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ABSTRACT

Bioresponsive materials have gained prominence as innovative tools for advancing drug delivery systems, particularly 
in managing type 1 and type 2 diabetes mellitus. These materials respond to biological stimuli such as pH, glucose, 
enzymes, or temperature, thereby enabling spatiotemporally controlled drug release. This review examines recent 
progress in the design strategies, activation mechanisms, and therapeutic applications of these materials in diabetes 
care. Key focus areas include macromolecular insulin delivery systems and oral hypoglycemic agents, with emphasis on 
their efficacy in regulating blood glucose homeostasis. Despite their promise, challenges persist in translating these 
technologies to clinical practice, including scalability limitations, insufficient clinical validation, regulatory hurdles, 
and healthcare system compatibility. Current therapeutic shortcomings, such as frequent injections and adverse 
effects compromising patient adherence, are discussed. By synthesizing contemporary research developments and 
implementation barriers, this work provides critical insights into optimizing bioresponsive platforms for clinical 
translation. Our analysis underscores the need for interdisciplinary approaches to address technical and practical 
constraints, and ultimately engineer patient-centric, scalable solutions that enhance therapeutic outcomes and 
quality of life. Future directions include bridging material innovation with clinical needs to develop next-generation 
diabetes management systems.
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1. INTRODUCTION

As of 2021, approximately 537 million people worldwide 
had diabetes, 90% of whom had type 2 diabetes mellitus 
(T2DM). This number is projected to reach 783 million by 
2045 [1]. Numerous medications have been investigated 
for their efficacy in decreasing complications associated 
with diabetes mellitus (DM). Whereas insulin remains 
essential for type 1 diabetes management, T2DM treat-
ment often combines insulin with oral antidiabetic drugs 
[2]. However, current delivery methods face substantial 
challenges. Injectable insulin causes local adverse effects 
(e.g., swelling or erythema), whereas oral medications 
may trigger gastrointestinal complications (e.g., nau-
sea or diarrhea) [3, 4]. These challenges contribute to 
decreasing patient compliance, yet lifelong treatment is 

required for managing DM. Using bioresponsive materi-
als in drug delivery has emerged as a promising solution 
to address these limitations.

A drug delivery system (DDS) is an interface, designed 
as either a drug formulation or a device, that facilitates 
the administration of therapeutics into the body. The 
primary goal of DDSs is to enhance pharmacodynamic 
and pharmacokinetic properties, increase therapeutic 
efficacy, and ensure patient safety throughout treat-
ment while minimizing undesirable effects caused by 
nonspecific drug distribution [5, 6]. Various DDSs have 
been developed, including organic nanoparticles such as 
dendrimers, micelles, liposomes, polymers, and ferritin; 
inorganic nanoparticles, such as quantum dots and gold 
nanoparticles; and hydrogels [7].
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In diabetes treatment, not all drug delivery routes 
are suitable for every medication. For example, com-
plex and unstable drugs such as insulin cannot currently 
be administered orally, because they are degraded in 
the gastrointestinal tract. However, advancements in 
innovation may make oral insulin delivery feasible. 
Enhancing existing delivery systems or developing 
novel systems would provide substantial advantages 
in diabetes management. Bioresponsive materials are 
specially designed materials that undergo physical or 
chemical transformations in response to specific biolog-
ical triggers, such as pH, glucose level, temperature, or 
enzymes. These transformations enable the controlled 
release of therapeutic agents, which can be used for 
treatment and diagnosis [8]. Recently, bioresponsive 
materials have become a critical component in DDS 
development. These materials offer several advantages 
over conventional DDSs, primarily because of their 
ability to respond specifically to biological triggers. 

This specificity ensures targeted drug release at the 
disease site and consequently decreases toxicity risk. 
Additionally, these materials enable sustained and 
on-demand drug release, thus enhancing efficacy by 
ensuring that the drug is delivered to the proper site 
at the proper time. These advancements ultimately 
decrease the need for frequent monitoring of diabetes 
patients and improve treatment compliance [9, 10].

Herein, we present recent findings regarding the 
application of bioresponsive materials in developing 
advanced formulations for enhancing the delivery of 
antidiabetic medications (Scheme 1). This review pro-
vides an overview of current research progress, includ-
ing a detailed examination of delivery mechanisms. 
Additionally, we identify the challenges associated with 
developing and implementing bioresponsive materials 
in diabetes DDSs. Finally, we explore future perspectives 
that offer valuable insights into potential innovations in 
diabetes drug delivery.

Scheme 1  |  Schematic diagram illustrating bioresponsive materials for drug delivery triggered by glucose, temperature, and pH, 
along with their advantages and challenges in the effective treatment of diabetes mellitus.
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2. BIORESPONSIVE MATERIALS, MECHANISMS, 
AND APPLICATIONS IN DIABETES MELLITUS 
TREATMENT

2.1 pH-sensitive materials
pH-sensitive biomaterials undergo structural changes 
(e.g., swelling/dissociation) in specific-pH environ-
ments and subsequently release therapeutic agents. 
Their responsiveness originates from ionizable com-
pounds incorporated into polymers via chemical reac-
tions or self-assembly [6, 11-15]. Examples include 1) 
acrylic acid, which ionizes (–COOH → –COO−) at high 
pH, thus increasing hydrophilicity [16]; 2) sulfonamide, 
which loses electrons at high pH via oxygen atoms, thus 
enhancing water affinity [17, 18]; and 3) sodium algi-
nate (SA), which forms hydrogen bonds with carboxyl 
groups (–COOH) at low pH (1.2), thus decreasing elec-
trostatic repulsion and swelling, whereas at high pH 
(6.8), ionized –COO− groups induce repulsion, promot-
ing water uptake [19, 20]. Ionization increases polymer 

matrix hydrophilicity through negative charge density, 
thereby enhancing solubility and drug release. This 
pH-dependent behavior makes such biomaterials ideal 
for oral antidiabetic drugs (e.g., insulin) that require 
protection against gastric acidity (Figure 1).

2.1.1 Applications of pH-sensitive materials in diabetes 
management.  The use of ionizable acrylic acid in devel-
oping pH-sensitive materials has demonstrated effective 
drug release under high-pH conditions. Guo and Li have 
constructed an acrylic acid–functionalized chitosan sys-
tem to encapsulate compound 1 (an antidiabetic agent). 
In vitro studies have revealed pH-dependent release 
profiles, with 32.5% release at pH 4, 56% at pH 7, and 
42.1% at pH 10 [21].

Bhosale et  al. have developed pH-sensitive antidia-
betic pellets by using a polymethylmethacrylate-grafted 
gellan gum (PMMA-g-GG) framework incorporating 
acrylic acid functional groups. These pellets encapsu-
lated metformin HCl. In vitro studies showed negligible 

Figure 1  |  Biomaterial functionalized with pH-responsive compound.
(a) Schematic representation of a polymer encapsulating a drug to form nanoparticles achieving drug release under specific pH conditions. (b) 
pH-sensitive compounds ionize at high pH, thus increasing polymer hydrophilicity and facilitating drug release. In contrast, at low pH, they 
become unionized and hydrophobic, thus hindering drug release.
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release (pH 1.2) in gastric conditions but substantial 
release (pH 6.8) under intestinal conditions. The pro-
posed mechanism is that the carboxyl groups of PMMA-
g-GG remain unionized at low pH, thereby forming 
hydrogen bonds that rigidify the polymer and inhibit 
swelling. At higher pH, ionization of acrylic acid carboxyl 
groups disrupts the hydrogen bonds, thus softening the 
polymer, enhancing water uptake, and ultimately pro-
moting drug release [22].

Sulfonamide groups, another class of pH-responsive 
compounds, have been integrated into biomaterials 
to enable pH-sensitive drug release. Trinh et  al. have 
designed a dual pH- and temperature-sensitive hydro-
gel by combining oligomeric serine sulfonamide (pH 
responsive) with poly(lactide)-b-poly(ethylene glycol) 
(thermoresponsive), thereby forming a penta-block 
copolymer. When loaded with antidiabetic nanoparti-
cles, the hydrogel exhibits a solution state at high pH 
(8.6) and room temperature. This behavior is attributa-
ble to sulfonamide ionization: at elevated pH, electron 
withdrawal by sulfonamide oxygen atoms and electron 
donation by secondary amine protons increase polymer 
hydrophilicity and consequently facilitate drug release. 
In contrast, the hydrogel maintains a gel state at physi-
ological pH (7.4) [23].

SA, a coating material with inherent pH-responsive 
solubility (soluble in basic conditions and insoluble in 
acidic environments), has also been used. For instance, 
Ren et al. have developed an oral SA-coated hydrogel 
encapsulating insulin-loaded Chlorella vulgaris. Insulin 
release reached 22.06% at gastric pH (1.8) but surged to 
96.92% at intestinal pH (7.2) [24]. Similarly, Zhang et al. 
have designed an oral-pH-sensitive nanohydrogel using 
o-carboxymethyl chitosan and SA, in which electrostatic 
interactions led to formation of insulin-loaded nanopar-
ticles. The release profiles showed 50% release at pH 6.8 
(48 hours), and 68.7% release at pH 7.4 (48 hours) [25].

Apart from incorporating pH-sensitive ionizable com-
pounds into polymers, polymers with pH-responsive 
release can be achieved through careful modulation 
of ionic interaction and hydrogen bonding. Fetouh 
et al. have used chitin-grafted guar gum (chitin-g-GG) 
to encapsulate insulin, on the basis of bond formation 
through ionic interaction with the –OH group of GG and 
hydrogen bonding with the acetyl group of chitin. The 
system demonstrated pH-responsive insulin release, in 
which no release of insulin occurred at pH 1.2, whereas 
sustained release of insulin was observed at pH 7.4 [26].

2.2 Temperature-sensitive (thermoresponsive) 
materials
Temperature-sensitive materials respond to specific 
temperature changes in their environment, thus exhib-
iting a miscibility gap at either high or low temperatures 
[6, 27]. These temperature-induced alterations in mate-
rial properties may manifest as swelling or transitions 
between solution and gel states [6]. On the basis of 
their phase behavior, these materials are classified into 

two categories: (i) lower critical solution temperature 
(LCST) materials, which become insoluble after heating 
above their LCST (Figure 2), and (ii) upper critical solu-
tion temperature materials, which become soluble after 
heating above their upper critical solution temperature. 
Analogous transitions in hydrogels are termed lower 
critical gelation temperature and upper critical gelation 
temperature [29, 30].

Common LCST-type polymers include poly(N-isopropy-
lacrylamide) (PNIPAAM); poly(N,N-dimethylacrylamide); 
poly(methyl vinyl ether); poly(N-vinylcaprolactam); 
poly(ethylene oxide) (PEO); poly(ethylene oxide-co-pro-
pylene oxide) copolymers; poly(N-substituted acryla-
mides); poly(N-acryloyl pyrrolidine); poly(N-acryloyl 
piperidine); poly(acryloyl-L-amino acid ester); poly(ethyl 
oxazoline); and alcohol-based derivatives, such as 
hydroxypropyl acrylate, hydroxypropyl methylcellulose, 
hydroxypropyl cellulose, hydroxyethyl cellulose, methyl-
cellulose, and poly(vinyl alcohol) [6, 29, 31].

The LCST mechanism involves hydrogen bonding 
between polymers and water below the LCST, thereby 
enabling dissolution. Above the LCST, increased intra- 
and inter-chain hydrophobic interactions drive a coil-to-
globule transition that results in polymer collapse [32, 
33]. Notably, incorporating pH-sensitive monomers into 
thermosensitive polymers enhances pH responsiveness, 
because of the hydrophilic nature of ionized pH-sen-
sitive groups. Even minimal amounts of pH-sensitive 
monomers can disrupt the LCST behavior of dominant 
monomers [27, 34].

2.2.1 Applications of temperature-sensitive materials 
in diabetes management.  Using temperature-sensitive 
materials (particularly LCST systems) in diabetes treat-
ment offers advantages such as controlled and sustained 
release of antidiabetic drugs. These materials undergo 
a solution-to-gel transition at physiological tempera-
tures (e.g., room temperature to body temperature), 
thereby enabling non-invasive delivery via transdermal 
microneedles, oral, intravaginal, or rectal routes [35]. 
Yao et  al. have developed a subcutaneously delivered 
thermosensitive biomaterial by integrating PNIPAAM 
and graphene oxide to mimic islet cells, which encapsu-
late insulin. The system maintains normal blood glucose 
concentrations in diabetic mice [36]. Microneedle array 
patches have gained prominence in diabetes research, 
because of their minimally invasive nature, painless 
self-administration, and compatibility with peptide/
protein drugs such as insulin [37]. For instance, Li et al. 
have developed PNIPAAM-grafted gelatin microneedles 
for insulin delivery. In vitro studies showed 100% drug 
release at room temperature and 42% at 37°C. In vivo 
tests confirmed sustained insulin release and greater 
efficacy than that of non-thermosensitive systems. This 
behavior stems from strengthened polymer-protein 
interactions above the LCST (solution-to-gel transition), 
which restrict drug release, whereas weakened interac-
tions below the LCST promote drug diffusion [38].



Acta  
Materia  
Medica Review Article

558      Acta Materia Medica 2025, Volume 4, Issue 4, p. 554-574 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

2.2.2 Alternative thermosensitive materials.  Beyond 
PNIPAAM, poly(lactide-co-glycolide) (PLGA) demon-
strates temperature-sensitive drug release and biocom-
patibility, and undergoes solution-to-gel transitions 
near body temperature [39]. Dutta et al. have designed 
an injectable PLGA-PEG-PLGA triblock copolymer hydro-
gel (lower critical gelation temperature 34°C) encapsu-
lating insulin and GLP-1 analogs. In vivo, insulin release 
persisted for ~100 hours, and glycemic control was 
maintained for 72 hours, whereas free insulin was unde-
tectable after 24 hours [40]. Similarly, Trinh et al. have 
engineered a pH-thermoresponsive OS-PLA-PEG-PLA-OS 
hydrogel incorporating chitosan-insulin nanoparticles. 
The system transitions from solution (15°C) to gel (37°C), 
thereby forming a subcutaneous depot for sustained 
insulin release and achieving 60-hour glycemic control 
in mice [41].

Other temperature-sensitive materials, such as PEO 
and poly(propylene oxide), are also classified as LCST 
polymers. These materials can be copolymerized to form 
a tri-block copolymer known as Pluronics, which includes 
two hydrophilic PEO blocks linked by a hydrophobic 
poly(propylene oxide) block. Pluronic F-68 and F-127 
have been approved by the U.S. FDA for biomedical use 

[42]. Various studies have used Pluronic F-127 in tem-
perature-sensitive drug delivery applications [28, 43]. 
Mansoor et  al. have designed a glucose- and temper-
ature-sensitive hydrogel by using Pluronic F127 to link 
chitosan (structural stability) and concanavalin A (Con 
A; glucose sensing). At physiological pH (7.4) and 37°C, a 
solution-to-gel transition facilitated 97% insulin release 
over 7 days [44].

Poly(diethyleneglycol methylethermethacrylate) 
(PDEGMA), with tunable LCST (12–47°C via monomer 
ratio adjustments), has been used for glucose- and tem-
perature-sensitive insulin delivery [45]. Wu et  al. have 
synthesized P(AAPBA-b-DEGMA) nanoparticles that 
achieve slow insulin release at elevated temperatures 
in vitro while sustaining normoglycemia for 48 hours in 
vivo [46].

LCST materials can be tailored for specific applications 
by adjustment of monomer ratios or polymer molecular 
weights during synthesis, thus enabling precise control 
of drug release profiles.

2.3 Glucose-sensitive materials
Glucose-sensitive biomaterials can detect glucose levels 
in their surrounding environment [47]. These materials 

Figure 2  |  Thermo-gelation mechanism of biomaterials.
(a) Schematic representation of a polymer-encapsulated drug system exhibiting LCST. Below the LCST, the material is in solution form, whereas 
above the LCST, it forms a gel with slow drug release. (b) Photographic image of a drug-loaded hydrogel demonstrating a reversible phase 
transition from solution to gel above the lower critical solution temperature (LCST), and from gel to solution below the LCST. Reproduced with 
permission [28]. Copyright 2019 Springer Nature.
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include hydrogels, polymer nanoparticles, liposomes, 
and micelles [48]. When functionalized with glu-
cose-sensing moieties, they respond to glucose fluctua-
tions or secondary signals associated with glucose con-
centration changes, such as H2O2 levels, pH variations, 
and O2 concentrations. After encountering these stim-
uli, the biomaterials undergo structural alterations that 
modify their physicochemical properties, thereby trig-
gering controlled drug release [49].

Three primary mechanisms enable glucose sensitiv-
ity in these systems: (i) glucose oxidase (GOx) catalyzes 
glucose oxidation, thus decreasing glucose concentra-
tions while generating hydrogen peroxide (H2O2); (ii) 
glucose-binding proteins, such as Con A, selectively 
bind glucose through specific molecular interactions; 
(iii) diol-binding chemical groups, such as phenylboronic 
acid (PBA) and its derivatives, form reversible covalent 
bonds with glucose and consequently induce conforma-
tional changes in the biomaterial [47-49]. These mecha-
nisms are critical in glucose-responsive DDSs, particularly 
for diabetes management, because they enable release 
of therapeutic agents in a glucose-dependent manner. 
The following sections detail their operational princi-
ples and applications in diabetes therapy.

2.3.1 Enzyme-based mechanism.  GOx catalyzes the oxi-
dation of glucose to gluconic acid and hydrogen perox-
ide (H2O2) in the presence of oxygen and subsequently 

creates a hypoxic microenvironment [50, 51] (Figure 3a). 
These reaction products generate distinct microenvi-
ronments: an acidic microenvironment through glu-
conic acid production, an oxidative microenvironment 
through H2O2 generation, and a hypoxic microenviron-
ment via oxygen consumption during glucose oxida-
tion [52, 53]. Through the use of biomaterials sensitive 
to acidic, oxidative, and hypoxic microenvironments, 
structural modifications such as enhanced hydrophilicity 
can be induced to facilitate drug release. This release 
is achieved by incorporation of functional groups that 
respond to microenvironmental signals into the bioma-
terial. Notably, the intensity of these stimuli depends 
on glucose concentration, which in turn determines the 
degree of biomaterial structural modification. Under 
normal glucose concentrations, minimal or no structural 
modification occurs, whereas elevated glucose concen-
trations lead to greater modifications and enhanced 
drug delivery.

Examples of acid- and oxidative-sensitive functional 
groups in biomaterials include oxalate [54, 55]; sulfide 
and propylene sulfide [56, 57]; PBA and boronate ester 
bonds [58]; thioether-based groups such as thiomorpho-
line amide (TMAM), 3-methylthiopropylamide (TPAM), 
and 4-(methylthio)benzylamide (TPhAM) [59]; thioket-
als [60]; and selenium (Se) and tellurium (Te) analogs of 
ethers, including selenoethers, diselenides, and telluro-
ethers [61-63] (Figure 3b).

Figure 3  |  GOx-mediated glucose-responsive material.
(a) Conversion of glucose to gluconic acid and H2O2 by GOx in the presence of oxygen. (b) Oxidation of an Oxidative-sensitive functional group 
in the presence of H2O2, which increases system hydrophilicity and facilitates drug release. (c) Reversible reduction of a hypoxia-sensitive func-
tional group under diminished O2 concentrations, which enhances drug release by increasing system hydrophilicity.
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Examples of hypoxia-sensitive functional groups 
include the following (Figure 3c):
(i)	 Quinone analogs (e.g., indolequinone) that undergo 

one-electron reduction and form semi-quinone rad-
ical anions under hypoxia, with subsequent reduc-
tion to semiquinone radicals and hydroquinone. 
This reversible reaction is inhibited under normoxic 
conditions [64, 65].

(ii)	 Nitro groups (e.g., nitroimidazole derivatives), 
whose R-NO2 moiety is reduced to free radical anions 
under hypoxia, and is followed by further reduction 
to hydrophilic hydroxylamine (R-NH(OH)) or amine 
(R-NH2), thereby inducing structural modifications 
for payload release [66-68].

(iii)	Azo groups (e.g., azobenzene) forming hypoxia-sen-
sitive linkers (R-N=N-R) that undergo reductive cleav-
age of N=N bonds under hypoxia and subsequently 
release the payload [69-72].

GOx has been widely used in biomaterials for glu-
cose-triggered drug delivery. Recent advances are 
described below.

2.3.1.1 Injectable hydrogels
Zhang et al. have developed a chitosan-based injectable 
hydrogel self-assembled from phenyl boronic acid–mod-
ified chitosan (CSPBA), benzaldehyde-capped polyeth-
ylene glycol (PEG) (PEGCHO), and PVA, crosslinked via 
(i) PBA-ester bonds (CSPBA-PVA) and (ii) amide bonds 
(CS-PEGCHO), to encapsulate GOx, catalase (CAT), and 
insulin. Under hyperglycemia, GOx-generated gluconic 
acid reduces amide bonds (–N=C– → –NH2), whereas 
H2O2 oxidizes PBA-ester to phenol, thereby triggering 
hydrogel degradation and insulin release (Figure 4a). 
The system has been found to maintain normoglycemia 
for 11 days in vivo [73] (Figure 4b, c).

2.3.1.2 Microneedle patches
Hypoxia/H2O2 dual-responsive system: Yu et  al. have 
designed microneedles containing PEG-poly(Ser-S-NI) 
nanoparticles encapsulating GOx and insulin. High glu-
cose levels induce H2O2-mediated thioether oxidation (S 
→ sulfone) and hypoxia-driven nitroimidazole reduction 
(NO2 → NH2), thus enhancing hydrophilicity for insulin 
release. This system has been found to regulate glucose 
in diabetic mice for 10 hours [74].

H2O2-responsive mesoporous silica nanoparticles: Xu 
et al. have engineered mesoporous silica nanoparticles 
modified with ICBE and α-cyclodextrin. H2O2 oxidizes 
ICBE boronate esters to phenol, thus disrupting α-CD 
crosslinks and releasing insulin. In vitro H2O2 exposure 
increased insulin release from 18.5% to 72.4%, whereas 
in vivo efficacy lasted 4.5 hours vs. 2 hours with conven-
tional insulin [75].

MOF-based Microneedles: Yang et  al. developed 
co-doped ZIF-8 nanoparticles (Ins/GOx@Co-ZIF-8) embed-
ded in PVA/SiO2-EDTA microneedles. Acidic conditions 
dissociate the MOF via 2-methylimidazole protonation, 

thus releasing insulin. Co2+ mimics CAT, thus resulting in 
H2O2 degradation, whereas EDTA chelates excess Co2+. 
Although pH 5.0 triggered 80% insulin release, negligi-
ble release was observed at pH 7.4 [76].

2.3.1.3 Multi-stimulus systems
Luo et  al. designed a dual-nanoparticle microneedle 
patch comprising (i) pH-sensitive mPEG-b-PHMEMA 
nanoparticles (SNP(I)) for insulin, and (ii) mPEG-b-
PCHMA nanoparticles (iSNP(G+C)) loaded with GOx/
CAT. Gluconic acid protonates PHMEMA amines, thus 
enhancing hydrophilicity for insulin release, whereas 
CAT scavenges H2O2, thereby protecting GOx. At 400 mg/
dL glucose, 90% of insulin was released within 4 hours, 
whereas 30% was released at 100 mg/dL. Combined 
nanoparticles extended normoglycemia to 8 hours vs. 2 
hours for SNP(I) alone [77].

2.3.1.4 Gas-driven release
Ullah et  al. have created a porous polymer-coated 
microneedle through LBL assembly of NaHCO3/PVA/
GOx/insulin/PLGA. Gluconic acid decomposes NaHCO3 to 
CO2, thus generating pressure that ruptures the PLGA 
layer (Figure 5a). In vitro tests showed 50% insulin 
release in 1 hour and 100% in 6 hours at 400 mg/dL glu-
cose (Figure 5c), whereas in vivo glucose control lasted 
10 hours [78] (Figure 5d).

2.3.1.5 Enzyme-functionalized biomaterials for address-
ing diabetes complications
Beyond the well-identified complications associated 
with DM, such as retinopathy, neuropathy, chronic kid-
ney disease, cardiovascular disease, and cerebrovascular 
disease [79], people with diabetes experience elevated 
susceptibility to bone fractures, delayed healing [80, 81], 
and chronic diabetic wounds [82]. By using enzyme-func-
tionalized biomaterials, such as those incorporating 
GOx, targeted drug delivery can be achieved to address 
these complications effectively.

2.3.1.5.1 Bone regeneration
Gong et  al. have developed an Mg2+/gallic acid MOF 
hydrogel in which GOx-generated acidity releases Mg2+, 
thereby promoting angiogenesis. Use of this hydrogel in 
diabetic mice has been shown to enhance bone repair 
[83]. In hyperglycemia, an acidic microenvironment is 
created because of the formation of gluconic acid from 
glucose oxidation with GOx, thereby facilitating reduc-
tion of the bond between Mg2+ and gallic acid, leading 
to MOF dissociation and release of Mg2+, and facilitat-
ing angiogenesis. The hydrogel has been demonstrated 
to achieve significant improvement in bone regenera-
tion in diabetic mice.

2.3.1.5.2 Wound healing
Wu et  al. have designed Fe2+-coordinated GOx-
poly(LAAm) hydrogels with multi-enzyme activity (GOx/
CAT/superoxide dismutase), thereby decreasing glucose, 
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reactive oxygen species (ROS), and inflammation, while 
increasing wound oxygenation. With use of these 
hydrogels, diabetic wounds healed comparably to nor-
mal wounds within 15 days. GOx coordinates with Fe2+ 
and forms uni-molecular GOx-poly(LAAm) with mul-
ti-enzyme activity, including GOx, CAT, and superoxide 
dismutase activity. Consequently, glucose levels, ROS, 
inflammation, and infection decrease, whereas O2 levels 
increase in the wound microenvironment, thus promot-
ing healing [84].

2.3.1.5.3 Real-time monitoring
Beyond treatment of DM and its complications, effective 
disease monitoring is essential. Enzyme-functionalized 
biomaterials, such as those incorporating GOx, offer pre-
cise real-time glucose monitoring. Hsu et al. have inte-
grated an MnO2/GOx-TMB biosensor into methacrylated 

gelatin microneedles. H2O2 oxidizes 3,3′,5,5′-tetrame-
thyl benzidine (TMB) (–NH2 → =NH), thereby inducing 
a color shift (colorless → blue) amenable to smart-
phone-based glucose detection for real-time monitoring 
[85] (Figure 5b).

2.3.2 Mechanism based on glucose-binding-protein moi-
eties.  Glycan-binding proteins (GBPs) recognize and bind 
specific glycans, and subsequently mediate cellular pro-
cesses [86]. In mammals, six common carbohydrates—ga-
lactose, N-acetylgalactosamine, N-acetylglucosamine, 
mannose, sialic acid, and fucose—exhibit specific binding 
to GBPs [86]. GBPs are classified into two groups: lectins 
and sulfated glycosaminoglycans [87]. Lectins contain 
carbohydrate recognition domains and are subdivided 
into types C, P, I, L, and R, whereas sulfated glycosamino-
glycans interact primarily with heparin, chondroitin, and 

Figure 4  |  Multi-stimulus-responsive system.
(a) Schematic illustrating a hydrogel system with glucose- and pH-responsive elements, depicting the mechanism of drug release triggered by glu-
cose and pH changes. (b) In vitro release of insulin in a solution with different glucose concentrations and pH levels. (c) In vivo blood glucose mon-
itoring, 2 hours after treatment, in rats subjected to glucose tolerance test (GTT). Reproduced with permission [73]. Copyright 2023 Elsevier B.V.
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dermatan [88]. Because of their carbohydrate-binding 
properties, lectins are widely used in glucose-responsive 
systems, and Con A has been extensively studied for drug 
delivery [89].

Con A-mediated drug delivery relies on competitive 
binding between glucose and polysaccharide-modified 
drugs/materials. Formulations often incorporate poly-
saccharide-conjugated drugs or polymers, thus forming 
drug-Con A or polymer-Con A complexes. Under hyper-
glycemic conditions, glucose displaces polysaccharides 
from Con A binding sites, thereby triggering direct drug 
release or polymer-degradation-mediated release [90, 
91] (Figure 6a).

A critical challenge in designing Con A-based sys-
tems is balancing binding affinity. Many polysaccha-
rides exhibit stronger Con A affinity than glucose, 
thus potentially impairing glucose sensitivity [93]. To 

address this challenge, chemical modifications of pol-
ysaccharides (e.g., cinnamic acid–modified dextran 
[92], methacrylate-modified dextran [93, 94], and car-
boxylate-modified pullulan [95]) have been used to 
decrease Con A binding capacity and enhance glucose 
competitiveness.

2.3.2.1 Nanogels for peptide delivery
Use of Con A in delivering diabetic drugs has been 
successfully demonstrated. Bai et al. have developed a 
Con A-oxidized starch nanogel (Ngel-EX) for exenatide 
(EX) delivery. The nanogel was synthesized via dual 
crosslinking involving (i) interaction between oxidized 
starch (OS) glucose units and Con A binding sites, and 
(ii) amide bonds between OS carboxyl groups and Con A 
amino groups. The negatively charged nanogel encapsu-
lated positively charged EX via electrostatic interactions. 

Figure 5  |  GOx-mediated glucose-responsive biomaterial in glucose control and monitoring.
(a) Schematic presentation of a glucose-response microneedle patch. (b) Schematic mechanism illustrating the oxidation of TMB from colorless 
to blue state in the presence of high glucose concentrations, by using GOx and peroxidase reaction for blood glucose detection and monitoring. 
(c) In vitro study demonstrating the effectiveness of the microneedle array patch response under various glucose concentrations. (d) In vivo 
study demonstrating the effectiveness of microneedles in maintaining normal blood glucose levels in rats. Reproduced with permission [78]. 
Copyright 2020, MDPI.



Acta  
Materia  
MedicaReview Article

Acta Materia Medica 2025, Volume 4, Issue 4, p. 554-574      563 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

Figure 6  |  Con A-mediated glucose-responsive material.



Acta  
Materia  
Medica Review Article

564      Acta Materia Medica 2025, Volume 4, Issue 4, p. 554-574 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

Under hyperglycemia, glucose displaced OS from Con A, 
thus disrupting the nanogel structure and releasing 85% 
of EX within 28 hours (vs. 20% under normal glucose). In 
diabetic mice, Ngel-EX maintained normoglycemia for 
48 hours [96] (Figure 6b–e).

2.3.2.2 Fucoidan-based oral insulin nanoparticles
Fucoidan is a polysaccharide providing many biological 
advantages, including anti-inflammatory and antiox-
idant effects, and alleviation of metabolic syndrome 
[97]. Zhou et al. have designed fucoidan-Con A nano-
particles for oral insulin delivery. Con A’s lower affinity 
for fucoidan than glucose enables efficient glucose-re-
sponsive release. Nanoparticles (composed of vitamin 
B12, fucoidan, and Con A) released 30.7 ± 1.3% insulin 
within 1 hour at 400 mg/dL glucose (vs. 17.3 ± 1.3% at 
100 mg/dL). In diabetic mice, the system stabilized blood 
glucose for 8 hours with minimal hypoglycemia [98].

2.3.2.3 Pullulan hydrogel for insulin delivery
Pullulan is another important polysaccharide whose 
biocompatibility and remarkable properties favor its 
use in the pharmaceutical industry [99]. Lin et al. have 
fabricated a glucose-sensitive hydrogel by using car-
boxylated pullulan and Con A. An amide bond forms 
between the carboxyl group (–COOH) of Pullulan and 
the amino group (–NH2) of Con A. Glucose competitively 
binds Con A under hyperglycemia, thus inducing hydro-
gel swelling and insulin release. The system achieves 
concentration-dependent release, with higher glucose 
levels accelerating insulin discharge [95].

2.3.2.4 Thermo-responsive hydrogels
Mansoor et  al. have constructed a glucose-responsive 
hydrogel composed of thermo-responsive carboxylat-
ed-modified Pluronic F127 (PL), chitosan, and Con A. 
The hydrogel was prepared through EDC/NHS coupling. 
An amide bond formed between the carboxyl group 
(–COOH) of PL and the amino groups (–NH2) of chitosan 
and Con A, thereby encapsulating insulin within the 
structure. At 37°C (PL’s lower critical solution tempera-
ture), the solution transitioned to a gel, thereby encap-
sulating insulin. Hyperglycemia triggered hydrogel 
swelling, releasing 97% insulin over 7 days [44].

2.3.2.5 Glucose-responsive liposomes
Con A has also been used in glucose-responsive liposome 
drug delivery. Govardhane and Shende have developed 
Con A-conjugated liposomes for phthalocyanine (PC) 

delivery. Liposomes (composed of PC, lipids, cholesterol, 
and stearylamine) were prepared via thin-film hydration 
and functionalized with Con A by using EDC/NHS. The 
system demonstrated glucose-dependent PC release for 
diabetes management [100].

Additionally, Con A has been used in glucose moni-
toring through the development of glucose sensors. For 
example, Wei et  al. have constructed a Con A hydro-
gel-based photonic device for glucose sensing [101], 
whereas Yin et  al. have fabricated a Con A-hydrogel-
based sensor [102]. By exploiting Con A’s specificity for 
glucose binding, these sensors achieved high sensitivity 
for glucose monitoring.

Current Con A-based systems show promising glucose 
responsiveness and biocompatibility but require fur-
ther optimization, such as (i) fine-tuning polysaccharide 
modifications to balance binding affinity and stability, 
(ii) enhancing release precision in complex physiolog-
ical environments, and (iii) exploring novel polysac-
charide-Con A combinations for broader applications. 
Advancements in material design and delivery strate-
gies are expected to strengthen Con A-based systems as 
next-generation solutions for diabetes management.

2.3.3 Mechanism based on diol-binding chemical moi-
eties.  Boron-containing compounds encompass five 
primary categories: (i) boron-nitrogen bond molecules 
(e.g., diazaborinines and boron nitride), (ii) boron-based 
fluorophores (e.g., BODIPY), (iii) borole derivatives (e.g., 
benzoxaboroles), (iv) boronic acids (e.g., PBA), and 
(v) icosahedral boron clusters (e.g., carboranes) [103]. 
Among these, boron-based stimuli-responsive biomate-
rials have shown substantial potential in DDSs, because 
of their sensitivity to physiological triggers including 
pH, ROS, temperature fluctuations, light exposure, and 
saccharide concentrations (e.g., glucose) [104]. Notably, 
boronic acids, particularly PBA, have emerged as prom-
ising candidates for glucose-responsive diabetes thera-
pies, owing to their structural versatility and ability to 
form reversible ester bonds with diol-containing com-
pounds [104].

2.3.3.1 Mechanistic basis of PBA responsiveness
The glucose-responsive mechanism relies on PBA’s ability 
to establish dynamic covalent bonds with 1,2- or 1,3-diol 
groups. Under hyperglycemic conditions, glucose com-
petitively displaces bound diol-containing compounds 
through ester bond formation with PBA, thus trigger-
ing payload release [105] (Figure 7a, b). This process 

(a) Proposed synthetic route of OS-Con A nanogel. (b) Schematic representation of a polymer modified with Con A for encapsulating a drug in 
nanoparticles and achieving drug release under hyperglycemic conditions. (c) Schematic representation of the glucose-responsive mechanism 
of release of exenatide by nanogels. (d) In vitro exenatide release rates under various glucose concentrations, demonstrating the effective 
glucose-responsive drug release of the system. (e) In vivo blood glucose monitoring following a glucose tolerance test (GTT) 2 hours after 
drug administration to diabetic mice receiving various formulations or control healthy mice. Reproduced with permission [96]. Copyright 2022 
Elsevier B.V.
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is governed by a structure-reactivity relationship that 
modulates binding affinities among PBA, diol-contain-
ing compounds, and glucose. Critical parameters influ-
encing system performance include PBA’s pKa, envi-
ronmental pH, and molecular architecture, all of which 
require optimization to enhance glucose specificity and 
release kinetics [106, 107].

2.3.3.2 PBA-based drug delivery systems
Recent advances in PBA-engineered glucose-respon-
sive biomaterials have highlighted their therapeutic 
potential.

2.3.3.2.1 Injectable polymers
Xu et al. have developed a polymeric nano-membrane 
made of polydopamine and glucose-sensitive 4-car-
boxy-3-fluorophenylboronic acid grafted poly-L-lysine 
(PLL-FPBA) encapsulating insulin crystals. Under hyperg-
lycemia, glucose binding to PBA results in highly negative 
charge in both PLL-FPBA and polydopamine; this nega-
tive charge weakens the crosslinked structure and con-
sequently increases insulin release. The system demon-
strated effective glucose-responsive insulin release by 
controlling blood glucose in the normal range for more 
than 4 weeks in diabetic mice and more than 3 weeks 
in diabetic minipigs [108]. In addition, Wang et al. have 

synthesized a subcutaneous injectable glucose-respon-
sive polymer comprising poly(ethylene glycol) linked to 
4-carboxy-3-fluorophenylboronic acid grafted poly-L-ly-
sine (PEG-PLL-FPBA), encapsulating insulin. The system 
maintained normal blood glucose concentrations in dia-
betic mice for as many as 20 hours [109].

2.3.3.2.2 Oral insulin nanoparticles
Sharmah et  al. have developed an oral insulin delivery 
system using carboxylic acid–modified PBA (PBA-COOH) 
and amine-functionalized cerium oxide (NC-NH2). EDC/
NHS coupling formed amide bonds between compo-
nents, whereas dextran established boronate ester link-
ages with PBA for insulin encapsulation. Under 25 mM 
glucose (hyperglycemia), competitive displacement of 
dextran induced nanoparticle swelling and released 
81.04% of insulin over 48 hours, representing a sevenfold 
increase over normoglycemic conditions (5 mM glucose). 
In vivo studies demonstrated 12-hour glycemic control in 
diabetic mice [110]. Ji et al. have prepared an oral glu-
cose-responsive system, comprising a copolymer complex 
of polycarboxybetaine and FPBA-modified poly(2-am-
inoethyl methacrylate), to deliver insulin. The system 
demonstrated effective control and maintained normal 
blood glucose levels in a type 1 diabetes mouse model 
without risk of hypotension for as many as 16 hours [111].

Figure 7  |  PBA-integrated glucose-responsive biomaterial drug delivery.
(a) Schematic representation of a polymer encapsulating a drug to form nanoparticles that release the drug under hyperglycemic conditions. (b) 
Schematic representation of the drug release mechanism of biomaterials containing PBA in the presence of glucose.
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2.3.3.2.3 Polymer microneedles
Wang et  al. expanded the concept of polymer 
microneedles by using a chitosan-PBA (CS-PBA)/PVA-
PVP microneedle system featuring dual responsiveness, 
wherein initial CS-PBA nanoparticle swelling and sec-
ondary PBA-PVA aggregation prevent uncontrolled 
insulin release. This design maintained normoglycemia 
in diabetic mice for 8 hours without posing a risk of 
hypoglycemia [112].

2.3.3.2.4 Enhanced-specificity hydrogels
PBA exhibits a lower binding affinity toward glucose 
than other polysaccharides [106]. Furthermore, PBA is 
prone to non-specific binding to other analytes pres-
ent in the body, such as fructose and lactate [113]. To 
address PBA’s inherent limitations—including prefer-
ential binding to fructose/lactate and suboptimal glu-
cose affinity at physiological pH (pKa 8.2–8.6 vs. pH 
7.4). Xiang et al. have designed a diboronate hydrogel 
using di-3-pyridylboronic acid (DiPBA) and 4-arm poly-
ethylene glycol (4aPEG). This system achieved 70% insu-
lin release at 22 mM glucose and 25% at 2.3 mM, and 
maintained specificity against competing analytes [114]. 
Similarly, Xian et al. have developed an injectable ther-
mal-responsive hydrogel combining Pluronic F127 with 
azide-PBA, which sustained euglycemia for 8 hours after 
injection [115]. Xian et  al. have modified insulin with 
a moiety with high binding affinity for glucose, DiPBA. 
This modified insulin was encapsulated in dendrimers 
and administered subcutaneously. The system demon-
strated high-specificity glucose-responsive insulin 
release by maintaining normal glucose concentrations 
in a diabetic pig model for 1 week [116].

2.3.3.2.5 Dual-responsive micelles
Liu et  al. have created glucose/H2O2 dual-responsive 
micelles (PEG-b-PAPBE) encapsulating GOx and insulin. 
Hyperglycemia activated two pathways: (i) glucose-PBA 
esterification and (ii) GOx-mediated gluconic acid/H2O2 
production, H2O2 oxidized boronic esters. Insulin release 
increased from 20% (0 g/L glucose) to 77% (5 g/L), and 
12-hour glycemic control was achieved in vivo [117].

2.3.3.3 Overcoming physiological limitations
Another issue associated with the PBA glucose response 
is that the pKa of PBA is usually between 8.2 and 8.6; 
consequently, under physiological pH (approximately 
7.4), PBA shows a weak glucose response. Consequently, 
its applications under physiological conditions are lim-
ited, because a higher pH value is required to achieve 
effective glucose binding and drug release. The addition 
of electron-withdrawing groups on the benzene ring 
can improve the pKa [118]. Zhang et al. have synthesized 
a polysulfonamide-PBA copolymer (p(SAPBA-co-NVCL)) 
with optimized pKa (7.4), which achieved effective glu-
cose responsiveness at physiological pH. The hydrogel 
demonstrated sustained insulin release over 12 hours in 
diabetic models [119].

2.3.3.4 PBA-functionalized biomaterials for addressing 
diabetes complications
Beyond drug delivery applications, PBA has been used 
in fabricating glucose-monitoring biosensors [120, 121], 
in the treatment of other diabetes-associated complica-
tions, such as nephropathy [122, 123], diabetic wound 
healing [124, 125], and bone regeneration [126, 127]. 
These developments underscore PBA’s expanding role 
in creating precision therapies for diabetes and its 
complications. However, challenges in analyte specific-
ity and physiological optimization warrant continued 
investigation.

3. ADVANTAGES OF BIORESPONSIVE DRUG 
DELIVERY SYSTEMS

With the development of advanced DDSs, biomateri-
als are increasingly used as essential tools, because of 
their favorable properties. Biomaterials offer numerous 
advantages, including the ability to deliver payloads 
(drugs or agents) in a sustained and controlled manner, 
triggered by specific stimuli such as pH, ROS, glucose, 
or temperature [10]. They also address challenges asso-
ciated with conventional dosage forms (e.g., tablets; 
capsules; oral solutions, such as syrups; and injectables) 
[128-130] (Table 1). Additionally, biomaterials increase 
the stability of drugs such as proteins and peptides (e.g., 
insulin), which are inherently unstable and susceptible 
to degradation caused by enzymatic activity or pH fluc-
tuations in the body. Encapsulating these drugs within 
biomaterial-based nanoshells prevents premature deg-
radation and ensures targeted release at desired sites 
[130, 135]. The H2O2 byproduct generated by GOx-
mediated biomaterials is critical for biosafety within 
the body at low, acceptable concentrations, given that 
it functions as a specific signaling molecule in cellu-
lar processes [136]. For example, it activates signaling 
pathways such as mitogen-activated protein kinase and 
phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt), 
which play important roles in cell proliferation [137]. 
Nevertheless, biosafety is concentration dependent, and 
high H2O2 levels pose a risk of cellular damage [138]. 
Management of blood glucose in people with diabetes 
is associated with a risk of hypoglycemia after adminis-
tration of small-molecule antidiabetic drugs, e.g., met-
formin HCL overdose [139], and macromolecule antidi-
abetic drugs, e.g., insulin overdose [140]. Biomaterials 
can be used to prevent hypoglycemia incidence. For 
example, Chen et al. synthesized a PBA-functionalized 
peptide amphiphile, which restores normal blood glu-
cose levels in diabetic mice with insulin-induced hypo-
glycemia [141].

Biomaterials further decrease immune reactions and 
enhance bioavailability by prolonging drug circulation 
time in the bloodstream. For instance, PEG nanoparti-
cles have been shown to extend circulation time and 
minimize immune recognition [142, 143]. Their design 
flexibility enables the delivery of both small-molecule 
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antidiabetic drugs (e.g., metformin HCl) and macromol-
ecules such as peptides (e.g., insulin). These formulations 
can be administered via multiple routes, including oral, 
transdermal, inhalation, intramuscular, intravenous, 
subcutaneous, intra-vaginal, and rectal delivery. This 
versatility supports personalized treatment approaches 
by accommodating variations in patient responses 
due to factors including age, disease progression, sex, 
genetic conditions, and ethnicity [144].

Collectively, these advantages position biomaterials 
as indispensable components of advanced DDSs that 
may markedly enhance patient safety and compliance 
during DM treatment.

4. CHALLENGES IN DEVELOPING BIORESPONSIVE 
DRUG DELIVERY SYSTEMS

The development of bioresponsive materials for DDSs, 
from laboratory settings to clinical trials and ultimately 
to market approval, faces numerous technical, scientific, 
and regulatory challenges. Overcoming these hurdles 
is critical to ensuring the delivery system’s reliability, 
safety, and efficacy. Human physiological conditions are 
highly complex, and present barriers such as the mucus 
layer (physiological barrier), metabolizing enzymes (bio-
chemical barrier), immune responses, and pH gradients 
(chemical barriers) [145]. These factors substantially 
influence the performance of bioresponsive materials 
designed to respond to specific stimuli, such as pH, glu-
cose, enzymatic activity, or ROS. Off-target effects may 
arise when materials undergo undesired activation in 
regions mimicking target conditions, thus undermining 

DDS specificity and efficacy. Such limitations underscore 
the gap in findings between in vitro studies, which 
often poorly predict in vivo outcomes, and the com-
plexities of human physiology. Preclinical translation is 
further complicated by discrepancies between animal 
models and human immune or physiological responses 
[146] (Figure 8).

Biocompatibility remains a critical concern, because 
these materials must safely release drugs within the body 
over prolonged periods. Ideally, they should degrade 
without accumulating or producing toxic byproducts. 
However, even widely used biomaterials such as PEG—
which was long considered the gold standard—can 
provoke immune reactions, thus posing safety risks and 
limiting clinical utility [143, 147, 148]. A key technical 
challenge lies in modifying materials to evade immune 
detection without compromising their responsiveness. 
Additionally, interactions between these materials and 
immune system components remain poorly understood 
[149, 150]. Balancing material stability and controlled 
degradability is another critical hurdle. Excessive sta-
bility risks accumulation and toxicity, whereas prema-
ture degradation leads to off-target drug release and 
diminished efficacy. Limited data on degradation kinet-
ics and byproduct profiles under diverse physiological 
conditions further complicate safety assessments [151].

Many bioresponsive nanoscale systems also have low 
drug-loading capacities or encapsulation efficiencies, 
particularly for hydrophobic drugs and macromolecules, 
such as proteins and peptides (e.g., insulin), thus result-
ing in subtherapeutic dosing [152, 153]. Furthermore, 
scaling up production presents additional challenges: 

Table 1  |  Differences between conventional dose formulations and biomaterial-based dose formulations.

Drug delivery 
outcome

  Conventional dose formulation (e.g., tablet, 
capsule, oral solution injectable)

  Biomaterial-based dose formulation (e.g., polymeric 
nanoparticles, lipid nanoparticles, liposomes, hydrogels)

  Reference

Drug release   Limited control of drug release, often resulting 
in burst release, elevated drug clearance, and 
heightened toxicity.

  Controlled and sustained drug release, reducing drug 
clearence.

  [10]

Biological drugs 
(e.g., insulin)

  Prone to degradation and rapid clearance, thus 
negatively affecting drug efficiency.

  Protection of biological drugs against degradation, 
thus increasing therapeutic half-life and efficacy.

  [131, 132]

Poorly soluble 
drugs

  Decreased bioavailability due to limited 
absorption in the bloodstream.

  Enhanced bioavailability through improved absorption 
mechanisms.

  [133]

Dosing frequency   Rapid degradation and clearance require 
frequent dosing, thereby increasing the risk of 
dose-associated adverse effects and toxicity and 
decreasing patient compliance.

  Controlled and sustained release decreases dosing 
frequency, lowers adverse effects and toxicity, increases 
patient compliance, and is particularly beneficial for 
chronic conditions requiring lifetime medication (e.g., 
diabetes mellitus).

  [10, 129]

Drug stability 
in storage and 
transportation 
(e.g., insulin)

  Stability challenges due to insufficient protection 
make drugs vulnerable to harsh environmental 
conditions during storage and transportation, 
thus decreasing therapeutic quality.

  Enhanced stability through polymer-based delivery 
systems, thereby ensuring drug integrity and efficacy 
during storage and transportation, even in challenging 
environments.

  [129]

Multi-drug 
delivery

  Systems are limited, thus leading to the delivery 
of a single drug at a time.

  Can be engineered to carry multiple drugs and release 
them in a controllable manner.

  [134]
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nanomaterial synthesis often relies on costly, complex 
processes, and minor manufacturing variations can 
unpredictably alter stimuli responsiveness and drug 
release profiles [154-156]. The lack of data on material 
interactions with co-administered drugs further dimin-
ishes clinical confidence and hinders integration into 
combination therapies. These issues collectively impede 
the clinical use of nanoscale bioresponsive systems.

Furthermore, even after overcoming technical bar-
riers, securing regulatory approval remains daunting. 
Bioresponsive DDSs often involve novel materials and 
mechanisms requiring gathering of extensive clinical 
data on safety, biocompatibility, efficacy, and stabili-
ty—a time- and resource-intensive process. The absence 
of standardized evaluation protocols for preclinical and 
clinical stages exacerbates delays. For example, whereas 
chitosan is classified as “Generally Recognized As Safe” 
(GRAS) by the USFDA for food additives, its use in bioma-
terial-based DDS remains limited because of regulatory 
ambiguities [157]. These aspects highlight the urgent 

need for updated frameworks tailored to advanced bio-
responsive systems.

These challenges have starkly narrowed the pipeline 
for bioresponsive DDS. Few systems reach clinical trials, 
and even fewer demonstrate satisfactory performance. 
According to Namoit, only 486 clinical trials involving 
nanoparticles were conducted between 2002 and 2021. 
Most were in early phases (phase I: 37%; phase II: 45%), 
whereas fewer progressed to phase III (9%) or phase IV 
(4%) [158]. Similarly, Lele et al. have reported that only 
6% of 834 biomaterial-associated clinical trials focused on 
nano-biomaterials for drug delivery, and phase I–IV trials 
accounted for 9%, 35%, 13%, and 2%, respectively [159].

5. FUTURE DIRECTIONS AND CONCLUSION

The future of biomaterials in drug delivery holds sub-
stantial promise for enhancing the effectiveness and 
patient-friendliness during the course of DM manage-
ment. Notable advancements in biomaterials have led 

Figure 8  |  Pre-clinical and Clinical challenges.
(a), (b), (c), and (d) Drug nanoparticle clearance by phagocytic cells of the mouse, rat, dog, and human mononuclear phagocytic system (MPS), 
respectively. (e) and (f) Inter- and intra-species differences in immune response. Reproduced with permission [146]. Copyright 2018 Elsevier B.V.
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to the development of intelligent, bioresponsive DDSs 
that overcome the limitations of conventional (tradi-
tional) therapies.

DM is a chronic condition that requires lifelong man-
agement through precise control of blood glucose levels 
and frequent use of medication such as insulin. Recent 
innovations in biomaterials have shown promise in 
achieving oral insulin delivery. For example, ORMD-0801 
has demonstrated favorable results and is progressing 
to phase III clinical trials [131]. In addition, Capsulin in 
phase IIb is safe and effective for patients with ear-
ly-stage T2DM [160]. Smart microneedle array patches, 
which are painless and release insulin on demand, are 
being explored in several ongoing clinical trials, which 
have shown promising outcomes [132, 161, 162]. This 
delivery method would provide advantages to patients 
by avoiding multiple subcutaneous injections of insulin, 
which are associated with lipoatrophy, lipohypertrophy, 
and local reactions such as erythemic, pruritic, wheal, 
and flare reactions [163].

Considering the challenge of off-target activation 
in bioresponsive materials due to unintended trigger-
ing in regions mimicking target conditions, multi-stim-
ulus-responsive biomaterials must be designed. These 
advanced systems can enhance specificity by respond-
ing to a combination of physiological triggers such as 
glucose, temperature, and pH [164], and also facilitate 
personalized medicine [165] by tailoring the system’s 
response to individual patient physiology. A major hur-
dle in clinical translation stems from reliance on preclin-
ical animal models to estimate human dosing, despite 
substantial pharmacokinetic differences among species 
[146] (Figure 8). These interspecies variations are likely to 
contribute to the high failure rate of biomaterial-based 
therapies in clinical trials. Success in this arena requires 
meticulous selection of preclinical models supported by 
robust scientific understanding.

Regulatory approval remains another critical chal-
lenge, particularly given the inconsistent guidance 
across regulatory agencies. The U.S. FDA has taken 
progressive steps by developing tools, methods, and 
nanotechnology-specific guidance documents to sup-
port industry compliance and streamline approvals 
[166]. However, other regulatory bodies must establish 
similar frameworks to harmonize standards and accel-
erate the approval of innovative biomaterial-based 
therapies.

ABBREVIATIONS

T2DM: type 2 diabetes mellitus; DM: diabetes mellitus; DDS: 
drug delivery system; NPs: nanoparticles; LCST: lower critical 
solution temperature; PBA: phenyl boronic acid; GOx: glucose 
oxidase; Con A: concanavalin A; GTT: glucose tolerance test; 
GBP: glycan binding protein.
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