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Abstract

Subcutaneous long-acting release (LAR) formulations have been extensively developed in the 

clinic to increase patient compliance and reduce treatment cost. Despite preliminary success for 

some LAR systems, a major obstacle limiting the therapeutic effect remains on their interaction 

with surrounding tissues. In this review, we summarize how living bodies respond to injected or 

implanted materials, and highlight some typical strategies based on smart material design, which 

may significantly improve long-term subcutaneous drug delivery. Moreover, possible strategies to 

achieve ultra-long (months, years) subcutaneous drug delivery systems are proposed. Based on 

these discussions, we believe the well-designed subcutaneous long-acting formulations will hold 

great promise to improve patient quality of life in the clinic.
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Introduction

With the rapid advancement of the pharmaceutical industry, more and more biologics have 

played significant roles in the treatment of various diseases [1]. To improve the therapeutic 

efficacy and patient compliance, diverse routes of administration have been developed, 

including oral, nasal, subcutaneous, intravenous pathways and so on [2]. Among these 

methods, subcutaneous drug delivery is one of the most frequent choices because it is a 

relatively low-cost, self-administered, safe and highly effective route [3]. For example, 

proteins or peptides delivered by the subcutaneous route are more robust relative to oral 

delivery that may easily destabilize or degrade the protein or peptide structures due to the 

high proteolytic activity and low pH of the stomach [4, 5]. Moreover, compared to the 

intravenous route, subcutaneous administration is more economical as it can be conducted 

by patients at home. For example, switching 200 patients from hospital-based intravenous to 

self-administered subcutaneous injection of cancer drug trastuzumab saved more than $2 

billion [6]. In addition, the physiological barrier in the subcutaneous administration is 

relatively easier to penetrate (routine injection) than the intranasal pathway as mucus layer 

and nasal epithelial cells provide a strong physical and biological barrier to obstruct drug 

adhesion and induce enzymatic degradation [7]. Given the advantages of subcutaneous drug 

delivery, major efforts have been made to develop and optimize more convenient and 

effective subcutaneous delivery strategies, which may exhibit large potential in the clinical 

practice and commercial market.

In order to improve subcutaneous drug delivery, long-acting formulations have attracted 

increasing attention, which may significantly decrease patient effort and increase their 

compliance [8–12]. For example, long-acting glucagon-like peptide 1 (GLP-1) delivery 

systems have been well developed, which can be administered around once per week to 

control blood glucose level (BGL) in type 2 diabetes [13–21]. Somatostatin analog depots 

including long-acting octreotide acetate and lanreotide formulations have been applied once-

monthly to treat acromegaly with satisfactory effects [22–24]. Long-acting risperidone 

release systems have also been administered once every 2 weeks to treat schizophrenia and 

symptoms of bipolar disorder (manic depression) in the clinic [25, 26]. Moreover, various 

bio-responsive materials have been designed to achieve closed-loop, feedback-controlled 

drug release, which may extensively improve the utilization efficiency of the drugs by 

releasing payloads in response to biological stimuli [27–32]. However, critical barriers that 

are responsible for the failure of long-acting subcutaneous delivery systems are the foreign 

body reactions (FBR), which result in the formation of a vascular collagenous fibrous layer 

to restrict the interaction of the materials with the bioenvironment [33–36]. In this way, the 

longevity and functionality of the delivery systems may be compromised. Moreover, the 

high FBR may not only destroy the delivery systems, but also bring a high risk to patients if 

a severe inflammatory response occurs [37]. Hence, improving biocompatibility and 

immunoisolation through smart system design has been extensively studied in recent years 

[38], which may help significantly improve current long-acting drug delivery strategies.

In this review, we first introduce how foreign body reactions occur and their influence on 

subcutaneously injected or implanted materials. Then, we summarize how to design a 
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system to enhance long-term subcutaneous drug delivery and discuss the mechanism. 

Finally, we propose future perspectives to develop ultra-long drug release formulations.

2 Foreign body reaction

During the evolution, mammals have developed a complicated mechanism to deal with 

exogenous substances [39–41]. When foreign bodies including injected or implanted 

materials remain in the body, a dense, hypocellular, collagen-rich sheath will be constructed 

around the materials due to a prolonged and aberrant wound healing, which acts as one of 

the most insurmountable barriers that is responsible for the failure of long-term 

subcutaneous drug delivery [33–36, 39–41].

2.1 General processes for FBR

In general, FBR is a relatively complicated process, which involves the participation of 

numerous bio-systems including various host proteins, inflammatory cells, immune cells and 

so on [42–44]. At the beginning, instantaneous adsorption of many host proteins (e.g. 
fibrinogen) to the surface of injected or implanted materials occurs [45], followed by rapid 

neutrophil infiltration [46]. After activation, neutrophils release abundant soluble factors on 

the surface, which recruit and activate tissue-resident macrophages and circulating monocyte 

precursor cells [42–44, 46]. As the foreign materials designed for long-acting drug delivery 

cannot be easily removed by those cells through a phagocytic process, the cells fuse with 

each other to generate foreign-body giant cells (FBGCs) at the material surface. Moreover, 

macrophages secrete various factors including transforming growth factor β and other 

inflammatory cytokines to induce transformation of quiescent fibroblasts into myofibroblasts 

[47]. After SMAD mediator activation, the myofibroblasts synthesize the procollagen and 

secrete it into the extracellular matrix, which is crosslinked to facilitate the generation of a 

dense and hypocelluar capsule (Fig. 1) [42–44].

2.2 Features of FBR-based capsule

When FBR occurs, it takes several weeks to gradually form a distinct, collagenous capsule 

around the materials [48]. Typical features of the capsules include [42–44]: (i) The thickness 

of the resulting capsules can be up to several hundred micrometers (50–200 μm) with a 

primary component of fibrotic collagens. The thick and robust sheath has proven to be able 

to physically and physiologically separate the materials and host tissues, which is 

impermeable or hypopermeable to cells and metabolites, significantly limiting material-

bioenvironment interactions. (ii) The continual retention of an exogenous object induces 

chronic inflammation, which can be characterized by the presence of macrophages, 

monocytes, lymphocytes, and so on. Interestingly, the fibrin clot generated from an acute 

inflammatory process is transformed into highly vascularized tissues as a result of vascular 

endothelial cell and fibroblast proliferation. Although the neovascularization can partially 

improve nutrient transport and wound healing, most of the vessels are unusual and 

immature, which is inadequate to significantly accelerate substrate exchange. In such a way, 

the injected or implanted materials are always exposed to an inflammation-mediated 

environment without any appropriate contact with surrounding tissues. (iii) It has been 

confirmed that various cells are involved in the capsule formation. Among them, 
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macrophages have been observed to engulf various large foreign particles and degrade them 

via enzyme-rich lysosomes [34]. In this way, the injected or implanted materials can be 

easily destroyed during the FBR process. Collectively, all the features of the FBR-based 

capsule indicate that it may serve as a natural barrier for long-term subcutaneous drug 

delivery systems, thus new strategies that can overcome FBR may hold great promise to 

improve long-term drug treatment in clinical practices.

3 Strategies to improve long-term subcutaneous drug delivery through 

smart design

With advances in material and life sciences, researchers have realized that rational material 

design can meet complex biological needs [38, 49–51]. As for long-acting drug delivery, 

reducing host recognition and aggression (overcoming FBR), prolonging subcutaneous drug 

retention, improving sustained drug release, and extending blood circulation of drugs are the 

most useful approaches. In this section, we discuss the recent strategies based on the 

material design to improve the performance of long-acting formulations.

3.1 Direct modification

3.1.1. Biomolecule binding—It has been confirmed that there are two potential routes 

for subcutaneously injected drugs. Lower molecular weight drugs (< 20 kD) mainly enter the 

general circulation through subcutaneous blood capillaries, while larger molecular weight 

drugs (> 20 kD) traffic through the interstitial matrix to the peripheral lymphatic system 

before entering the general circulation at the subclavian vein [3, 52]. Hence the size or 

aggregation form may significantly influence the fate and onset of the drug. To adjust the 

property of original drugs, the simplest and most straightforward method is the direct 

modification of the drug molecules [53]. One effective strategy to improve drug duration 

time is to develop some linkers to help the drug bind to biomolecules [53]. Among various 

biological species, human serum albumin (HSA) and immunoglobulin G (IgG) are ideal 

candidates due to their long half-life (approximately three weeks) and high abundance [54]. 

No matter in serum or interstitial fluid, the concentrations of albumin and IgG are both quite 

high (serum concentration: albumin is 4.58 ± 0.35 g/100 ml, IgG is 1.27 ± 0.23 g/100ml; 

interstitial fluid concentration: albumin is 2.92 ± 0.32 g/100ml, IgG is 0.65 ± 0.18 g/100ml) 

[55, 56]. Therefore, developing albumin or IgG-binding complexes has emerged as one of 

the most promising strategies to improve subcutaneous drug retention and blood circulation 

[53, 57, 58]. Typical U.S. Food and Drug Administration (FDA)-approved albumin or IgG-

binding drugs are listed in Table 1, which have been applied subcutaneously to treat various 

diseases including diabetes, rheumatoid arthritis, cancers and so on [53]. With the help of 

albumin or IgG binding, all the conjugates significantly extend the duration of drug action, 

remarkably improving their therapeutic effects. Compared to artificial macromolecule 

modification (e.g. PEGylation), the small-molecule conjugation serves as a more 

biocompatible strategy without significant activity loss induced by the steric hindrance effect 

[53, 59–62]. One of the most successful strategies using small-molecule binders has been 

achieved by lipid modification (lipidation) [53]. Intriguingly, albumin contains nine different 

binding sites for fatty acids or similar molecules, facilitating conjugation with drug 

molecules [63]. The strategy has proven recently successful in anti-diabetic drugs [64–66], 
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immune drugs [67], antithrombotic drugs [68], and so on, suggesting large potential in 

future applications. Similarly, our group has developed another albumin binder, a truncated 

Evens blue (tEB) derivative to improve drug performance [69–73]. One interesting example 

involves the modification of exendin-4 (Fig. 2A). After conjugating exendin-4 with tEB 

through a thiol group on Cys40 and maleimide group on the linker, the product (Abextide) 

significantly prolongs subcutaneous retention and blood circulation of exendin-4 due to 

albumin binding [71]. Moreover, minor adjustment of molecular structures by introducing an 

amide group in the linker creates a more stable conjugate (Abextide II), which lowers BGL 

and prolongs the normoglycemia duration in a type 2 diabetes mouse model (more effective 

than FDA-approved Albiglutide) [69]. It should be emphasized that the improvement of 

subcutaneous drug delivery as a result of biomolecule binding could be directly observed 

from positron emission tomography (PET) imaging [71]. Clearly, results showed that tEB 

modification could significantly prolong subcutaneous drug diffusion and absorption 

(~10%ID retaining after 24 h) compared to free exendin-4 (less than 10%ID only after 2 h) 

(Fig. 2B). In addition, the formation of complexes by EB derivatives and endogenous 

albumin in the interstitial fluid, and its slow migration and diffusion into the lymphatic node 

(LN) have been extensively observed by optical and PET imaging (Fig. 2C–G) [73]. 

Interestingly, no severe inflammation or FBR is observed as biomolecule binding renders 

some biomimetic properties, which significantly alleviate host recognition and rejection to 

the drugs. Besides the aforementioned binders, synthetic molecules including bile acid 

derivatives [74], phosphate esters [75], and some halogen-containing linkers [76, 77] have 

also been developed for biomolecule binding. Those well-designed structures have shown a 

negligible effect on drug functionality and act as ideal candidates to improve current 

therapeutic strategies that are limited by rapid drug clearance. We believe many of those 

potential conjugates will be quickly translated into clinical practices in the near future.

3.1.2. Direct immobilization—In addition to introducing simple molecular linkers for 

biomolecule binding (indirect immobilization), drugs could be directly immobilized through 

forming hydrogel or inorganic-organic hybrid.. It has been confirmed that many drugs with 

specific functional groups (e.g. amino, carboxyl, thiol groups) can be conjugated with 

natural or synthetic macromolecules (polymers or peptides) to construct largely sized depots 

and facilitate gradual release [9, 20, 78]. Recently, Chilkoti et al. conjugated GLP-1 or 

exendin-4 to a POEGMA polymer (Fig. 3A) or elastin-like polypeptide (ELP) (Fig. 3B) 

through protein fusion-based approaches, which have been proven to significantly extend the 

subcutaneous drug retention due to aggregation [17–19, 79]. Evidently, the depot-forming 

GLP-1 fusion protein can reduce BGL for at least five days with a single injection [17–19, 

79]. This should be attributed to the zero-order release kinetics, which is ideal for both 

minimizing classic peak and valley pharmacokinetics and reducing dosing frequency [17]. 

Moreover, this kind of modification has been confirmed to trigger weaker antigenicity 

compared to PEG modification, suggesting high biocompatibility [18]. Besides, another 

solidification strategy lies in the inorganic-organic hybrid generation (e.g. mineralization 

reaction) [80, 81]. As we know, when the protein or peptide contains adequate acidic amino 

acid residues, such as glutamic acid (Glu) (pKa = 4.25) and aspartic acid (Asp) (pKa = 3.86), 

it may easily chelate calcium ions from supersaturated metastable solutions [82–84]. After 

nucleation, tiny crystals are generated around the protein or peptide, which tend to assemble 
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into orderly structured spherical aggregates via a “bricks and mortar” self-assembly 

mechanism [85]. Moreover, the mineralized particles respond to physiological 

supersaturation (0.5–2.5 mM Ca) to release the payloads [83]. While the local 

supersaturation increases due to the calcium-based particle dissolution, the release rate 

spontaneously slows down, indicating a leverage-based release profile (Fig. 3C). It should be 

emphasized that no matter whether the drugs are under aforementioned polymer conjugation 

or mineralization modification, the final dissociated products are only biological absorbable 

components, which can be completely absorbed by surrounding tissues, inducing negligible 

inflammation, and achieving safe and controllable long-term drug release [17–20, 79, 83, 

84]. Collectively, direct introduction of a bio-friendly modification on the drug molecule can 

significantly improve the performance of the therapeutic agent by enhancing subcutaneous 

retention and circulation time with mild immune rejection. Moreover, the modification 

method is simple, time-saving, and economical by just introducing a minor alteration on the 

original drugs. In such a way, we believe direct chemical modification can be an effective 

potential strategy to significantly improve long-acting drug releasing systems.

3.2 Depot surface engineering

Although direct modification has proven to be a simple and effective strategy, it results in 

some alterations to the original drugs, which may lead to an unpredictable change to its 

pharmacological activity [53]. Therefore, another popular strategy to develop long-acting 

systems is to encapsulate the original drug in a hydrogel or macro-sized particles, which can 

be injected or implanted subcutaneously to release the payloads due to gradual degradation 

(Table 1). These strategies mainly focus on some natural or synthetic polymers such as 

poly(lactide-co-glycolide) (PLGA), alginate, hyaluronic acid, chitosan, and so on [4, 8, 12, 

79, 86–94]. Despite preliminary success for those materials, ultra-long drug release (months, 

years) is still unattainable (the FBR is mainly responsible for the failure). In order to regulate 

the material-bioenvironment regulation, artificial engineering on the surface of the hydrogels 

or macro-particles has emerged as one of the most effective approaches, which may 

significantly extend the longevity and functionality of subcutaneous depots.

As for the surface modification, the most straightforward method is to coat the surface of the 

subcutaneous depots with biocompatible materials based on their masking ability [99–104]. 

The masking layer can provide a hydrophilic interface between the tissue fluids and depots, 

significantly reducing protein adsorption and cell attachment. For instance, mussel adhesive 

protein mimetic polymer coating has proven to be able to provide a non-fouling surface, 

which can resist cell attachment for at least 14 days [105]. A smart coating by using PLGA 

microspheres that are dispersed in poly(vinyl alcohol) (PVA) hydrogel can remarkably 

reduce FBR at the tissue-device interface to extend lifetime of the biosensor [99]. Besides, 

alternative coating by positive and negative polyelectrolyte multilayer thin film through a 

layer by layer process can significantly alleviate the host recognition to improve 

immunoisolation of implanted islets [106–108]. All these coatings are confirmed to reduce 

protein and cell infiltration, but offer a porous structure for nutrient and biomolecule 

diffusion, guaranteeing long-term material-bioenvironmental communication. Interestingly, 

this kind of immunoisolation effect is well controlled by the nanotopography of the coatings, 

which has shown a dramatic effect on the protein layer composition and cellular behaviors, 

Chen et al. Page 6

Adv Drug Deliv Rev. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



owing to their influence on protein conformation and cell contact [95, 96, 109–112]. Typical 

topographic structures are listed in Fig. 4A, including grooves, nanopillars, fibers, nanopits 

and so on. When cells adhere to those structured surfaces, they change the shape according 

to the surface curvature, and highly curved surfaces may induce a larger extent of 

deformation of the cytoskeleton compared to the relatively flatter surface, leading to an acute 

response with high cytokine and chemokine secretion (Fig. 4B) [96]. Moreover, in the same 

topographical surface, the dimension of microstructures plays a significant role in cellular 

behaviors. For example, Luo et al. developed a fibrous membrane to combat FBR for long-

acting devices [97]. It has been verified that the diameter of the fibers may remarkably 

influence the shielding effect of the coatings with the same thickness [113, 114]. Compared 

to microsized fibers, the nanosized fibers have greater potential in mitigating FBR (Fig. 4C). 

This phenomenon could be attributed to the structural homology of nanosized fibrous 

structures to the natural extracellular matrices (ECM). It has been confirmed that many of 

the pseudopodial processes of macrophages are oriented along the microfibers [97, 115]. 

The response of spreading is closely related to the macrophage activation, followed by the 

regulation of proinflammatory cytokines and chemokines secretion [113, 115]. Besides the 

dimension, the distribution of microstructures on a topographical surface also exhibits a 

significant effect on the cellular activities (Fig. 4D). The results indicate that cells tend to 

migrate to a dense topographical surface over a sparse area [98], in this way the orientation, 

extension and secretion of the cells are largely affected [96]. All these results suggest 

intricate surface engineering to alter nanotopography structure holds great promise to 

mediate the biological system attachment and response.

In addition to nanotopography structures, the functional groups on the macroparticles or 

hydrogel surfaces are also highly associated with FBR inhibition [116]. It has been observed 

that the exposure of specific functional groups including carboxyl, hydroxyl, amine or 

methyl groups show a pronounced effect on protein adsorption, cell behavior, and tissue 

response [116]. Therefore, various biocompatible polymers with different functional groups 

have been applied to modify the surface of the biosensors or subcutaneous depots, 

significantly improving their in vivo performance (Table 2). Besides the broadly used 

polyelectrolytes and hydrogels, scientists have recently developed some new structures, 

which have shown large potential to serve as highly non-fouling surface groups in clinical 

applications. For instance, Anderson et al. screened 774 alginate analogs with different 

functional groups to evaluate their compatibility after subcutaneous implantation [117]. 

Interestingly, among all the analogs, they identified three triazole-containing candidates that 

substantially reduce FBR in both rodents and non-human primates for at least 6 months 

(Table 2) [117, 118]. The introduction of triazole-based functional groups creates a unique 

surface which can inhibit macrophage recognition and fibrous deposition [117]. Although 

the exact mechanism is still under investigation, the phenomenon clearly indicates that this 

kind of functional group may regulate immune cell population at the material surface 

through macrophage activation and fibrotic process disruption. Moreover, besides triazole 

groups, some other interesting functional surfaces have also been proven to significantly 

reduce FBR. For instance, Jiang et al. reported that zwitterionic hydrogels implanted in mice 

resist the FBR for at least three months (Table 2) [119–121]. The molecular mechanism of 

this non-fouling property could be ascribed to zwitterions with a minimized dipole and 
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balanced charge that possess strong hydration capacity via electrostatic interaction, which 

highly resists protein adsorption [122]. The similar zwitterion-based strategy has also been 

applied by Loose et al. who modified a catheter with non-leaching polymer sulfobetaine, 

which contains equal amount of sulfonate (SO3
−) and quaternary amine groups (NR4

+) to 

coordinate with water molecules on the surface, significantly reducing protein, microbial, 

and mammalian cell attachment for a long period (at least 60 days) [123]. Obviously, simple 

surface functional group regulation can largely mediate the material-environment 

interaction. Despite the fact that not all the mechanisms are well elucidated, this kind of 

modification may significantly improve the performance of various subcutaneous injections 

or implants, such as tissue scaffolds, artificial organs, glucose sensors, and drug-releasing 

depots, where fibrotic reactions are undesirable.

3.3 Size and shape effect

In long-term subcutaneous drug delivery, the injections or implants are built up to the 

micrometer, millimeter, or even centimeter scale, which represents a large foreign presence 

to biological systems [94, 127, 128]. In this way, alterations in size and shape always play a 

significant role in their interaction with surroundings, followed by the influence on FBR. As 

for the shape effect, it has been observed that triangle-shaped implants show a relatively 

higher immune response, while pentagon shapes present less, and circular structures induce 

the least reactions (Fig. 5A and B) [129]. This interesting phenomenon may be attributed to 

the sharper angles in the triangle or pentagon shapes, which may induce more acute injuries 

during their movements compared to circular structures [129]. Moreover, the shape 

difference has also been confirmed to profoundly affect cell behavior at the interface 

between the materials and tissue fluids.[130], with smooth, well-contoured structures (no 

sharp angles) demonstrating greater biocompatibility [130]. Obviously, we can get some 

clues from these observations that materials with smooth surfaces and no sharp edges are 

more bio-friendly to reduce FBR during long-term subcutaneous retention.

To avoid introducing sharp angles, sphere structures are frequently applied in various long-

acting systems (e.g. alginate spheres, PLGA depots) [117, 118, 126]. Intriguingly, regardless 

of material type, the size difference leads to remarkably distinct FBR (Fig. 5C). Clearly, 

increased size resulted in significant decrease in the thickness of the FBR-based capsule.

[126]. After implantation for 14 days, the macrophage (CD68) and myofibroblast (αSMA) 

deposition in retrieved materials showed a marked reduction in large materials (1.5 cm) 

compared to medium sized implants (0.5 cm) (Fig. 5C) [126]. Moreover, further evaluation 

of the innate immune response of different materials revealed that both host macrophages 

(Fig. 5D) and neutrophils (Fig. 5E) accumulated less in peripheral tissues upon larger sphere 

treatments, and a multiplexed inflammatory mouse cytokine profile indicated the same 

tendency (Fig. 5F). Considering all these materials showed a range of mechanical stiffness 

varying from soft (alginate) to hard (stainless steel), suggesting the size effect dominates 

biocompatibility over the stiffness. This phenomenon should be attributed to distinct 

macrophage activation in the different sized alginate depots [131, 132]. The expression of 

macrophage markers indicated that classical and wound-healing phenotypes are enriched in 

1.5-mm spheres while regulatory macrophage markers were not significantly up-regulated, 

which were highly detected in 0.5-mm spheres [126]. These data suggest that a lack of 
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regulatory macrophage cell accumulation on large-sized spheres correlates with truncated 

fibrosis formation. Although there are still some unclear details on geometry-based FBR 

regulation, researchers have observed that the size and shape of designed materials lead to a 

significant influence on their interaction with surroundings. As an easily controlled factor, 

geometric properties can be well regulated during fabrication processes, which may combine 

with surface chemistry and nanotopography to synergistically overcome FBR during long-

term treatments.

4 Future perspectives

Currently, the most successful long-acting drug release formulations have extended the drug 

administration frequency up to 4 to 6 weeks in the clinic [22–24, 133]. However, this is not 

satisfactory as most of the diseases that need long-acting formulations last for tens of years 

or persist for the whole life of the patient. Therefore, ultra-long (months, years) formulations 

are under development, which may extensively alleviate patient sufferings and improve their 

quality of life. Based on this goal, there are still many directions worth studying in depth to 

improve current long-acting formulations.

4.1 Combinative strategies

In order to develop ultra-long subcutaneous drug delivery systems, simultaneously slowing 

drug release and reducing FBR are both necessary. The simplest way to maximize long-term 

effect lies in combining molecular level and macro-sized level strategies, which may achieve 

a synergistic effect by providing long subcutaneous retention and blood circulation (Fig. 6). 

For instance, after introducing an albumin-binding linker (tEB) on exendin-4, the tEB-

modified exendin-4 drug can be further employed to construct inorganic-organic hybrid 

particles or be conjugated to polymer matrix as the linker is covalently bound to a specific 

site (Cys40) [69, 71], which is unrelated to the subsequent reactions.. In this way, the 

combinative products may serve as a biomimetic species to escape from host reaction and 

sustainably release the payloads upon gradual degradation. Moreover, the released payload 

will migrate slowly through the interstitial matrix upon albumin binding and enhance blood 

retention [3, 52]. It should be noted that in combinative strategies, many factors could be 

respectively adjusted with fewer confounding effects. Introducing biomolecule-binding 

linkers on drug molecules exerts a negligible influence on depot fabrication, while 

composition, geometry, and surface regulation on the depot has a minor effect on the 

biological activity of encapsulated drugs. In this way, a high degree of freedom to optimize 

related factors to maximize long-term drug release effects is permitted. Considering a single 

strategy has successfully extended the drug release to several weeks, we believe the 

combinative strategies will hold even greater promise to prolong the drug treatments to 

several months or even years by significantly and synergistically enhancing drug retention, 

reducing FBR, and improving blood circulation.

4.2 Smart release

In most treatments, the effective concentrations of drugs in blood are often not high [134, 

135], suggesting that a small amount of drug release at an indicated time point is adequate. 

Therefore, it is not necessary to release the drug during the whole treatment process. A self-
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regulated system, also known as a signal feedback-controlled system may specifically 

release the payloads in response to pathological stimuli, and self-regulate to slow down drug 

release in normal bioenvironments [27–30]. Compared to classic directly activated models 

and progressively activated models, the self-regulated model can provide a smart and on-

demand drug treatment, maximizing the utilization efficiency of the drugs (Fig. 7) [27–30]. 

In this manner, it is supposed that self-regulated systems may exhibit remarkably prolonged 

drug release compared to others with the same loading amount. These kinds of formulations 

have recently been applied to treat various diseases such as diabetes [136–138] and blood 

coagulation [139, 140], extensively prolonging the drug duration time. Based on all the 

successes, we believe that those smart systems will open new windows to create more ultra-

long drug release formulations by providing an accurate, on-demand drug treatment.

4.3 Living-species involvement

It should be noted that there is always an upper limit to the release time of traditional drug 

loading strategies, as the loaded drugs will be completely depleted. In order to achieve 

“permanent” drug treatments, biological species are always involved, which may provide an 

ultra-long metabolism-based drug exocytosis without the necessity of drug loading or 

refilling [106–108]. For instance, Anderson et al. encapsulated glucose-responsive mature β 
cells (derived from human embryonic stem cells, referred to as SC-β cells) in triazole–

thiomorpholine dioxide (TMTD)-modified 1.5 mm alginate spheres (TMTD-1.5) to treat 

diabetes (Fig. 8) [118]. Similar to the previous study [117, 126], larger and triazole-modified 

particles (TMTD-1.5) indicated a lower FBR according to dark-field, bright-field, and z-

stacked confocal immunofluorescence images from implants compared to smaller (SLG-0.5) 

and unmodified (SLG-1.5) species (Fig. 8A). Proteomic analysis of lysates from implants 

showed similar results (Fig. 8B). Moreover, in vivo tests revealed that SC-β cells 

encapsulated within TMTD-1.5 lowered the BGL of STZ-treated C57BL/6 mice for half a 

year (Fig. 8C), which meant that patients only need two injections within one year. 

Intravenous glucose tolerance test (IVGTT) showed that after 174-day implantation, the 

acute BGL elevation could still be controlled (Fig. 8D). Human C-peptide, a surrogate 

endpoint for insulin production, was detected during the course of study (Fig. 8E), which 

reflected that the transplanted SC-β cells remained alive and functional, suggesting that the 

cells escaped from attack by host immune systems. In addition, they also tested the systems 

on non-human primates and detected negligible FBR for 6 months [118]. This ultra-long 

drug release may be attributed to the non-fouling property of well-designed depots and 

unlimited insulin secretion of SC-β cells. This success inspires that the combination of 

biological species and smart materials may act as a highly promising approach to develop 

ultra-long formulations, which are expected to result in a revolution in drug administration 

strategies in the near future.

4.4 Electronic/mechanical device application

To achieve long-term drug release, monitoring the pathological signal or drug concentration 

always plays a significant role as it can help adjust drug dose and release kinetics, even in 

some cases pause drug release as needed. To realize accurate monitoring and control of drug 

release, introducing electronic/mechanical devices is a good choice as it can transform the 

pathological signal or drug concentration to readable digital data, and provide an artificially 
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controllable profile. For example, Kim et al. constructed an efficient electrochemical 

interface based on the gold-doped graphene for stable transfer of electrical signals [141]. 

They fabricated a smart patch that consists of temperature, humidity, glucose and pH sensors 

to monitor the physiological signals and transferred them to a smartphone, providing a real-

time monitoring (Fig. 9A). Besides, Ye et al. designed a smartphone-assisted semiautomatic 

system to treat diabetes [142]. They implanted a hydrogel capsule carrying both optically 

engineered cells and wirelessly powered far-red light LEDs, and used a glucometer to detect 

the BGL and a smartphone to artificially turn on insulin or short variant of human GLP-1 

(shGLP-1) release (Fig. 9B). A Smartcontroller can also be used to provide a feedback 

controlled drug release. In such a way, highly accurate signal monitoring and semiautomatic 

drug treatment can be achieved. It is believed that the combination of those smart electronic/

mechanical devices with highly non-fouling materials will be able to realize well-controlled 

long-term subcutaneous drug release for various clinical applications.

5 Conclusions

Whether in the clinical practice or the commercial market, subcutaneous drug delivery is 

considered one of the most popular routes of administration due to its low-cost, self-

administration, safety, and high efficiency. To maximize the effect of subcutaneous drug 

delivery and increase patient compliance, long-acting formulations have been developed. 

During long-term drug treatment, FBR frequently limit the drug retention and lead to health 

risks. Therefore, various smart designs have been employed to combat FBR through 

reduction of host recognition and aggression responses. Some well-developed 

immunoisolation strategies including direct drug modification, depot surface engineering, 

size and shape regulation, and so on are discussed in depth in this review. To further improve 

longevity and functionality of long-acting formulations, we believe that combining 

molecular level and macro-sized level strategies, introducing smart self-regulated release 

systems, applying cell-based secretion strategy and introducing electronic/mechanical 

devices are promising approaches. Based on all these discussions, long-acting subcutaneous 

drug delivery has been confirmed to be one of the most effective strategies to improve 

patient lives in numerous diseases, and with the advance of material and life sciences, more 

strategies that can further extend drug release time and reduce dosing frequency are expected 

to be achieved. In this regard, we believe more effective ultra-long formulations will be 

realized upon smart material-bioenvironment interaction regulation in future.
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Fig. 1. 
Schematic diagram of the FBR leading to the encapsulation of injected or implanted 

materials. Adapted with permission from reference [43].
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Fig. 2. 
(A) Typical structures of tEB modified exendin-4 (Adapted with permission from reference 

[69] and reference [71]). (B) Whole body PET images of BALB/c mice at different time 

points after subcutaneous injection of 64Cu-Abextide, 64Cu-Albiglutide and 64Cu-Exendin-4, 

(Adapted with permission from reference [71]). (C) Fluorescence images of the lymphatic 

system in BALB/c mice treated with fluorine-18 aluminum fluoride-labeled NOTA (1,4,7-

triazacyclononane-N,N′,N″-triacetic acid)-conjugated truncated Evans blue (18F-AlF-NEB) 

and normal EB following a chronological order. (D) Ex vivo optical imaging of LNs at 90 

min postinjection (skin removed). (E) Bright field image showed the blue color in the 

lymphatic system. (F) Optical and PET imaging of popliteal LNs (white arrow). (G) Optical 

and PET imaging of the sciatic LNs (white arrow). Fig. 2C–G were adapted with permission 

from reference [73]).
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Fig. 3. 
(A) Synthesis of exendin-C-POEGMA. Adapted with permission from reference [18]. (B) A 

fusion of ELP and GLP-1 can form an extended release subcutaneous depot and prolong 

peptide circulation time. Adapted with permission from reference [19]. (C) Schematic of 

mineralized exendin-4 generation and its disassembly in response to physiological 

supersaturation. Adapted with permission from reference [83].
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Fig. 4. 
(A) Schematics of representative nanotopography geometries commonly used as cell culture 

substrates. Adapted with permission from reference [95]. (B) The effect of surface curvature 

on cell shape. Adapted with permission from reference [96]. (C) The influence of fiber size 

on FBR. Adapted with permission from reference [97]. (D) Schematic for guiding cell 

migration on isotropic and anisotropic topographies. Adapted with permission from 

reference [98].
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Fig. 5. 
Size and shape effects of injected or implanted materials. (A) Three typical shapes of 

implants that are used to evaluate the FBR. Adapted with permission from reference [129] 

(B) Photomicrographs of H&E-stained sections after treatments by different shaped implants 

for 14 days. Blue arrows indicate the accumulated cells. Adapted with permission from 

reference [129]. (C) Bright-field images of different materials with distinct sizes after 

implantation for 14 days (upper panels). Immunofluorescence Z-stacked confocal images of 

retrieved materials. Blue (DAPI) indicates cell nuclei, green (CD68) indicates macrophages, 

and red (α-SMA) indicates fibrosis-associated activated myofibroblasts (lower panels). 

Scale bar, 300 μm. (D) Flow analysis using specific markers for the host macrophage. (E) 

Flow analysis using specific markers for the host neutrophils. (F) Cytokine array profiling of 

inflammatory cytokine protein production in response to implanted materials. Fig. 5C–F 

were adapted with permission from reference [126].
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Fig. 6. 
Combining molecular level and macro-sized level strategies to extend long-term 

subcutaneous drug treatments.
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Fig. 7. 
Bio-responsive modalities for controlled drug release (Adapted with permission from 

reference [27]). (A) Directly activated model. (B) Progressively activated model. (C) Self-

regulated model.
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Fig. 8. 
Long-term response of cell encapsulated alginate depots (Adapted with permission from 

reference [118]). (A) Representative dark-field, bright-field, and z-stacked confocal 

immunofluorescence images of SC-β cell implants. (B) Proteomic analysis of lysates from 

SC-β cell cluster implants retrieved from the STZ-treated C57BL/6J mice after 90 d 

implantation. (C) BGL in healthy mice or diabetic mice implanted with SC-β cell-

encapsulated TMTD-1.5 spheres. (D) BGL of the STZ-treated C57BL/6 mice with or 

without TMTD alginate implantation that were subjected to an IVGTT after 174 d. (E) 

Blood human C-peptide levels of diabetic mice implanted with TMTD-1.5 spheres.
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Fig. 9. 
Electronic/mechanical device-based long-acting systems. (A) Wearable diabetes monitoring 

and therapy system based on a smartphone and a microneedle-array patch. Adapted with 

permission from reference [141]. (B) Abstract diagram showing smartphone-controlled 

engineered cells enabling semiautomatic point of care for combating diabetes. Adapted with 

permission from reference [142].
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Table 1

Currently approved subcutaneous long-acting formulations

Brand name International nonproprietary name Strategy Indication Approval year

Ozempic Semaglutide Lipidation Type 2 diabetes 2017

Xultophy 100/3.6 Insulin degludec and liraglutide 
injection Lipidation Type 2 diabetes 2016

Tresiba Insulin degludec Lipidation Type 1 and type 2 diabetes 2015

Tanzeum, Eperzan Albiglutide Albumin fusion Type 2 diabetes 2014

Trulicity Dulaglutide Fc fusion Type2 diabetes 2014

Saxenda Liraglutide Lipidation Obesity 2014

Eloctate Antihemophilic factor (recombinant) Fc fusion Hemophilia A 2014

Alprolix Coagulation Factor IX (recombinant) Fc fusion Hemophilia B 2014

Eylea Aflibercept Fc fusion Wet macular degeneration 2011

Nulojix Belatacept Fc fusion Kidney transplant rejection 2011

Victoza Liraglutide Lipidation Type 2 diabetes 2010

Arcalyst Rilonacept Fc fusion Cryopyrin-associated periodic syndromes 2008

Nplate Romiplostim Fc fusion Immune thrombocytopenic purpura 2008

Somatuline Depot Lanreotide Subcutaneous depot Acromegaly 2007

Omnitrope Somatropin (rDNA origin) Subcutaneous depot Growth hormone deficiency 2006

Orencia Abatacept Fc fusion Rheumatoid arthritis 2005

Levemir insuline detemir (rDNA origin) Lipidation Type 1 diabetes 2005

Bydureon Exenatide Subcutaneous depot Type 2 diabetes 2005

Risperdal Consta Risperidone Subcutaneous depot Schizophrenia and symptoms of bipolar 
disorder 2003

Enbrel Etanercept Fc fusion Rheumatoid arthritis, psoriasis 2002

Nutropin AQ Somatropin (rDNA origin) Subcutaneous depot Growth hormone deficiency 1999

Sandostatin Lar Depot acetate Subcutaneous depot Acromegaly 1998
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Table 2

Typical chemical structures that can reduce FBR

Name/Description Structure Application

Poly(styrene sulfonate) (PSS) Islet implantation [108]

Poly(β-amino alcohols) (PBAA) Cell encapsulation [100]

Poly(L-lysine)-g-poly(ethylene glycol) (PLL-g-PEG) Islet implantation [106, 
107]

Poly(diallyl dimethyl ammonium chloride) 
(PDADMAC) Islet implantation [108]

Poly(allylamine hydrochloride) (PAH) Islet implantation [108]

Poly(lactic-co-glycolic) acid (PLGA) Biosensor implantation [99]

Poly(vinyl alcohol) (PVA)
Biosensor implantation [99]

Neural prostheses 
implantation [124]

Hyaluronic acid (HA) Cell encapsulation [125]
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Name/Description Structure Application

Alginate (ALG) Islet implantation [106, 
107]

Poly(acrylic acid) (PAA) Neural prostheses 
implantation [124]

Poly(carboxybetaine) (pCB) Biomedical device 
implantation [119, 120]

Poly(sulfobetaine) (pSB)
Catheter insertion [123]

Biomedical device 
implantation [119, 120]

Phosphorylcholine (PC) Surface plasmon resonance 
sensor implantation [122]

Mixed charge polymer Biomedical device 
implantation [119]

Triazole-containing derivative Cell encapsulation [117, 
118, 126]

Triazole-containing derivative Cell encapsulation [117, 
118, 126]

Triazole-containing derivative Cell encapsulation [117, 
118, 126]
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