
or externally regulated stimuli-responsive micro- and nanocarrier sys-
tems. The encapsulation of insulin in these stimuli-responsive vehicles
may eliminate the need for frequent subcutaneous injections, improv-
ing patient safety and compliance. The challenges in meeting the de-
mands of insulin delivery via alternative administration routes will
also be discussed. Since the subject of transdermal insulin delivery will
be covered in another review, it is not discussed herein.
Fig. 1. Alternative administration routes for insulin for treating diabetes, including nasal,
oral, pulmonary, subcutaneous, and transdermal. Adapted with permission from [59].
2. Oral delivery of insulin

Oral administration of therapeutic agents remains themost patient-
friendly route, as it is non-invasive and convenient. However, the oral
delivery of peptide/protein drugs such as insulin is highly challenging,
as these hydrophilic macromolecules have to overcome several major
challenges in the gastrointestinal (GI) tract, such as lowpHandprotease
hydrolysis [11,12]. Additionally, owing to their high molecular weights
and hydrophilicity, the permeability of peptide/protein drugs across
the intestinal epithelium that is covered by mucous layer is rather
poor [13]. A carrier system is therefore required to protect its loaded
therapeutic agents against the harsh GI environment and facilitate
their crossing the epithelial barrier and being transported into systemic
circulation.

The intestinal epithelium comprises a cell layer of enterocytes, gob-
let cells, and Microfold (M) cells [14]. The absorption of therapeutic
agents across the epithelial barrier can occur by either transcellular or
paracellular diffusion [15]. However, hydrophilic peptide/protein
drugs cannot directly diffuse through the hydrophobic lipid-bilayer
membranes of epithelial cells, and the transport of therapeutics via the
paracellular pathway is severely restricted by the presence of tight junc-
tions at the luminal aspect of adjacent epithelial cells [16,17]. Numerous
intestinal permeation enhancers that promote drug absorption via the
transcellular and/or paracellular pathways have been studied [18–20].
Many stimuli-responsive polymeric carriers that involve these perme-
ation enhancers that can control oral insulin delivery (depending on
the environmental pH, glucose concentration, or external stimuli) and
enhance its bioavailability have been reported.
2.1. pH-responsive carriers

The pH values in the GI tract rise rapidly from highly acidic
(pH 1.0–3.0) in the stomach to pH 6.0–6.5 in the duodenum, and in-
crease further to neutral or slightly alkaline along the jejunum and
ileum (pH 7.0–7.5) [21]. Various microparticle (MP) and nanoparticle
(NP) carrier systems, which function as smart on–off switches for the
controlled release of insulin in a manner related to the pH in the GI
tract, have been investigated [22–24]. These pH-responsive carriers
are stable and can protect encapsulated therapeutic proteins under
acidic conditions in the gastric environment, while allowing the con-
trolled release of the cargoes at neutral pH when they reach the small
intestine.

The pH-responsiveness of a carrier system is usually caused by
weakly acidic or basic functional groups on the backbones of its constit-
uent polymeric materials, such as polyacrylic acid (PAA) and chitosan
(CS), whose electrostatic charges can be tuned in response to pH
changes in the localmilieu [25]. PAA, a biocompatible polymer that con-
tains carboxylic acid groups can bind with Ca2+ ions that are present in
the intestinalfluid andmucus layer [26]. Insulin is very sensitive to tryp-
sin and chymotrypsin, which are Ca2+-dependent enzymes in the GI
tract [27]. One method for inhibiting the activities of intestinal proteo-
lytic enzymes is to remove Ca2+ ions from the enzyme structures [28].
The removal of extracellular Ca2+ ions may also disrupt intercellular
tight junctions, increasing the paracellular permeability [20,29]. CS is
another polymer of natural-origin that has been widely used as an ex-
cipient in oral drug delivery [14,18]. CS is a well-known mucoadhesive
agent that has been used as a paracellular permeation enhancer that
can reversibly open epithelial tight junctions to increase the intestinal
absorption of therapeutic macromolecules [30–32].
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Gao and coworkers synthesized a PAA-based hydrogel as a pH-
responsive carrier system for oral insulin delivery [24]. The pKa value
of the carboxylic acid groups on PAA is approximately 4.5 [33]. Insulin
molecules can be protected in this carrier system in the acidic environ-
ment of stomach. The carboxylic acid groups in PAA are deprotonated at
the neutral pH of the small intestine, generating electrostatic repulsion
between the polymer chains, allowing the encapsulated drug to be re-
leased (Fig. 2A). Lyophilized insulin-loaded gels were ground into MPs
with a size of 100–200 μm and then orally administered to the rats
with streptozotocin (STZ)-induced diabetes using an oral gavage nee-
dle. A continuous decline in blood glucose levels was observed, which
was maximized at 6 h post-administration, and then gradually
returning to the initial level (Fig. 2B).

Sonaje et al. prepared an NP delivery system that comprised the
positively charged CS and the negatively charged γ-poly-glutamic acid
(γ-PGA) for oral insulin delivery [22]. The as-prepared NPs were pH-
responsive as the pKa of CS is around 6.5 [34]. In an environment with
a pH of b7.0 such as the lumen of the duodenum, the CS NPs remained
intact, but at pH N 7.0, as in the mucus layer close to the intercellular
spaces, they became unstable and disintegrated (Fig. 2C). The mecha-
nism of the oral insulin delivery is as follows. The mucoadhesive CS
NPs adhere to and infiltrate themucus layer that covers the small intes-
tine. The infiltrating NPs then transiently open the tight junctions be-
tween epithelial cells, while becoming unstable and disintegrating, as
Fig. 2. pH-responsive insulin delivery via oral administration. (A) Release profiles of insulin from
by incubation in artificial intestinal fluid (AIF) for another 6 h. (B) Blood glucose levels of diabet
insulin released from pH-responsive CS NPs. NPs: nanoparticles; ML: mucus layer; TJs: tight ju
a result of their pH-responsiveness, releasing the loaded insulin. The re-
leased insulin then permeates the opened paracellular pathway and is
absorbed into systemic circulation, exerting glucose-lowering effects.

In addition to the above-mentioned examples, derivatives of PAA
(poly(methacrylic acid)) [35–38] and CS (N-trimethyl CS and lauryl suc-
cinyl CS) [23,39,40] as well as their polyelectrolyte complexes such as
PAA/CS [41–43], PAA/liposome [44], CS/γPGA [22,45–47], and CS/algi-
nate [48–50] have been proposed as pH-responsive carrier materials
for oral insulin delivery. Table 1 presents representative examples of
pH-responsive micro- and nanocarriers that have been recently found
to improve oral bioavailability of insulin [51–56].

Although research into oral insulin delivery has mostly focused on
the use of pH-responsive carriers, other appealing methods that use
magnetically responsive or glucose-responsive carriers have been pro-
posed for prolonging intestinal retention of delivery vehicles and trig-
gering drug release, respectively.

2.2. Magnetically responsive carriers

Langer and coworkers reported a formulation strategy that uses an
external magnetic field to localize and prolong the residence time of
poly(lactide-co-glycolide) (PLGA) MPs that contain magnetite crystals
and insulin in the intestinal area (Table 1) [57,58]. The hypoglycemic ef-
fects of themagnetically responsive carriers were evaluated in a mouse
PAA-based hydrogels following incubation in artificial gastricfluid (AGF) for 2 h, followed
ic rats following various treatments. (C) Presumedmechanism of paracellular transport of
nctions; EC: epithelial cells. Adapted with permission from [22,24].



Table 1.
Selected examples of stimuli-responsive insulin delivery by oral administration.

Triggering
stimuli

Materials Carrier formulations Triggering methods Insulin
doses

Animal model References

pH PAA-based PAA/CMC Intestinal pH 30, 60
IU/kg

Wistar rat [24]

PAA/PEG Intestinal pH 50 IU/kg Wistar rat [35]
PAA/PGA Intestinal pH 30, 60

IU/kg
Wistar rat [36]

PAA/O-carboxymethyl CS Intestinal pH 40 IU/kg Sprague-Dawley rat [41]
PAA/N-succinyl CS Intestinal pH 50, 100

IU/kg
Swiss albino mouse [42]

PMAA/PEG Intestinal pH 25 IU/kg Sprague-Dawley/Wistar rat [37,38]
PMAA/carboxylated-CS Intestinal pH 25, 50

IU/kg
Sprague-Dawley rat [43]

CS-based CS/γPGA Intestinal pH 30 IU/kg Wistar rat [22,45–47]
CS/alginate Intestinal pH 50, 100

IU/kg
Swiss albino
mouse/Sprague-Dawley/Wistar rat

[48–50]

CS/TPP Intestinal pH 50–100
IU/kg

Sprague-Dawley/Wistar rat [51,52]

Ttrimethyl CS/Cysteine Intestinal pH 50 IU/kg Sprague-Dawley rat [39]
Trimethyl CS/CSK peptide Intestinal pH 50 IU/kg Sprague-Dawley rat [23]
Lauryl succinyl CS Intestinal pH 60 IU/kg Wistar rat [40]

PLGA-based PLGA NPs Intestinal pH 76.6 IU/kg Sprague-Dawley rat [53]
PLGA NP encapsulated into
microcapsules

Intestinal pH 20 IU/kg Wistar rat [54,55]

Lipid-based FA-PAA-PAH-modified liposomes Intestinal pH 50 IU/kg Sprague-Dawley rat [44]
TP/SC/PLL Intestinal pH 25 IU/kg Sprague-Dawley rat [56]

Magnetic
field

– Magnetic NPs in PLGA MPs Magnets (1 × 1 × 0.5 in.) applied to abdominal
area of mice

100 IU/kg Balb/c mouse [57]

– PLGA MPs-micromagnet
complexes

Magnetic belt applied to abdominal area of
mice

120 IU/kg Balb/c mouse [58]

Glucose – FA-PBA-PAA NPs in HA hydrogel Glucose levels 75 IU/kg Sprague-Dawley rat [60]

Abbreviations: PAA, polyacrylic acid; CS, chitosan; PLGA, poly(lactic-co-glycolic acid); CMC, carboxymethyl cellulose; PEG, polyethylene glycol; PGA, polyglutamic acid; PMAA, poly
(methacrylic acid); TPP, tripolyphosphate; CSK, CSKSSDYQC; NPs, nanoparticles; FA, folic acid; PAH, poly(allyl amine) hydrochloride; TP/SC, N-tocopheryl-N′-succinyl; PLL, poly-L-lysine;
MPs, microparticles; PBA, phenylboronic acid; HA, hyaluronic acid.

Fig. 3. Glucose-responsive insulin delivery via oral administration. (A) Mechanisms of insulin release from PBA-based glucose-responsive system. (B) Results of dynamic light scattering
analysis. (C) Insulin release profiles of PBA-based glucose-responsive NPs in various concentrations of glucose. Adapted with permission from [59,60].
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Table 2
Selected examples of stimuli-responsive insulin delivery by intranasal administration.

Triggering
stimuli

Carrier formulations Triggering methods Insulin
doses

Animal model References

Temperature Poloxamer/CS/glycine/glutaraldehyde 37 °C, sol-gel transition (solution transformed into hydrogel, decreasing nasal
mucociliary clearance rate)

10
IU/kg

Wistar rat [67]

HTCC/PEG/α,β-glycerophosphate 37 °C, sol-gel transition 10
IU/kg

Sprague-Dawley
rat

[68]

Trimethyl
CS/PEG/α,β-glycerophosphate

37 °C, sol-gel transition 10
IU/kg

Sprague-Dawley
rat

[69]

pH Carbopol/HPMC pH 7.2–7.4 1.5
IU/kg

Sprague-Dawley
rat

[70]

Abbreviations: CS, chitosan; HTCC, N-((2-hydroxy-3-trimethylammonium) propyl)) chitosan chloride; PEG, polyethylene glycol; HPMC, hydroxypropyl methylcellulose.
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model in the presence of a circumferentially applied external magnetic
field. The results thus obtained revealed that prolonging the intestinal
residence timeof insulin delivery vehicles improves blood-glucose-low-
ering as more insulin is released and then absorbed.

2.3. Glucose-responsive carriers

Polymers that are functionalized with phenylboronic acid (PBA)
have been extensively studied as glucose-responsive carrier materials
for insulin delivery, owing to the highly specific interaction between
the boronic acids on PBA and the 1, 2-diols in glucose (Fig. 3A) [59]. A
glucose-responsive NP system that comprises PBA functionalized poly-
mers has been proposed as an alternative system for administrating in-
sulin via the oral route (Table 1) [60]. To target the folate receptors that
are overexpressed on the intestinal epithelial cells, folic acid is intro-
duced onto the NPs, facilitating the delivery of NPs by receptor-
mediated endocytosis. The as-prepared NPs are significantly enlarged
in the presence of glucose (Fig. 3B), allowing insulin release (Fig. 3C).
The oral administration of the insulin-loaded NPs in diabetic rats had
an effective hypoglycemic effect, with the greatest depression of the
blood glucose level 5 h later.

Although treatmentwith insulin via the oral route is highly challeng-
ing, oral insulin takes advantage of its direct absorption into the liver via
portal circulation, which is a route that replicates the endogenous insu-
lin secretion [61]. The direct absorption of insulin into the liver, as its pri-
mary action site, has been regarded as being physiologically beneficial,
although its long-term effects are yet to be elucidated. Conversely, the
subcutaneous administration of insulin targets peripheral tissue rather
than the liver, and so is dissimilar to the physiological route of insulin.

3. Intranasal delivery of insulin

The nasal cavity has attractedmuch interest as an accessible location
for non-invasive drug delivery. Drugs that are delivered via the intrana-
sal route using a nasal metered spray or a nasal pipette can be rapidly
transported into the systemic circulation, owing to the large surface
area (ca. 150 cm2) and high vascularity of the nasalmucosa for drug ab-
sorption [62–64]. The mechanism of the intranasal delivery of insulin
involves the adhesion of the drug carriers to the mucous layer and the
passage of the drug through the nasal epithelium, followed by its direct
transport into systemic circulation, bypassing the hepatic first-pass me-
tabolism [11,59,62,65]. In spite of the effectiveness of the intranasal
route, the nasal delivery of insulin presents fundamental challenges,
Table 3
Selected examples of stimuli-responsive insulin delivery by pulmonary administration.

Triggering stimuli Carrier formulations Triggering method

Glucose Con A-linked agglomerates Glucose levels
PBA-contained polymeric micelles Glucose levels

Cysteine DTSSP-linked agglomerates External applicatio

Abbreviations: Con, concanavalin A; PBA, phenylboronic acid; DTSSP, dithiobis(succinimidyl pr
including the short residence time of a liquid dosage and the barrier of
the nasal mucosa to the absorption of the drug, limiting its bioavailabil-
ity [11,62,66].

Methods for using in situ gelling polymers such as Poloxamer, CS,
and Carbopol that can prolong the residence time of drug carriers in
the nasal cavity and increase drug permeability across the nasal mucosa
have been examined for the purpose of insulin delivery [67–70]. In situ
gelling polymers can undergo a sol-gel transition in aqueous solutions,
induced either by environmental temperature or pH upon intranasal
administration [71,72]. Table 2 presents the formulations, gelation-
triggered mechanisms, effective doses of the therapeutics, and the ani-
mal models.

3.1. Temperature-responsive systems

Poloxamers are nonionic triblock copolymers of poly(ethylene
oxide)-b-poly(propyleneoxide)-b-poly(ethyleneoxide), themost com-
monly used thermo-responsive polymers [73], which have been formu-
lated as in situ nasal gels in combination with various mucoadhesive
agents [72]. The underlying mechanism of Poloxamer gelation involves
its micellization and micellar aggregation in a concentration- and
temperature-dependent manner [72]. Chung et al. prepared an in situ
gelling polymer of Poloxamer 407/CS that contained insulin [67]. The
duration of the in vitro release of insulin from this in situ forming gel
was six times that from its counterpart with plain Poloxamer 407. The
nasal administration of Poloxamer 407/CS gel to rats with experimen-
tally induced diabetes resulted in a prolonged hyperglycemic effect.

In thepresence ofβ-glycerophosphate (β-GP), quaternized CS deriv-
atives such as N-((2-hydroxy-3-trimethylammonium) propyl) CS chlo-
ride (HTCC) and trimethyl chitosan (TMC) can rapidly gel in situ in
response to an increase in temperature [68,69,71]. The formulated
HTCC/β-GP and TMC/β-GP gels have been shown to influence the con-
trolled delivery of insulin as governed by the environmental tempera-
ture. In animal experiments, the administration of insulin-containing
hydrogel formulations via the intranasal route reduced blood glucose
levels for ca. 24 h in diabetic rats, with no apparent cytotoxicity.

3.2. pH-responsive systems

Another type of in situ gellingpolymerwhose effectiveness in insulin
delivery through the nasal cavity has been evaluated is Carbopol, which
is a crosslinked PAA polymer that exhibits a sol-gel phase transition
when induced by an appropriate local pH [71]. Insulin that is delivered
s Insulin doses Animal model References

1.4 IU/kg Sprague-Dawley rat [81]
– – [82]

n of cysteine 1.42 IU/kg Sprague-Dawley rat [83]

opionate).



Table 4
Selected examples of stimuli-responsive insulin delivery by subcutaneous administration.

Triggering
stimuli

Carrier formulations Triggering methods Insulin
doses

Animal model References

Glucose GOx/CAT encapsulated in pH-sensitive materials Glucose levels 40–60
mg/kg

C57B6 mouse [86–88]

SVs coated with GOx/CAT/PEI Glucose levels 40 mg/kg C57B6 mouse [89]
PBA-based polymeric nanogels Glucose levels 4 IU/kg Wistar rat [90]
PBA-modified PLGA MPs coated with hydrogel Glucose levels 50 mg/kg ICR mouse [91]
PLGA MPs coated with PBA-containing polymers Glucose levels 1.5 mg/kg Kunming mouse [92]

pH/Temperature PAE-PCL-PEG-PCL-PAE hydrogels pH 7.4; 37 °C. sol-gel transition and
degradation

1 mg/rat Sprague-Dawley
rat

[93]

Ultrasound PLGA nano-network Focused ultrasound system (950 kHz; 20
μs; 30 s)

60 mg/kg C57B6 mouse [94]

PLGA nanocapsules in CS microgels Focused ultrasound system (950 kHz; 20
μs; 30 s)

1.4 IU/kg C57B6 mouse [95]

Magnetic field EVA copolymer mixtures Magnetic field (2700G; 13.3 Hz) N/A Sprague-Dawley
rat

[96]

Magnetic NPs in Alginate/CS matrix Magnetic field (1800G; 33 Hz) N/A Swiss mouse [97]
Near infrared Insulin reservoir capped by ethylcellulose membrane containg

Au NPs
808 nm laser light (570 mW/cm2; 30 min) 1 U/rat Sprague-Dawley

rat
[98]

Abbreviations: GOx, glucose oxidase; CAT, catalase; SVs, silica vehicles; PEI, polyethylenimine; PBA, phenylboronic acid; PLGA, poly(lactic-co-glycolic acid);MPs, microparticles; PAE, poly
(β-amino ester); PCL, poly(caprolactone); PEG, polyethylene glycol; EVA, ethylene-vinyl acetate; CS, chitosan; Au NPs, gold nanoparticles; N/A, not available.
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by the Carbopol-formulated nasal gel is absorbed quickly after applica-
tion. The hypoglycemic effect of this in situ forming gel reportedly lasts
longer in rats than in human volunteers [70].

Since the human nasal cavity can retain a limited volume of fluid
(approximately 200 μL per nostril), only a small amount of the formula-
tion can be administered intranasally [62]. The administering of excess
volume of fluid into the nasal cavity would disturb the normal function
Fig. 4.Glucose-responsive carrier via subcutaneous administration. (A)Mechanismof enzyme-b
and enzymeNPs as glucose-responsive insulin delivery systems. (C) Blood glucose levels of diab
(MGs(I + E)), MPs that encapsulate insulin only (MGs(I)) or MPs that encapsulate enzymes
oxidase; CAT: catalase. Reprinted with permission from [87].
of the nose. Nasal drug delivery is, therefore, primarily suitable for con-
centrated solutions or potent drugs.

4. Pulmonary delivery of insulin

Insulin delivery via the pulmonary route has been regarded as a po-
tential alternative method to subcutaneous injection therapy for
ased glucose-responsiveNPs. (B)Workingmechanismof testMPs that encapsulate insulin
eticmice after subcutaneous injectionwith PBS,MPs that encapsulate insulin and enzymes
only (MGs(E)). (D) Blood glucose levels extracted from shaded part of (C). GOx: glucose
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treating diabetes. Pulmonary drug delivery by inhalation from the tra-
chea through the alveolar epithelium of the lung and ultimately to the
systemic circulation, can be conveniently realized using a portable
inhaler or a nebulizer [74]. The alveolar epithelium is permeable to
lipophilic and hydrophilic drugs, which passively diffuse via the trans-
cellular and paracellular pathways, respectively [1]. The enormous ab-
sorptive surface area (80–120 m2) and thin (0.2 μm) and highly
vascularized epithelium of the alveoli can provide a high bioavailability
of the delivered drug and a rapid onset of pharmacological action
[75,76]. Moreover, drug delivery through the lung has the advantages
of low first-pass metabolism and is relatively resistant to most pepti-
dases, making pulmonary inhalation a favorable non-invasive route
for the administration of peptide/protein drugs [77,78]. However, the
rapid removal of carrier particles bymucociliary clearance from ciliated
epithelial cells in the trachea and phagocytosis by alveolarmacrophages
impedes the pulmonary delivery of drugs [79].

Among the various strategies for improving pulmonary drug deliv-
ery, those that involve agglomerates of NPs with low mass density
(b0.4 g/cm3) and high geometric diameter (N5 μm)have been attracting
increasing interest [80]. The lowmass density ofNP agglomerateswith a
small aerodynamic diameter prevents them from undergoing
mucociliary clearance and facilitates their deposition in deep regions
of the lung, whereas their relatively large geometric size causes them
to escape phagocytosis by alveolar macrophages [79]. Upon deposition
to the lower respiratory tracts of the lungs and exposure to a humid en-
vironment, the nanocomposite agglomerates dissolve and rapidly
Fig. 5. Diabetic glucose level-responsive carrier via subcutaneous administration. (A) Differen
systems (I) and physiological glucose-responsive systems (II). (B) Mechanisms of glucose-
(bottom, pink area). (C) Release profiles of insulin from enzyme-PEI system in solutions of var
release the NPs [81]. Table 3 presents examples of agglomerates of
NPs that are responsive to environmental stimuli for pulmonary insulin
delivery [81–83].

Karathanasis et al. produced agglomerates of insulin-containing
liposomes that were linked by concanavalin A (Con A), which is a
glucose-binding protein [81]. They administered the Con A-linked ag-
glomerates into the lungs of hyperglycemic rats via the pulmonary
route. Upon exposure to the systemic glucose that was transported
into the lung via the sodium-glucose transporter [84], the Con A inter-
liposome links of agglomerates were readily cleaved, with possible dis-
ruption of liposomal membranes, releasing their encapsulated insulin,
reducing systemic glucose levels.

Karathanasis et al. also developed agglomerates of liposomes that
were crosslinked by dithiobis(succinimidyl propionate) (DTSSP),
which is a disulfide-containing crosslinker that can be cleaved by cyste-
ine by thiol–disulfide exchange [83]. The intratracheal instillation of the
DTSSP-crosslinked agglomerates into diabetic rats rapidly reduced glu-
cose levels, while subsequent administration of cysteine triggered an
additional reduction of glucose level, suggesting an increase in the re-
lease of insulin from the carriers.

According to the relevant literature, the success of pulmonary de-
livery is largely controlled by the site of drug deposition, as different
regions of the lung have different barrier properties [74]. Addition-
ally, the dose of the drug that is inhaled via the pulmonary route
may vary with the effectiveness of lung functions of the patients
[85]. Hence, the advancement of inhalation technology to improve
ces in insulin release mechanisms between traditional glucose-responsive insulin release
responsive insulin release in enzyme system (top, blue area) and enzyme-PEI system
ious concentrations of glucose. SV: silica vesicles. Reprinted with permission from [89].
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control over the medication that reaches the intended site of deposi-
tion is desirable.

5. Subcutaneous delivery of insulin

The quest to eliminate the need for daily multiple injections for sub-
cutaneous insulin delivery and to replace them with an injectable,
stimuli-responsive insulin delivery system that would significantly
lower injection frequency has gained much attention. Apart from phys-
iological factors such as glucose level, pH, or temperature as triggers of
insulin release from stimuli-responsive systems, many external signals,
including ultrasound, a magnetic field, and near-infrared (NIR) light,
have been investigated as alternatives for initiating a sustained release
of therapeutics for long-term diabetes treatment [86–98] (Table 4).

5.1. Glucose-responsive systems

Glucose-responsive systems, which are designed for the closed-loop
delivery of insulin, can sense an increase in blood glucose levels and re-
spond to them to control the release of insulin load. These closed-loop
insulin delivery systems mimic the physiological response to changes
in blood glucose levels, minimizing the potential for hypoglycemia.
Many stimuli-sensitive materials that incorporate a glucose-sensing
moiety of an enzyme (glucose oxidase; GOx) [86–89] or small molecule
(PBA) [90–92] have been developed to respond to glucose.

5.1.1. Enzyme-dependent carriers
GOx, which is themost frequently used glucose-sensingmoiety, can

enzymatically convert glucose into gluconic acid in biological environ-
ments. The oxidation of glucose by GOx is typically accompanied by
local consumption of O2 and rapid generation of H2O2, deactivating
Fig. 6. Ultrasound-facilitated insulin delivery via subcutaneous administration. (A) Working m
facilitated delivery system. (B) Blood glucose levels of diabetic mice after one dose of PBS or
(C) Changes in plasma insulin concentration and absolute reductions in blood glucose leve
Reprinted with permission from [95].
GOx [59]. To enhance the activity of GOx, catalase (CAT) has been incor-
porated in glucose-responsive systems because it can convert H2O2 to
water and O2 (Fig. 4A) [87].

Gu et al. developed an injectable CSMP system that was crosslinked
by tripolyphosphate to encapsulate GOx- and CAT-loaded nanocapsules
and insulin, as a glucose-responsive insulin delivery system [87]. Under
hyperglycemic conditions, the as-developed CS MPs swelled greatly on
account of the enzymatic conversion of glucose into gluconic acid,
which protonated the CS polymers, generating electrostatic repulsive
forces within the carrier matrices (Fig. 4B). Accordingly, the CS MP sys-
tem that included the enzyme nanocapsules could release insulin at
basal release rates under normoglycemic conditions and at higher
rates under hyperglycemic conditions. When administered subcutane-
ously in diabeticmice, these CSMPs facilitate insulin release in response
to changes in blood glucose levels, providing a tighter glycemic control
(Fig. 4C and D).

Owing to the high activity of the glucose-sensing enzymes (GOx and
CAT), which causes very large pH changes and swelling of the matrices
of the carriers, most reported glucose-responsive systems release a sig-
nificant amount of their loaded insulin even at glucose levels that are
below the normoglycemic levels (b7mM), potentially causing hypogly-
cemia [89]. An interesting glucose-responsive insulin delivery system
that can mimic the physiological insulin secretion behavior to control
the release of insulin has been proposed (Fig. 5A) [89]. This insulin de-
livery system was prepared by layer-by-layer coating of an enzyme
(GOx and CAT)− polymer (polyethylenimine; PEI) on mesoporous sil-
ica NPs that contained insulin. The enzyme−polymer multilayers
forming a shell on the surface of the silica NPs were crosslinked by glu-
taraldehyde and acted as a valve to control the release of their loaded in-
sulin in response to blood glucose levels. PEI polymer layers,which have
a stronger proton affinity than enzyme layers, buffered the huge pH
echanisms of CS MPs that incorporate with insulin-loaded PLGA NPs as an ultrasound-
CS MPs is injected subcutaneously with or without focused ultrasound (FUS) treatment.
ls over time after initial and after each subsequent FUS application. BG: blood glucose.



Fig. 7. NIR-activated insulin delivery via subcutaneous administration. (A) Proposed NIR-activated insulin delivery device (top) and cross-section of its triggerable membrane (bottom).
(B) Insulin release from NIR-activated device over 30-min dosing cycles (570 mW/cm2). (C) Blood glucose levels after repeated dosing at fixed irradiance (gray box; 30 min duration;
570 mW/cm2) on four occasions over 14 days. Au NS: gold nanoshells. Reprinted with permission from [98].
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changes by the enzyme-catalyzed conversion of glucose into gluconic
acid, reducing the swelling of the enzyme multilayer shells, thereby el-
evating the insulin-release threshold (Fig. 5B). The insulin release was
switched “ON” when the blood glucose concentration exceeded the
normoglycemic level (N7 mM) and switched“OFF” at a normal glucose
level (5 mM). The “ON−OFF” switching was repeatable (Fig. 5C).

5.1.2. PBA-based carriers
Another frequently used method for triggering the release of insulin

from the glucose-responsive carriers is based on a non-enzymatic
glucose-sensing moiety, PBA. PBA can form borate/diol complexes with
a polyol, such as poly(vinyl alcohol) (PVA), which can be readily
disrupted in the presence of glucose, which is also a polyol [59]. Table 4
Table 5
Comparison of alternative insulin administration strategies.

Oral administration Intran
admin

Advantages Patient-friendly Non-in
Non-invasive; painless Large
Convenient for repeated administration Low h

metab
Direct action in liver, having similar dynamic to endogenous insulin
release

Rapid
High v
epithe

Limitations Hepatic first-pass metabolism Short
Poor bioavailability because of harsh GI environment (mucus
barrier, low pH, enzymatic degradation)

Rapid
cleara
Limite
lists examples of the use of PBA-containing systems for the subcutaneous
delivery of insulin. As insulin is released from these glucose-responsive
carriers by similar mechanisms, only one example is discussed here.

Wu and coworkers prepared a porous PLGA MP system that was
loaded with insulin and then shell-coated with multilayers of PVA and
a PBA-containing copolymer [92]. Upon exposure to glucose, the bo-
rate/diol complexes in the multilayers were disrupted, owing to the
competitive binding of free glucose to the PBA-containing copolymer,
causing the release of insulin from the PLGAMPs. A single subcutaneous
injection into diabetic mice revealed that the multilayer PLGA MPs
could effectively maintain blood glucose levels within the normal
range for at least 18 days, revealing their potential as a smart insulin de-
livery system for the treatment of diabetes.
asal
istration

Pulmonary administration Subcutaneous
administration

vasive; painless Non-invasive; painless Less invasive
absorption area Wide absorption area High bioavailability
epatic first-pass
olism

Low hepatic first-pass metabolism Low hepatic first-pass
metabolism

blood flow Less enzymatic degradation
ascularity of
lial layer

Rapid blood flow
Thin and high vascularized epithelium
of alveoli

residence time Unpredictable drug deposition Pain; discomfort
mucociliary
nce

Uncontrolled breath patterns Scaling-up of smart
delivery systems

d nasal volume Fast removal rate (mucociliary
clearance and phagocytosis)
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5.2. pH/temperature-responsive insulin delivery

The use of an injectable pH/temperature-responsive hydrogel sys-
tem for controlled subcutaneous insulin delivery has been proposed
[93]. That hydrogel system consisted a pentablock copolymer of
PAE-PCL-PEG-PCL-PAE, in which poly(β-amino ester) (PAE) was used
as a pH-sensitive moiety to conjugate to the temperature-sensitive bio-
degradable triblock copolymer of poly(ethylene glycol)-poly(ε-
caprolactone) (PCL-PEG-PCL). The cationic nature of the PAE segments
of the copolymer was exploited to load anionic insulin by electrostatic
complexation at lowpH and to release the insulin in a sustainedmanner
by decomplexation through the degradation of the copolymer at physi-
ological pH and temperature. Following subcutaneous injection, the
pentablock copolymer exhibited a sol-gel transition, and the release of
insulin from the complex gel was sustained, lasting for about 15 days.

5.3. Ultrasound-facilitated insulin delivery

An ultrasound-facilitated drug delivery strategy, using a CS MP sys-
tem incorporating insulin-loaded PLGA NPs that can release therapeu-
tics in a sustained manner, has been experimentally demonstrated for
treatment of diabetes [95]. Upon subcutaneous administration in a
STZ-induced diabetic mouse model, the encapsulated insulin passively
diffuses from the PLGA NPs, being temporarily stored in the matrices
of CS MPs; following each ultrasound treatment, the stored insulin is
rapidly released (Fig. 6A). The pulsatile release of insulin from the CS
MPs is realized by the repeated application of ultrasound (Fig. 6B),
resulting in the long-term release of therapeutics, providing glycemic
control for up to one week (Fig. 6C).

5.4. Magnetic field-actuated insulin delivery

Amagnetic field-actuated insulin delivery systemof CS/alginateMPs
that contained iron oxide NPs and insulin was formulated for subcuta-
neous implantation [97]. Upon exposure to an oscillating magnetic
field, the magnetite NPs that were encapsulated within the as-
formulated CS/alginate MPs began to undergo an oscillatory motion,
which significantly enlarged the porosity of their polymeric matrices,
remotely initiating the release of insulin. In vivo experiments revealed
that the insulin that was released from the testMPs retained its activity.

5.5. NIR-activated insulin delivery

Another interesting strategy for the controlled subcutaneous deliv-
ery of insulin is based on an NIR-activated device that comprises a
drug reservoir that is covered by an impermeable ethylcellulose mem-
brane that contains gold NPs [98]. Upon the application of NIR light,
the contained gold NPs are immediately heated, forming a porous struc-
ture on the impermeable membrane, allowing a rapid release of insulin
aspart, which is a fast-acting insulin analog (Fig. 7A and B). Following
subcutaneous implantation in diabetic rats, the NIR-activated device
can be modulated by the intensity and timing of repeated irradiation,
achieving glycemic control with reproducible dosing for two weeks
(Fig. 7C).

Relative to the conventional subcutaneous treatment with insulin,
the smart drug-delivery systems that release therapeutic drugs at the
right time in response to physiological or exogenous stimuli have
greater therapeutic efficacy and higher compliance from diabetic pa-
tients [99].

6. Future perspectives

Micro- and nanoencapsulation-based insulin delivery carriers or de-
vices with stimuli-triggering mechanisms have been established to
have remarkable therapeutic effectiveness for potential clinical applica-
tions. Despite the fact that insulin delivery by alternative routes has
been demonstrated to be superior to conventional subcutaneous injec-
tions, the development of an effective and safe delivery system for
each insulin administration route remains challenging (Table 5).

To avoid inducing hypoglycemia, carrier systemsmust not allow the
burst release of insulin. The effectivemanagement of blood glucose level
depends on precise control of the dose of insulin that is released from
stimuli-responsive systems. A glucose-responsive-based closed-loop
systemmay act as a real-time glucose sensor and a non-invasive actua-
tor in the control of trigger signals to activate insulin release. Another
challenge is to protect the pharmaceutical activity of the delivered insu-
lin in the stimuli-responsive formulations when they are administered
into the complex physiological environment. Immobilizing enzyme in-
hibitors in carrier systems may solve this problem, increasing the bio-
availability of the delivered therapeutics.

The scaling-up of such micro- and nanodelivery systems and their
toxicity and biocompatibility should be carefully evaluated. Formula-
tions that satisfy the clinical need for fewer diabetic complications and
better patient compliance must also be considered. Future investiga-
tions should focus on the screening of effective and safe formulations
and excipients used, with a view to achieving their translation from
the bench to the bedside. Finally, the long-term efficacy of these
stimuli-responsive systems must be demonstrated in large animals
and in humans before they can be used for insulin delivery.

Acknowledgements

The authorswould like to thank theMinistry of Science and Technol-
ogy (MOST 107-2119-M-007-016) and theMinistry of Education (MOE
107QR001I5) of Taiwan, ROC for financially supporting this research.

References

[1] O. Veiseh, B.C. Tang, K.A. Whitehead, D.G. Anderson, R. Langer, Managing diabetes
with nanomedicine: challenges and opportunities, Nat. Rev. Drug Discov. 14
(2015) 45–57.

[2] H.R. Lakkireddy, M. Urmann, M. Besenius, U.Werner, T. Haack, P. Brun, J. Alié, B. Illel,
L. Hortala, R. Vogel, D. Bazile, Oral delivery of diabetes peptides- comparing standard
formulations incorporating functional excipients and nanotechnologies in the trans-
lational context, Adv. Drug Deliv. Rev. 106 (2016) 196–222.

[3] S. Pechenov, H. Bhattacharjee, D. Yin, S. Mittal, J.A. Subramony, Improving drug-like
properties of insulin and GLP-1 via molecule design and formulation and improving
diabetesmanagementwith device & drug delivery, Adv. Drug Deliv. Rev. 112 (2017)
106–122.

[4] D.R. Owens, B. Zinman, G.B. Bolli, Insulins today and beyond, Lancet 358 (2001)
739–746.

[5] A.R. Saltiel, C.R. Kahn, Insulin signalling and the regulation of glucose and lipid me-
tabolism, Nature 414 (2001) 799–806.

[6] R.J. Frost, E.N. Olson, Control of glucose homeostasis and insulin sensitivity by the
Let-7 family of microRNAs, Proc. Natl. Acad. Sci. 108 (2011) 21075–21080.

[7] N. Jeandidier, S. Boivin, Current status and future prospects of parenteral insulin reg-
imens, strategies and delivery systems for diabetes treatment, Adv. Drug Deliv. Rev.
35 (1999) 179–198.

[8] Y. Reznik, O. Cohen, R. Aronson, I. Conget, S. Runzis, J. Castaneda, S.W. Lee, Insulin
pump treatment compared with multiple daily injections for treatment of type 2 di-
abetes (OpT2mise): a randomised open-label controlled trial, Lancet 384 (2014)
1265–1272.

[9] A.N. Zaykov, J.P. Mayer, R.D. DiMarchi, Pursuit of a perfect insulin, Nat. Rev. Drug
Discov. 15 (2016) 425–439.

[10] G.M. Steil, A.E. Panteleon, K. Rebrin, Closed-loop insulin delivery-the path to physi-
ological glucose control, Adv. Drug Deliv. Rev. 56 (2004) 125–144.

[11] El-S. Khafagy, M. Morishita, Y. Onuki, K. Takayama, Current challenges in non-
invasive insulin delivery systems: a comparative review, Adv. Drug Deliv. Rev. 59
(2007) 1521–1546.

[12] M.C. Chen, K. Sonaje, K.J. Chen, H.W. Sung, A review of the prospects for polymeric
nanoparticle platforms in oral insulin delivery, Biomaterials 32 (2011) 9826–9838.

[13] S. Maher, D.J. Brayden, Overcoming poor permeability: translating permeation en-
hancers for oral peptide delivery, Drug Discov. Today 9 (2012) e113–e119.

[14] M.C. Chen, F.L. Mi, Z.X. Liao, C.W. Hsiao, K. Sonaje, M.F. Chung, L.W. Hsu, H.W. Sung,
Recent advances in chitosan-based nanoparticles for oral delivery of macromole-
cules, Adv. Drug Deliv. Rev. 65 (2013) 865–879.

[15] S. Ménard, N. Cerf-Bensussan, M. Heyman, Multiple facets of intestinal permeability
and epithelial handling of dietary antigens, Mucosal Immunol. 3 (2010) 247–259.

[16] H.N. Nellans, Mechanisms of peptide and protein absorption: paracellular intestinal
transport: modulation of absorption, Adv. Drug Deliv. Rev. 7 (1991) 339–364.

[17] N.N. Salama, N.D. Eddington, A. Fasano, Tight junction modulation and its relation-
ship to drug delivery, Adv. Drug Deliv. Rev. 58 (2006) 15–28.

http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0005
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0005
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0005
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0010
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0010
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0010
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0010
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0015
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0015
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0015
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0015
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0020
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0020
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0025
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0025
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0030
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0030
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0035
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0035
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0035
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0040
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0040
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0040
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0040
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0045
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0045
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0050
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0050
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0055
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0055
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0055
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0060
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0060
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0065
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0065
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0070
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0070
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0070
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0075
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0075
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0080
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0080
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0085
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0085


81Y.-J. Lin et al. / Advanced Drug Delivery Reviews 139 (2019) 71–82
[18] M. Thanou, J.C. Verhoef, H.E. Junginger, Oral drug absorption enhancement by chito-
san and its derivatives, Adv. Drug Deliv. Rev. 52 (2001) 117–126.

[19] F.Y. Su, K.J. Lin, K. Sonaje, S.P. Wey, T.C. Yen, Y.C. Ho, N. Panda, E.Y. Chuang, B. Maiti,
H.W. Sung, Protease inhibition and absorption enhancement by functional nanopar-
ticles for effective oral insulin delivery, Biomaterials 33 (2012) 2801–2811.

[20] E.Y. Chuang, K.J. Lin, F.Y. Su, H.L. Chen, B. Maiti, Y.C. Ho, T.C. Yen, N. Panda, H.W.
Sung, Calcium depletion-mediated protease inhibition and apical-junctional-
complex disassembly via an EGTA-conjugated carrier for oral insulin delivery, J.
Control. Release 169 (2013) 296–305.

[21] D.F. Evans, G. Pye, R. Bramley, A.G. Clark, T.J. Dyson, J.D. Hardcastle, Measurement of
gastrointestinal pH profiles in normal ambulant human subjects, Gut 29 (1988)
1035–1041.

[22] K. Sonaje, Y.H. Lin, J.H. Juang, S.P. Wey, C.T. Chen, H.W. Sung, In vivo evaluation of
safety and efficacy of self-assembled nanoparticles for oral insulin delivery, Bioma-
terials 30 (2009) 2329–2339.

[23] Y. Jin, Y. Song, X. Zhu, D. Zhou, C. Chen, Z. Zhang, Y. Huang, Goblet cell-targeting
nanoparticles for oral insulin delivery and the influence of mucus on insulin trans-
port, Biomaterials 33 (2012) 1573–1582.

[24] X. Gao, Y. Cao, X. Song, Z. Zhang, X. Zhuang, C. He, X. Chen, Biodegradable, pH-
responsive carboxymethyl cellulose/poly(acrylic acid) hydrogels for oral insulin de-
livery, Macromol. Biosci. 14 (2014) 565–575.

[25] S. Mura, J. Nicolas, P. Couvreur, Stimuli-responsive nanocarriers for drug delivery,
Nat. Mater. 12 (2013) 991–1003.

[26] D. Ameye, J. Voorspoels, P. Foreman, J. Tsai, P. Richardson, S. Geresh, J.P. Remon,
Trypsin inhibition, calcium and zinc ion binding of starch-g-poly(acrylic acid) copol-
ymers and starch/poly(acrylic acid) mixtures for peroral peptide drug delivery, J.
Control. Release 75 (2001) 357–364.

[27] L.L. Chang, J.P. Bai, Evidence for the existence of insulin-degrading enzyme on the
brush-border membranes of rat enterocytes, Pharm. Res. 13 (1996) 801–803.

[28] J. Renukuntla, A.D. Vadlapudi, A. Patel, S.H. Boddu, A.K. Mitra, Approaches for en-
hancing oral bioavailability of peptides and proteins, Int. J. Pharm. 447 (2013)
75–93.

[29] E.Y. Chuang, K.J. Lin, P.Y. Lin, H.L. Chen, S.P. Wey, F.L. Mi, H.C. Hsiao, C.T. Chen, H.W.
Sung, Self-assembling bubble carriers for oral protein delivery, Biomaterials 64
(2015) 115–124.

[30] T.H. Yeh, L.W. Hsu, M.T. Tseng, P.L. Lee, K. Sonjae, Y.C. Ho, H.W. Sung, Mechanism
and consequence of chitosan-mediated reversible epithelial tight junction opening,
Biomaterials 32 (2011) 6164–6173.

[31] L.W. Hsu, P.L. Lee, C.T. Chen, F.L. Mi, J.H. Juang, S.M. Hwang, Y.C. Ho, H.W. Sung, Elu-
cidating the signaling mechanism of an epithelial tight-junction opening induced by
chitosan, Biomaterials 33 (2012) 6254–6263.

[32] L.W. Hsu, Y.C. Ho, E.Y. Chuang, C.T. Chen, J.H. Juang, F.Y. Su, S.M. Hwang, H.W. Sung,
Effects of pH on molecular mechanisms of chitosan-integrin interactions and
resulting tight-junction disruptions, Biomaterials 34 (2013) 784–793.

[33] S. Kim, J.Y. Kim, K.M. Huh, G. Acharya, K. Park, Hydrotropic polymer micelles con-
taining acrylic acid moieties for oral delivery of paclitaxel, J. Control. Release 132
(2008) 222–229.

[34] Y.H. Lin, C.K. Chung, C.T. Chen, H.F. Liang, S.C. Chen, H.W. Sung, Preparation of nano-
particles composed of chitosan/poly-gamma-glutamic acid and evaluation of their
permeability through Caco-2 cells, Biomacromolecules 6 (2005) 1104–1112.

[35] A.C. Foss, T. Goto, M. Morishita, N.A. Peppas, Development of acrylic-based copoly-
mers for oral insulin delivery, Eur. J. Pharm. Biopharm. 57 (2004) 163–169.

[36] X. Gao, C. He, C. Xiao, X. Zhuang, X. Chen, Biodegradable pH-responsive polyacrylic
acid derivative hydrogels with tunable swelling behavior for oral delivery of insulin,
Polymer 54 (2013) 1786–1793.

[37] K. Nakamura, R.J. Murray, J.I. Joseph, N.A. Peppas, M. Morishita, A.M. Lowman, Oral
insulin delivery using P(MAA-g-EG) hydrogels: effects of network morphology on
insulin delivery characteristics, J. Control. Release 95 (2004) 589–599.

[38] M. Morishita, T. Goto, K. Nakamura, A.M. Lowman, K. Takayama, N.A. Peppas, Novel
oral insulin delivery systems based on complexation polymer hydrogels: single and
multiple administration studies in type 1 and 2 diabetic rats, J. Control. Release 110
(2006) 587–594.

[39] L. Yin, J. Ding, C. He, L. Cui, C. Tang, C. Yin, Drug permeability and mucoadhesion
properties of thiolatedtrimethyl chitosan nanoparticles in oral insulin delivery, Bio-
materials 30 (2009) 5691–5700.

[40] M.R. Rekha, C.P. Sharma, Synthesis and evaluation of lauryl succinyl chitosan parti-
cles towards oral insulin delivery and absorption, J. Control. Release 135 (2009)
144–151.

[41] L. Yin, J. Ding, L. Fei, M. He, F. Cui, C. Tang, C. Yin, Beneficial properties for insulin ab-
sorption using superporous hydrogel containing interpenetrating polymer network
as oral delivery vehicles, Int. J. Pharm. 350 (2008) 220–229.

[42] P. Mukhopadhyay, K. Sarkar, S. Bhattacharya, A. Bhattacharyya, R. Mishra, P.P.
Kundu, pH sensitive N-succinyl chitosan grafted polyacrylamide hydrogel for oral
insulin delivery, Carbohydr. Polym. 112 (2014) 627–637.

[43] F. Cui, F. Qian, Z. Zhao, L. Yin, C. Tang, C. Yin, Preparation, characterization, and oral
delivery of insulin loaded carboxylated chitosan grafted poly(methyl methacrylate)
nanoparticles, Biomacromolecules 10 (2009) 1253–1258.

[44] A.K. Agrawal, H. Harde, K. Thanki, S. Jain, Improved stability and antidiabetic poten-
tial of insulin containing folic acid functionalized polymer stabilized multilayered li-
posomes following oral administration, Biomacromolecules 15 (2014) 350–360.

[45] Y.H. Lin, F.L. Mi, C.T. Chen, W.C. Chang, S.F. Peng, H.F. Liang, H.W. Sung, Preparation
and characterization of nanoparticles shelled with chitosan for oral insulin delivery,
Biomacromolecules 8 (2007) 146–152.

[46] K. Sonaje, Y.J. Chen, H.L. Chen, S.P. Wey, J.H. Juang, H.N. Nguyen, C.W. Hsu, K.J. Lin,
H.W. Sung, Enteric-coated capsules filled with freeze-dried chitosan/poly(gamma-
glutamic acid) nanoparticles for oral insulin delivery, Biomaterials 31 (2010)
3384–3394.

[47] K. Sonaje, K.J. Lin, S.P. Wey, C.K. Lin, T.H. Yeh, H.N. Nguyen, C.W. Hsu, T.C. Yen, J.H.
Juang, H.W. Sung, Biodistribution, pharmacodynamics and pharmacokinetics of in-
sulin analogues in a rat model: oral delivery using pH-responsive nanoparticles vs.
subcutaneous injection, Biomaterials 31 (2010) 6849–6858.

[48] B. Sarmento, A. Ribeiro, F. Veiga, P. Sampaio, R. Neufeld, D. Ferreira, Alginate/chito-
san nanoparticles are effective for oral insulin delivery, Pharm. Res. 24 (2007)
2198–2206.

[49] Y. Zhang, W. Wei, P. Lv, L. Wang, G. Ma, Preparation and evaluation of alginate-
chitosan microspheres for oral delivery of insulin, Eur. J. Pharm. Biopharm. 77
(2011) 11–19.

[50] P. Mukhopadhyay, S.C. hakraborty, S. Bhattacharya, R. Mishra, P.P. Kundu, pH-
sensitive chitosan/alginate core-shell nanoparticles for efficient and safe oral insulin
delivery, Int. J. Biol. Macromol. 72 (2015) 640–648.

[51] Z. Ma, T.M. Lim, L.Y. Lim, Pharmacological activity of peroral chitosan-insulin nano-
particles in diabetic rats, Int. J. Pharm. 293 (2005) 271–280.

[52] Z. He, J.L. Santos, H. Tian, H. Huang, Y. Hu, L. Liu, K.W. Leong, Y. Chen, H.Q. Mao, Scal-
able fabrication of size-controlled chitosan nanoparticles for oral delivery of insulin,
Biomaterials 130 (2017) 28–41.

[53] J. Yang, H. Sun, C. Song, Preparation, characterization and in vivo evaluation of pH–
sensitive oral insulin-loaded poly(lactic-co-glycolicacid) nanoparticles, Diabetes.
Obes. Metab. 14 (2012) 358–364.

[54] S. Sun, N. Liang, H. Yamamoto, Y. Kawashima, F. Cui, P. Yan, pH-sensitive poly
(lactide-co-glycolide) nanoparticle composite microcapsules for oral delivery of in-
sulin, Int. J. Nanomedicine 10 (2015) 3489–3498.

[55] S. Sun, N. Liang, X. Gong, W. An, Y. Kawashima, F. Cui, P. Yan, Multifunctional com-
posite microcapsules for oral delivery of insulin, Int. J. Mol. Sci. 18 (2016) 54.

[56] Y. Fang, J. Xue, L. Ke, Y. Liu, K. Shi, Polymeric lipid vesicles with pH-responsive turn-
ing on-off membrane for programed delivery of insulin in GI tract, Drug Deliv. 23
(2016) 3582–3593.

[57] J. Cheng, B.A. Teply, S.Y. Jeong, C.H. Yim, D. Ho, I. Sherifi, S. Jon, O.C. Farokhzad, A.
Khademhosseini, R.S. Langer, Magnetically responsive polymeric microparticles for
oral delivery of protein drugs, Pharm. Res. 23 (2006) 557–564.

[58] B.A. Teply, R. Tong, S.Y. Jeong, G.L. Luther, I. Sherifi, C.H. Yim, A. Khademhosseini, O.C.
Farokhzad, R.S. Langer, J. Cheng, The use of charge-coupled polymericmicroparticles
and micromagnets for modulating the bioavailability of orally delivered macromol-
ecules, Biomaterials 29 (2008) 1216–1223.

[59] R. Mo, T. Jiang, J. Di, W. Tai, Z. Gu, Emerging micro- and nanotechnology based syn-
thetic approaches for insulin delivery, Chem. Soc. Rev. 43 (2014) 3595–3629.

[60] L. Li, G. Jiang, W. Yu, D. Liu, H. Chen, Y. Liu, Q. Huang, Z. Tong, J. Yao, X. Kong, A com-
posite hydrogel system containing glucose-responsive nanocarriers for oral delivery
of insulin, Mater. Sci. Eng. C Mater. Biol. Appl. 69 (2016) 37–45.

[61] D.R. Owens, New horizons–alternative routes for insulin therapy, Nat. Rev. Drug
Discov. 1 (2002) 529–540.

[62] M. Kapoor, J.C. Cloyd, R.A. Siegel, A review of intranasal formulations for the treat-
ment of seizure emergencies, J. Control. Release 237 (2016) 147–159.

[63] M.I. Ugwoke, R.U. Agu, N. Verbeke, R. Kinget, Nasal mucoadhesive drug delivery:
background, applications, trends and future perspectives, Adv. Drug Deliv. Rev. 57
(2005) 1640–1665.

[64] Y. Ozsoy, S. Güngör, Nasal route: an alternative approach for antiemetic drug deliv-
ery, Expert. Opin. Drug Deliv. 11 (2011) 1439–1453.

[65] X. Duan, S. Mao, New strategies to improve the intranasal absorption of insulin,
Drug Discov. Today 15 (2010) 416–427.

[66] A. Kumar, A.N. Pandey, S.K. Jain, Nasal-nanotechnology: revolution for efficient ther-
apeutics delivery, Drug Deliv. 23 (2016) 681–693.

[67] T.W. Chung, D.Z. Liu, J.S. Yang, Effects of interpenetration of thermo-sensitive gels by
crosslinking of chitosan on nasal delivery of insulin: in vitro characterization and
in vivo study, Carbohydr. Polym. 82 (2010) 316–322.

[68] J. Wu, W. Wei, L.Y. Wang, Z.G. Su, G.H. Ma, A thermosensitive hydrogel based on
quaternized chitosan and poly (ethylene glycol) for nasal drug delivery system, Bio-
materials 28 (2007) 2220–2232.

[69] H. Nazar, P. Caliceti, B. Carpenter, A.I. El-Mallah, D.G. Fatouros, M. Roldo, S.M. van der
Merwe, J. Tsibouklis, A once-a-day dosage form for the delivery of insulin through
the nasal route: in vitro assessment and in vivo evaluation, Biomater. Sci. 1 (2013)
306–314.

[70] R. D'Souza, S. Mutalik, M. Venkatesh, S. Vidyasagar, N. Udupa, Nasal insulin gel as an
alternate to parenteral insulin: formulation, preclinical, and clinical studies, AAPS
PharmSciTech 6 (2005) E184–E189.

[71] R.M. Singh, A. Kumar, K. Pathak, Mucoadhesive in situ nasal gelling drug delivery
systems for modulated drug delivery, Expert Opin. Drug Deliv. 10 (2013) 115–130.

[72] C. Karavasili, D.G. Fatouros, Smart materials: in situ gel-forming systems for nasal
delivery, Drug Discov. Today 21 (2016) 157–166.

[73] Y. Zhang, Y.M. Lam, W.S. Tan, Poly (ethylene oxide)-poly (propylene oxide)-poly
(ethylene oxide)-g-poly (vinylpyrrolidone): association behavior in aqueous solu-
tion and interaction with anionic surfactants, J. Colloid Interface Sci. 285 (2005)
74–79.

[74] C. Loira-Pastoriza, J. Todoroff, R. Vanbever, Delivery strategies for sustained drug re-
lease in the lungs, Adv. Drug Deliv. Rev. 75 (2014) 81–91.

[75] J.G. Weers, T.E. Tarara, A.R. Clark, Design of fine particles for pulmonary drug deliv-
ery, Expert Opin. Drug Deliv. 4 (2007) 297–313.

[76] O. Kammona, C. Kiparissides, Recent advances in nanocarrier-based mucosal deliv-
ery of biomolecules, J. Control. Release 161 (2012) 781–794.

[77] S.A. Shoyele, A. Slowey, Prospects of formulating proteins/peptides as aerosols for
pulmonary drug delivery, Int. J. Pharm. 314 (2006) 1–8.

http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0090
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0090
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0095
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0095
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0095
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0100
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0100
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0100
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0100
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0105
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0105
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0105
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0110
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0110
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0110
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0115
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0115
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0115
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0120
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0120
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0120
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0125
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0125
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0130
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0130
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0130
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0130
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0135
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0135
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0140
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0140
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0140
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0145
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0145
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0145
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0150
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0150
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0150
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0155
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0155
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0155
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0160
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0160
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0160
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0165
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0165
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0165
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0170
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0170
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0170
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0175
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0175
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0180
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0180
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0180
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0185
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0185
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0185
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0190
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0190
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0190
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0190
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0195
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0195
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0195
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0200
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0200
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0200
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0205
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0205
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0205
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0210
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0210
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0210
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0215
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0215
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0215
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0220
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0220
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0220
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0225
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0225
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0225
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0230
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0230
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0230
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0230
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0235
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0235
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0235
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0235
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0240
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0240
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0240
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0245
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0245
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0245
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0250
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0250
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0250
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0255
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0255
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0260
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0260
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0260
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0265
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0265
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0265
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0270
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0270
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0270
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0275
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0275
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0280
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0280
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0280
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0285
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0285
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0285
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0290
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0290
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0290
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0290
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0295
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0295
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0300
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0300
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0300
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0305
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0305
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0310
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0310
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0315
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0315
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0315
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0320
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0320
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0325
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0325
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0330
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0330
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0335
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0335
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0335
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0340
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0340
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0340
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0345
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0345
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0345
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0345
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0350
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0350
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0350
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0355
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0355
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0360
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0360
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0365
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0365
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0365
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0365
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0370
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0370
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0375
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0375
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0380
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0380
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0385
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0385


82 Y.-J. Lin et al. / Advanced Drug Delivery Reviews 139 (2019) 71–82
[78] M. Smola, T. Vandamme, A. Sokolowski, Nanocarriers as pulmonary drug delivery
systems to treat and to diagnose respiratory and non respiratory diseases, Int. J.
Nanomedicine 3 (2008) 1–19.

[79] P. Muralidharan, M. Malapit, E. Mallory, D. Hayes, H.M. Mansour, Inhalable
nanoparticulate powders for respiratory delivery, Nanomedicine 11 (2015)
1189–1199.

[80] F. Ungaro, I. d'Angelo, A. Miro, M.I. La Rotonda, F. Quaglia, Engineered PLGA nano-
and micro- carriers for pulmonary delivery: challenges and promises, J. Pharm.
Pharmacol. 64 (2012) 1217–1235.

[81] E. Karathanasis, R. Bhavane, A.V. Annapragada, Glucose-sensing pulmonary delivery
of human insulin to the systemic circulation of rats, Int. J. Nanomedicine 2 (2007)
501–513.

[82] F. Andrade, J. das Neves, P. Gener, S. Schwartz, D. Ferreira, M. Oliva, B. Sarmento, Bi-
ological assessment of self-assembled polymeric micelles for pulmonary adminis-
tration of insulin, Nanomedicine 11 (2015) 1621–1631.

[83] E. Karathanasis, R. Bhavane, A.V. Annapragada, Triggered release of inhaled insulin
from the agglomerated vesicles: pharmacodynamic studies in rats, J. Control. Re-
lease 113 (2006) 117–127.

[84] G. Saumon, G. Martet, P. Loiseau, Glucose transport and equilibrium across alveolar-
airway barrier of rat, Am. J. Phys. Lung Cell. Mol. Phys. 270 (1996) L183–L190.

[85] J.S. Patton, Mechanisms of macromolecule absorption by the lungs, Adv. Drug Deliv.
Rev. 19 (1996) 3–36.

[86] Z. Gu, A.A. Aimetti, Q. Wang, T.T. Dang, Y. Zhang, O. Veiseh, H. Cheng, R.S. Langer,
D.G. Anderson, Injectable nano-network for glucose-mediated insulin delivery,
ACS Nano 7 (2013) 4194–4201.

[87] Z. Gu, T.T. Dang, M. Ma, B.C. Tang, H. Cheng, S. Jiang, Y. Dong, Y. Zhang, D.G.
Anderson, Glucose-responsive microgels integrated with enzyme nanocapsules for
closed-loop insulin delivery, ACS Nano 7 (2013) 6758–6766.

[88] W. Tai, R. Mo, J. Di, V. Subramanian, X. Gu, J.B. Buse, Z. Gu, Bio-inspired synthetic
nanovesicles for glucose-responsive release of insulin, Biomacromolecules 15
(2014) 3495–3502.

[89] C. Xu, C. Lei, L. Huang, J. Zhang, H. Zhang, H. Song, M. Yu, Y. Wu, C. Chen, C. Yu,
Glucose-responsive nanosystem mimicking the physiological insulin secretion via
an enzyme–polymer layer-by-layer coating strategy, Chem. Mater. 29 (2017)
7725–7732.

[90] Z. Wu, X. Zhang, H. Guo, C. Li, D. Yu, An injectable and glucose-sensitive nanogel for
controlled insulin release, J. Mater. Chem. 22 (2012) 22788–22796.

[91] F. Zhao, D. Wu, D. Yao, R. Guo, W. Wang, A. Dong, D. Kong, J. Zhang, An injectable
particle-hydrogel hybrid system for glucose-regulatory insulin delivery, Acta
Biomater. 64 (2017) 334–345.

[92] J.Z. Wu, G.R. Williams, H.Y. Li, D.X. Wang, S.D. Li, L.M. Zhu, Insulin-loaded PLGA mi-
crospheres for glucose-responsive release, Drug Deliv. 24 (2017) 1513–1525.

[93] D.P. Huynh, M.K. Nguyen, B.S. Pi, M.S. Kim, S.Y. Chae, K.C. Lee, B.S. Kim, S.W. Kim, D.S.
Lee, Functionalized injectable hydrogels for controlled insulin delivery, Biomaterials
29 (2008) 2527–2534.

[94] J. Di, J. Price, X. Gu, X. Jiang, Y. Jing, Z. Gu, Ultrasound-triggered regulation of blood
glucose levels using injectable nano-network, Adv. Healthc. Mater. 3 (2014)
811–816.

[95] J. Di, J. Yu, Q. Wang, S. Yao, D. Suo, Y. Ye, M. Pless, Y. Zhu, Y. Jing, Z. Gu, Ultrasound-
triggered noninvasive regulation of blood glucose levels using microgels integrated
with insulin nanocapsules, Nano Res. 10 (2017) 1393–1402.

[96] J. Kost, J. Wolfrum, R. Langer, Magnetically enhanced insulin release in diabetic rats,
J. Biomed. Mater. Res. 21 (1987) 1367–1373.

[97] P.V. Finotelli, D. Da Silva, M. Sola-Penna, A.M. Rossi, M. Farina, L.R. Andrade, A.Y.
Takeuchie, M.H. Rocha-Leão, Microcapsules of alginate/chitosan containing mag-
netic nanoparticles for controlled release of insulin, Colloids Surf. B 81 (2010)
206–211.

[98] B.P. Timko, M. Arruebo, S.A. Shankarappa, J.B. McAlvin, O.S. Okonkwo, B.Mizrahi, C.F.
Stefanescu, L. Gomeze, J. Zhu, A. Zhu, J. Santamariad, R. Langer, D.S. Kohanea, Near-
infrared-actuated devices for remotely controlled drug delivery, Proc. Natl. Acad. Sci.
111 (2014) 1349–1354.

[99] J. Yu, Y. Zhang, H. Bomba, Z. Gu, Stimuli-responsive delivery of therapeutics for dia-
betes treatment, Bioeng. Transl. Med. 1 (2016) 323–337.

http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0390
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0390
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0390
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0395
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0395
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0395
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0400
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0400
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0400
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0405
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0405
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0405
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0410
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0410
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0410
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0415
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0415
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0415
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0420
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0420
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0425
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0425
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0430
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0430
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0430
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0435
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0435
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0435
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0440
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0440
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0440
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0445
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0445
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0445
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0445
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0450
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0450
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0455
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0455
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0455
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0460
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0460
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0465
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0465
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0465
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0470
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0470
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0470
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0475
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0475
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0475
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0480
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0480
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0485
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0485
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0485
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0485
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0490
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0490
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0490
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0490
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0495
http://refhub.elsevier.com/S0169-409X(18)30303-X/rf0495

	Strategies for improving diabetic therapy via alternative administration routes that involve stimuli-�responsive insulin-�d...
	1. Introduction
	2. Oral delivery of insulin
	2.1. pH-responsive carriers
	2.2. Magnetically responsive carriers
	2.3. Glucose-responsive carriers

	3. Intranasal delivery of insulin
	3.1. Temperature-responsive systems
	3.2. pH-responsive systems

	4. Pulmonary delivery of insulin
	5. Subcutaneous delivery of insulin
	5.1. Glucose-responsive systems
	5.1.1. Enzyme-dependent carriers
	5.1.2. PBA-based carriers

	5.2. pH/temperature-responsive insulin delivery
	5.3. Ultrasound-facilitated insulin delivery
	5.4. Magnetic field-actuated insulin delivery
	5.5. NIR-activated insulin delivery

	6. Future perspectives
	Acknowledgements
	References


