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Abstract: Diabetes mellitus is a global metabolic crisis characterized by chronic hyperglycemia, where progressive pancreatic 𝛽𝛽-
cell dysfunction and peripheral insulin resistance lead to systemic microvascular and macrovascular complications. Although 
diverse classes of oral and injectable antidiabetic agents exist, conventional static dosing regimens frequently fail to achieve tight 
glycemic control due to their inability to synchronize with the highly dynamic circadian fluctuations of metabolic physiology. 
Endogenous insulin secretion, hepatic gluconeogenesis, peripheral glucose uptake, and counter-regulatory hormone actions are 
tightly governed by the suprachiasmatic nucleus and autonomous peripheral molecular clocks. These circadian oscillations 
generate predictable temporal patterns of hyperglycemia, such as the early morning dawn phenomenon, nocturnal glycemic 
instability, and meal-associated postprandial glucose surges. Chronotherapy via pulsatile drug delivery systems offers a 
sophisticated therapeutic approach by releasing active pharmaceutical ingredients after predetermined lag phases or in direct 
response to physiological biomarkers. Integrating these systems with smart, glucose-responsive biomaterials, polymeric 
nanoformulations, and microneedle platforms allows for the biomimetic restoration of physiological insulin profiles and timed 
delivery of oral secretagogues. Despite technical hurdles regarding batch-to-batch reproducibility, long-term biocompatibility, 
and complex regulatory approval rules for combination drug-device systems, these responsive technologies represent a critical 
step toward automated, personalized metabolic management. Aligning therapeutic delivery with the patient's endogenous 
circadian biology provides a viable pathway to optimize pharmacodynamic outcomes, mitigate nocturnal hypoglycemic crises, 
and limit cumulative organ damage.  

Keywords: Diabetes mellitus; Pulsatile drug delivery; Chronotherapy; Circadian clock; Glucose-responsive 
biomaterials. 
 

1. Introduction 

Diabetes mellitus is one of the most severe public health crises of the twenty-first century, showing an escalating global prevalence 
that strains modern healthcare infrastructures. Epidemiological investigations indicate that more than 537 million adults are currently 
diagnosed with this metabolic disorder, representing approximately one in ten individuals globally [1]. Projections suggest this 
trajectory will continue upward, driven by rapid urbanization, sedentary lifestyles, aging demographics, and nutritional transitions in 
developing economies. Alarmingly, nearly half of all individuals living with the disease remain undiagnosed, which delays vital 
therapeutic interventions and accelerates the progression of silent systemic pathologies. The economic impact of this epidemic is 
profound, with global healthcare expenditures dedicated to managing the disease and its secondary complications exceeding 900 
billion USD annually [2]. The burden is disproportionately concentrated in heavily populated countries experiencing rapid 
socioeconomic shifts, where the convergence of genetic susceptibility and environmental factors has created massive patient cohorts 
requiring lifelong medical management. The primary therapeutic objective in managing diabetes mellitus is the maintenance of blood 
glucose levels within a narrow physiological range, typically between 70 and 140 mg/dL, to prevent both immediate metabolic crises 
and long-term organ damage. Conventional oral tablets, immediate-release capsules, and standard sustained-release formulations are 
fundamentally limited because they establish relatively static plasma drug concentrations. These steady-state levels do not align with 
the highly dynamic, non-linear fluctuations in blood glucose that characterize daily human life. Physiological glucose concentrations 
are subject to dramatic spikes following food intake, as well as predictable circadian variations driven by neuroendocrine pathways. 

A primary example of this temporal mismatch is the dawn phenomenon, a clinical state characterized by an abnormal rise in fasting 
blood glucose levels between 04:00 and 08:00 hours. This early morning hyperglycemic surge occurs in the absence of nocturnal 
hypoglycemia and is driven by the nocturnal release of counter-regulatory hormones, including growth hormone, cortisol, glucagon, 
and catecholamines [3]. These hormone surges temporarily increase peripheral insulin resistance and stimulate hepatic 
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gluconeogenesis and glycogenolysis. Standard sustained-release oral therapies taken at bedtime often fail to address this early 
morning surge, as their plasma concentration profiles either decline before dawn or remain insufficiently high, whereas immediate-
release medications taken before sleep raise the risk of hazardous nocturnal hypoglycemia. 

To overcome the pharmacokinetic shortcomings of conventional dosing, the pharmaceutical sciences have turned toward the 
principles of chronopharmacology. This field involves the design of drug delivery platforms that synchronize drug release with 
endogenous biological rhythms.  

 

Figure 1. Comparison of Plasma Drug Concentration of Immediate Release, Sustained Release and Pulsatile Drug 
Delivery Systems 

Chronotherapy is built upon the recognition that the manifestation of disease symptoms, the rate-limiting steps of drug disposition, 
and target tissue sensitivity are not constant over a twenty-four-hour cycle. Pulsatile drug delivery systems represent a highly 
sophisticated branch of chronotherapy designed to release a therapeutic agent rapidly and completely after a precisely programmed 
lag time, or in direct response to a specific physiological biomarker [4]. This delayed-burst release profile is highly advantageous in 
clinical scenarios where continuous drug exposure is contraindicated. Constant drug presence in the systemic circulation can lead to 
receptor desensitization, target downregulation, or the rapid development of pharmacodynamic tolerance. By mimicking the natural 
pulsatile patterns of endogenous hormones, such as the natural ultradian pulses of insulin, pulsatile systems maintain cell-surface 
receptor sensitivity. These platforms enable site-specific delivery along the gastrointestinal tract and provide on-demand therapeutic 
action precisely when the risk of pathological escalation is highest, thereby maximizing efficacy while minimizing systemic toxicities 
[5]. 

2. Circadian Biology and Metabolic Regulation 

2.1. Physiological Oscillations in Glucose Homeostasis 

Human metabolic physiology does not operate under static equilibrium; rather, it is governed by a complex network of circadian 
rhythms that synchronize metabolic processes with the external light-dark cycle. Glucose tolerance, insulin sensitivity, hepatic 
glucose output, and pancreatic hormone secretion all show highly reproducible twenty-four-hour oscillations [6]. In healthy 
individuals, whole-body glucose tolerance exhibits a peak during the late morning hours and reaches a nadir in the late evening and 
early morning. This diurnal pattern is driven by the temporal coordination of multiple tissue-specific processes. During the active 
phase, insulin-mediated glucose uptake into skeletal muscle and adipose tissue is highly efficient due to upregulation of the glucose 
transporter type 4 (GLUT4) translocation pathway. Conversely, as the resting phase approaches, insulin sensitivity declines, 
peripheral glucose clearance slows, and the liver prepares to maintain systemic glucose levels during the overnight fast through 
regulated gluconeogenesis. 

2.2. Molecular Core Clock Mechanisms and Transcriptional Loops 

The generation of these daily physiological rhythms is driven by an intracellular molecular clock network present in almost every 
nucleated cell. This molecular machinery consists of automated, self-sustaining transcriptional-translational feedback loops that take 
approximately twenty-four hours to complete a cycle [7]. The positive arm of this core loop is comprised of two basic helix-loop-
helix transcription factors: Circadian Locomotor Output Cycles Kaput (CLOCK) and Brain and Muscle Arnt-Like Protein 1 
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(BMAL1). These proteins form stable heterodimers in the cytoplasm, translocate into the nucleus, and bind specifically to canonical 
E-box elements within the promoter regions of target genes. Among these targets are the core components of the negative feedback 
arm, namely the Period genes (PER1, PER2, PER3) and the Cryptochrome genes (CRY1, CRY2). 

CLOCK + BMAL1
Nuclear Translocation
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯� [CLOCK:BMAL1 Heterodimer][CLOCK:BMAL1]

E-box Binding
�⎯⎯⎯⎯⎯⎯⎯�Transcription of 𝑃𝑃𝑃𝑃𝑃𝑃 and 𝐶𝐶𝐶𝐶𝐶𝐶 

As the day progresses, PER and CRY proteins accumulate within the cytoplasm, where they associate into multi-protein complexes 
and undergo post-translational phosphorylation by casein kinase 1 epsilon. Once phosphorylated, these complexes translocate back 
into the nucleus during the late subjective night. Inside the nucleus, they physically interact with the CLOCK-BMAL1 heterodimer, 
sterically inhibiting its transcriptional activity. This autoinhibitory action shuts down the expression of PER and CRY genes. Over 
the course of the day, the nuclear PER and CRY proteins are progressively targeted for degradation via the ubiquitin-proteasome 
pathway, allowing CLOCK and BMAL1 to heterodimerize once again, thereby initiating the next transcriptional cycle. 

PER + CRY
Phosphorylation
�⎯⎯⎯⎯⎯⎯⎯⎯� [PER:CRY Complex][PER:CRY]

Nuclear Import
�⎯⎯⎯⎯⎯⎯⎯� Inhibition of [CLOCK:BMAL1] 

This primary loop is further modulated by an auxiliary loop involving the nuclear orphan receptors REV-ERB (𝛼𝛼 and 𝛽𝛽) and ROR 
(𝛼𝛼, 𝛽𝛽, and 𝛾𝛾). The transcription of these receptors is also directly activated by CLOCK-BMAL1 binding to E-box elements. Once 
translated, ROR proteins translocate to the nucleus and bind to retinoic acid receptor-related orphan receptor response elements 
(ROREs) within the BMAL1 promoter, stimulating its transcription. In contrast, REV-ERB proteins compete for these same RORE 
binding sites, where they recruit nuclear receptor co-repressor complexes to suppress BMAL1 gene expression [8]. This secondary 
feedback loop stabilizes the entire molecular clockwork, ensuring robust, high-amplitude twenty-four-hour oscillations of clock-
controlled genes (CCGs). 

Table 1. Core Molecular Clock Genes and Their Direct Metabolic Target Pathways 

Core Clock 
Component 

Primary 
Transcriptional 
Partner / Target 

Diurnal 
Expression 
Peak (Active 
Phase) 

Rate-Limiting 
Metabolic Target 
Pathway 

Enzyme / Transporter Resulting 
Physiological 
Output 

CLOCK / 
BMAL1 

Per1/2, Cry1/2, 
Rev-Erbα, Rorα 

Late 
subjective 
night to early 
morning 

Hepatic 
Gluconeogenesis 
and 
Glycogenolysis 

Phosphoenolpyruvate 
carboxykinase (PEPCK); 
Glucose-6-phosphatase 
(G6Pase) 

Suppresses baseline 
morning glucose 
overproduction; 
coordinates early 
fasting hepatic 
glucose output 

REV-ERBα 
/ β 

Bmal1 promoter 
repression 

Late 
subjective day 
to early 
evening 

Peripheral Insulin-
Mediated Glucose 
Uptake 

Glucose transporter type 
4 (GLUT4) translocation 
pathway 

Coordinates diurnal 
insulin sensitivity; 
peaks peripheral 
glucose disposal 
during active feeding 
hours 

RORα / γ Bmal1 promoter 
activation 

Subjective 
night (resting 
phase) 

Pancreatic Insulin 
Secretion and 
Vesicle Docking 

Glucokinase (GK); 
Rab27a GTPase vesicle 
trafficking proteins 

Regulates the 
amplitude of glucose-
stimulated insulin 
secretion; 
coordinates cell 
viability 

PER1 / 
PER2 

CLOCK/BMAL1 
heterodimer 
inactivation 

Subjective day 
(active phase) 

Hepatic Glycogen 
Synthase Activity 

Glycogen synthase 2 
(Gys2); Glycogen 
phosphorylase 

Promotes glycogen 
accumulation during 
feeding; prevents 
premature liver 
glycogen depletion 

CRY1 / 
CRY2 

CLOCK/BMAL1 
heterodimer 
inactivation 

Subjective 
night (resting 
phase) 

Glucagon-
Mediated Signaling 
Cascade 

Adenylyl cyclase; Cyclic 
adenosine 
monophosphate (cAMP) 

Regulates hepatic 
sensitivity to 
glucagon; prevents 
glucose spikes during 
nocturnal fasting 



Journal of Pharma Insights and Research, 2026, 04(03), 341-358 

  
Saket Singh Rajput et al 344 

 

In addition to maintaining core timing, these loops govern downstream CCGs that encode rate-limiting metabolic enzymes, 
hormone receptors, and key signal transduction molecules. In the pancreas, the molecular clock directly controls the transcription 
of genes involved in glucose-stimulated insulin secretion, such as glucokinase and key vesicle trafficking proteins. In the hepatic 
tissue, the clock machinery modulates the rhythmic expression of glucose-6-phosphatase and phosphoenolpyruvate carboxykinase, 
thereby directly timing the peaks of gluconeogenesis. 

 

Figure 2. Circadian SCN Signaling Pathway & Somatic Molecular Clock 

2.3. Chronodynamics and Chronokinetics in Antidiabetic Pharmacokinetics 

The integration of molecular circadian biology into pharmacological systems requires a thorough analysis of both chronokinetics 
and chronodynamics. Chronokinetics evaluates how biological rhythms influence drug absorption, distribution, metabolism, and 
excretion over a twenty-four-hour period [9]. Gastrointestinal physiology exhibits significant temporal fluctuations that alter drug 
absorption. Gastric emptying rates, gastrointestinal motility, and blood flow are highly elevated during the active waking phase, 
which can accelerate the absorption and decrease the time to reach maximum plasma concentration (𝑇𝑇max) of lipophilic oral agents. 
The expression of active transporter systems, such as P-glycoprotein, and gastrointestinal pH values vary continuously throughout 
the day. 

Clearance (CL) = CLrenal + CLhepatic  

where both terms are circadian-dependent functions of time 𝑡𝑡 

Drug metabolism is equally subject to circadian timing due to the rhythmic expression of hepatic metabolic enzymes, particularly 
the cytochrome P450 (CYP) superfamily, and phase II conjugation pathways. The transcription of these enzymes is controlled by 
clock-controlled transcription factors, such as the proline and acidic amino acid-rich basic leucine zipper (PAR bZIP) proteins. 
Consequently, the clearance of antidiabetic agents metabolized by the liver can vary substantially depending on the time of 
administration. 

Similarly, renal excretion shows distinct circadian patterns, with glomerular filtration rates, renal blood flow, and urinary pH peaking 
during the active phase. This rhythmic clearance alters the half-life and duration of action of polar drugs, such as metformin and 
certain sodium-glucose cotransporter 2 (SGLT2) inhibitors, which are cleared primarily by renal pathways. 
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Chronodynamics focuses on the temporal changes in target tissue sensitivity and drug receptor abundance. The expression density 
and binding affinity of insulin receptors on skeletal muscle membranes, the enzymatic activity of downstream signaling cascades, 
and the counter-regulatory hormone environment fluctuate continuously over twenty-four hours. As a result, administering an 
identical dose of an antidiabetic drug at different times can produce markedly divergent clinical responses, highlighting the need for 
delivery systems that dynamically match these physiological variations [10]. 

3. Classification and Physical Principles of Pulsatile Drug Delivery Systems 

3.1. Time-Controlled Systems 

3.1.1. Capsule-Based and Reservoir Systems with Erodible Plugs  

Time-controlled pulsatile drug delivery systems rely on intrinsic physical or chemical timing mechanisms within the formulation to 
dictate the onset of drug release, completely independent of the surrounding biological microenvironment. A primary archetype of 
this class is the capsule-based reservoir system, historically represented by the Pulsincap platform [12, 21]. These configurations 
typically consist of a water-insoluble capsule body filled with the active pharmaceutical ingredient, sealed at the open end by a 
swellable or erodible polymeric plug. Upon exposure to gastrointestinal fluids, the plug undergoes hydration, swelling, and gradual 
outward displacement or dissolution. 

Swelling Force (𝐹𝐹𝑠𝑠) > Frictional Resistance (𝐹𝐹𝑟𝑟) 

The rate of water penetration into the plug determines the lag time, which can be precisely tuned by modifying the molecular weight, 
viscosity grade, or chemical composition of the polymeric material. Commonly utilized hydrogels for these erodible plugs include 
hydroxypropyl methylcellulose (HPMC), polymethacrylates, polyvinyl acetate, and cross-linked polyethylene glycol. Once the 
swellable plug is completely ejected or degraded, the drug core is exposed directly to the dissolution medium, resulting in a rapid, 
near-instantaneous burst release of the payload [13]. 

3.1.2. Membrane-Rupturable and Multiparticulate Multi-Pulse Systems 

Rupturable membrane systems achieve a timed-burst release through the build-up of internal hydrostatic or osmotic pressure within 
a core enveloped by an outer semipermeable or expandable polymeric coat [26]. The inner core contains both the therapeutic agent 
and a swelling agent or osmogen, such as sodium starch glycolate, croscarmellose sodium, or low-molecular-weight crystalline salts. 
The outer membrane is composed of water-insoluble polymers with controlled water permeability, such as ethylcellulose or specific 
Eudragit polymers. As water diffuses inward across the rate-limiting membrane, the core hydrates and expands, exerting radial stress 
against the outer polymer coating. 

𝜎𝜎hoop =
𝑃𝑃 ⋅ 𝑟𝑟
𝑡𝑡coat

 

In this mechanical model, 𝜎𝜎hoop represents the hoop stress generated within the outer coating, P is the internal pressure, r is the core 
radius, and 𝑡𝑡coat is the thickness of the outer coat. The lag phase is defined by the duration required for the generated hoop stress 
to exceed the ultimate tensile strength of the polymer coat. Once this threshold is crossed, macroscopic mechanical rupture of the 
membrane occurs, yielding rapid and complete drug release. Multiparticulate variations of this design, such as Diffucaps, employ 
multiple populations of coated micro-beads or pellets, each engineered with a distinct membrane thickness [25]. This approach 
yields multi-pulse, sequential release patterns that can be finely tuned to mirror the physiological requirements of diurnal cycles. 

3.1.3. Osmotic Push-Pull Pulsatile Devices 

Osmotic systems utilize a highly rigid, semipermeable membrane enclosing a compartmentalized core to deliver drugs at highly 
reproducible rates, driven solely by osmotic pressure gradients [22]. For pulsatile applications, the core is typically structured as a 
dual-chamber push-pull system. The upper chamber contains the active pharmaceutical ingredient, while the lower chamber contains 
a high-molecular-weight, highly hydrophilic polymer acting as an osmotic engine. Both chambers are wrapped in a rigid 
semipermeable membrane, typically cellulose acetate, and a microscopic delivery orifice is drilled through the drug compartment 
layer using precision laser ablation. 

The physical driver of this system is governed by the classic Van 't Hoff equation for osmotic pressure: 

Π = 𝜙𝜙 ⋅ 𝑐𝑐 ⋅ 𝑅𝑅 ⋅ 𝑇𝑇 
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Here, Π indicates the osmotic pressure, 𝜙𝜙 is the osmotic coefficient, c is the molar concentration of the osmogen, R is the universal 
gas constant, and T is the absolute temperature. As water is drawn into the capsule, the osmotic engine in the lower compartment 
swells, systematically pushing a movable barrier partition upward and forcing the drug solution or suspension out of the laser-drilled 
orifice. To generate a pulsatile profile, the delivery orifice is sealed with a delayed-dissolution polymeric seal, or the drug 
compartment is layered with an initial non-drug dummy phase, delaying the exit of the active compound to align precisely with the 
dawn phenomenon [23]. 

3.2. Stimuli-Responsive Platforms 

3.2.1. Glucose-Responsive Hydrogels, Nanoparticles, and Biomaterials 

Stimuli-responsive platforms rely on specific biochemical triggers within the biological microenvironment to initiate drug release, 
offering an autonomous, self-regulating feedback mechanism. In diabetes therapy, glucose-responsive systems represent the peak 
of smart biomaterials. These platforms typically utilize three primary chemical strategies to achieve glucose-dependent structural 
changes: phenylboronic acid (PBA) derivatives, glucose oxidase (GOx) enzymes, and concanavalin A (Con A) lectins [34, 35]. PBA-
based hydrogels form reversible covalent complexes with cis-diol groups present on glucose molecules. Under physiological 
conditions, the binding of neutral glucose to PBA shifts the chemical equilibrium toward the more hydrophilic, charged boronate 
ester form, increasing the local osmotic swelling pressure of the hydrogel network and widening the polymer mesh size to facilitate 
insulin release. 

PBA-diol Complexation: R-B(OH)2 + Glucose ⇌ Boronate Ester Complex + 2H2O 

GOx-based systems rely on an enzymatic cascade where glucose is catalyzed into gluconic acid, resulting in a localized decrease in 
microenvironmental pH: 

D-glucose + O2 + H2O
GOx
�⎯�D-glucono-1,5-lactone + H2O2

Spontaneous
�⎯⎯⎯⎯⎯⎯�D-gluconic acid 

 

Figure 3. Glucose-Responsive Hydrogels, Nanoparticles, and Biomaterials 
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This localized acidification triggers a phase transition in pH-responsive polymers, such as poly(diethylaminoethyl methacrylate) or 
poly(acrylic acid). The polymer network undergoes protonation, generating electrostatic repulsion between polymer chains that 
causes the matrix to swell or disassemble, thereby releasing the encapsulated insulin. Alternatively, Con A-based systems employ a 
competitive binding mechanism where free glucose molecules displace glycosylated polymers from the carbohydrate-binding 
pockets of Con A. This displacement destabilizes the cross-linked gel network, inducing a gel-to-sol transition that allows the rapid, 
on-demand diffusion of insulin [11]. 

Table 2. Physical and Chemical Classification of Timed-Release and Stimuli-Responsive PDDS 

Release 
Category 

Physical/Chemical 
Principle 

Smart Biomaterials 
Utilized 

Critical Design 
Parameters 

Lag / 
Response 
Time 

Mathematical 
Model 

Erodible 
Plug 
Capsule 

Hydrogel swelling, 
enzymatic degradation, 
or physical ejection 

Hydroxypropyl 
methylcellulose (HPMC); 
Polyvinyl acetate; Cross-
linked PEG 

Plug length; polymer 
viscosity grade; 
capsule body friction 

4 to 10 
hours 

Hydrostatic 
swelling pressure 
(F_s) vs. 
Frictional 
resistance (F_r) 

Rupturable 
Membrane 

Hydrostatic or osmotic 
pressure buildup 
leading to mechanical 
coat failure 

Ethylcellulose; Eudragit 
L100; Sodium starch 
glycolate (osmogen) 

Membrane thickness; 
coating elasticity; core 
osmogen density 

2 to 6 
hours 

Hoop stress 
( 𝜎𝜎hoop = 𝑃𝑃 ⋅ 𝑟𝑟/
𝑡𝑡coat) 

Osmotic 
Push-Pull 

Semi-permeable 
membrane water influx 
driving an expanding 
push engine 

Cellulose acetate; 
Polyethylene oxide 
(PEO); Sodium chloride 

Orifice diameter; 
membrane water 
permeability; engine 
expansion rate 

3 to 8 
hours 

Van 't Hoff 
Osmotic Pressure 
( Π = 𝜙𝜙 ⋅ 𝑐𝑐 ⋅ 𝑅𝑅 ⋅
𝑇𝑇) 

Glucose-
Responsive 
PBA 

Diol-boronate 
complexation shifting 
equilibrium to charged 
state 

Poly(phenylboronic acid) 
(PPBA); Poly(acrylamide) 
hydrogels 

PBA content; cross-
linking density; 
microenvironmental 
pH 

5 to 30 
minutes 
(dynamic) 

Flory-Rehner 
polymer network 
swelling 
equilibrium 
relation 

Enzymatic 
Cascade 
(GOx) 

Enzymatic glucose 
oxidation generating 
local gluconic acid and 
dropping pH 

Glucose oxidase (GOx); 
Poly(diethylaminoethyl 
methacrylate) 

Enzyme 
concentration; 
membrane thickness; 
polymer pKa 

10 to 45 
minutes 
(dynamic) 

Michaelis-
Menten enzyme 
kinetics 
combined with 
protonation 
diffusion 

 

3.2.2. pH-Responsive and Temperature-Responsive Systems 

To exploit physiological gradients along the gastrointestinal tract or localized inflammatory states, pulsatile systems frequently 
incorporate pH-responsive polymers [15]. These polymers possess ionizable acidic groups (e.g., carboxylic acids) or basic groups 
(e.g., ammonium salts) that undergo rapid ionization changes at specific pH values. For example, enteric polymers such as cellulose 
acetate phthalate, hydroxypropyl methylcellulose phthalate, and copolymers of methacrylic acid and methyl methacrylate (Eudragit 
L and S series) remain completely insoluble and un-ionized in the highly acidic gastric fluid of the stomach. Upon passing into the 
duodenal and jejunal regions, where the pH rises above 6.0 and 7.0, respectively, the carboxylic groups undergo complete 
deprotonation: 

R-COOH + OH− ⇌ R-COO− + H2O 

The resulting electrostatic repulsion and rapid dissolution of the polymer matrix release the active payload. Similarly, temperature-
responsive systems utilize polymers exhibiting a lower critical solution temperature (LCST), such as poly(N-isopropylacrylamide) 
(PNIPAM). At temperatures below their LCST, these polymers exist in a highly hydrated, expanded state due to hydrogen bonding 
with water molecules. When the temperature rises above the LCST, hydrophobic interactions dominate, causing a sharp transition 
to a collapsed, hydrophobic state. This temperature-induced shrinkage can be exploited to squeeze out encapsulated drug solutions 
in a highly controlled, pulsatile manner [16]. 
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3.2.3. Enzyme-Triggered and Biodegradable Matrices 

Enzyme-responsive pulsatile systems utilize the highly specific catalytic activity of localized enzymes to degrade polymeric barrier 
coats or matrices, initiating drug release only at targeted physiological sites. In the context of oral delivery, colon-targeted systems 
frequently employ polysaccharide-based coatings, including guar gum, pectin, chitosan, dextran, and inulin [4]. These 
macromolecules remain structurally intact and resistant to pancreatic and gastric enzymes throughout the upper gastrointestinal 
tract. Upon reaching the colon, the dense resident microbial flora secretes specialized polysaccharide-cleaving enzymes, such as 𝛽𝛽-
galactosidase, amylase, and pectinase. These enzymes hydrolyze the glycosidic linkages within the polymer backbone, rapidly 
degrading the protective barrier and releasing the therapeutic agent. 

Biodegradable matrices formulated from poly(lactic-co-glycolic acid) (PLGA) can be engineered to exhibit bulk erosion properties, 
where the polymer chains undergo ester hydrolysis at a highly predictable rate. By modulating the lactide-to-glycolide ratio and the 
overall molecular weight of the PLGA copolymer, researchers can program the system to undergo complete structural collapse after 
a precise time lag, yielding an ideal delayed-burst release profile. 

3.3. Externally Triggered Systems 

3.3.1. Magnetic-Field-Activated and Magneto-Elastic Actuators 

Externally triggered systems afford clinicians and patients direct, non-invasive control over the timing of drug release by using 
external energy sources to alter the permeability or structural integrity of a drug carrier. Magnetic-field-activated systems generally 
rely on the embedding of superparamagnetic iron oxide nanoparticles (SPIONs), such as magnetite (Fe3O4 ) or maghemite 
(𝛾𝛾-Fe2O3), within a biocompatible polymeric hydrogel matrix or lipid vesicle [15]. When an alternating magnetic field (AMF) is 
applied externally, the SPIONs undergo rapid Néel and Brownian relaxation processes, converting the electromagnetic energy into 
localized hyperthermia: 

𝑃𝑃loss = 𝜋𝜋 ⋅ 𝜇𝜇0 ⋅ 𝜒𝜒′′ ⋅ 𝑓𝑓 ⋅ 𝐻𝐻2 

In this thermodynamic relationship, 𝑃𝑃loss represents the volumetric heat generation rate, 𝜇𝜇0 is the vacuum permeability, 𝜒𝜒'' is the 
imaginary component of magnetic susceptibility, f is the frequency of the magnetic field, and H is the magnetic field amplitude. This 
localized temperature rise triggers a structural phase transition in surrounding thermo-responsive polymers (e.g., PNIPAM), causing 
them to collapse and forcefully eject the drug payload. Alternatively, static magnetic fields can be used to induce physical deformation 
in magneto-elastic membranes, opening micro-valves to allow pulsatile diffusion of the drug. 

3.3.2. Ultrasound-Responsive and Acoustic Cavitation Systems 

Ultrasound-responsive platforms represent an exceptionally promising non-invasive strategy, offering both high spatial precision 
and deep tissue penetration. These systems utilize high-frequency acoustic waves to trigger drug release through thermal and 
mechanical mechanisms [11]. The primary mechanical driver is acoustic cavitation, which occurs when microbubbles or gas pockets 
within the delivery vehicle expand and collapse violently in response to the alternating compression and rarefaction cycles of the 
ultrasound wave. This transient cavitation generates high-velocity microjets and intense localized shear stresses capable of physically 
disrupting polymeric micelles, liposomes, or microcapsules. 

Mechanical Index (MI) =
𝑃𝑃peak-negative

�𝑓𝑓ultrasound
 

The intensity of these mechanical effects is proportional to the Mechanical Index (MI), where 𝑃𝑃peak-negative is the peak negative 
acoustic pressure and 𝑓𝑓ultrasound is the ultrasound frequency. At lower acoustic pressures, stable cavitation induces localized acoustic 
streaming, which enhances the mass transport and diffusion of drugs across biological membranes. High-intensity focused 
ultrasound (HIFU) can also be used to generate localized thermal energy, elevating target tissue temperature to induce phase 
transitions in thermo-responsive polymers or to melt lipid bilayer membranes, producing a sharp, controlled pulse of drug release. 

3.3.3. Electro-Responsive and Photo-Responsive Nanocarriers 

Electro-responsive drug delivery systems typically utilize polyelectrolyte hydrogels that undergo swelling, bending, or deswelling 
when exposed to an external electric field [15]. These materials, such as poly(sodium acrylate), chitosan, and alginate, contain highly 
ionizable functional groups. Under the influence of an electric field, mobile ions within the gel migrate toward their respective 
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opposing electrodes, creating an internal osmotic pressure gradient and a localized pH gradient. This ion redistribution induces 
asymmetric swelling or syneresis, forcing the drug out of the polymer network. 

Photo-responsive systems exploit light as an external trigger, utilizing nanocarriers modified with photo-chromic molecules, such 
as azobenzene, spiropyran, or o-nitrobenzyl derivatives. Upon exposure to specific wavelengths of light, these molecules undergo 
reversible isomerization (e.g., the trans-to-cis isomerization of azobenzene under ultraviolet light) or irreversible cleavage (e.g., the 
photo-cleavage of o-nitrobenzyl groups). These molecular transitions alter the hydrophobicity, charge density, or structural integrity 
of the nanocarrier, resulting in rapid, on-demand drug release [11]. By shifting the excitation wavelengths into the near-infrared 
(NIR) spectrum (700 to 1000 nm), researchers can minimize tissue scattering and absorption, enabling non-invasive, deep-tissue 
activation of pulsatile therapeutic systems. 

4. Chronotherapeutic Pharmacotherapy in Diabetes 

4.1. Biguanides 

4.1.1. Metformin Chronokinetics and Circadian Hepatic Glucose Modulation 

Metformin remains the gold-standard pharmacotherapy for type 2 diabetes mellitus, primarily acting to decrease excessive hepatic 
gluconeogenesis and glycogenolysis while simultaneously enhancing insulin sensitivity in peripheral tissues [1]. However, metformin 
exhibits highly variable absorption and disposition characteristics that are profoundly influenced by circadian biology. Under 
standard oral immediate-release dosing, the drug displays a low and highly variable absolute bioavailability of approximately 50 to 
60%, largely because its absorption is confined to a saturable, narrow absorption window in the upper small intestine, mediated by 
active organic cation transporters (such as OCT1 and PMAT). 

The hepatic target pathway of metformin shows a distinct circadian peak in activity. Hepatic glucose output is highly elevated during 
the late nocturnal phase and early morning hours, driven by the rhythmic transcriptional activation of rate-limiting gluconeogenic 
enzymes namely phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase) by clock-controlled genes and 
surges in counter-regulatory hormones [13]. Consequently, conventional immediate-release metformin administered at bedtime 
reaches peak plasma concentrations (𝑇𝑇max) within 2 to 3 hours, meaning the drug is largely cleared or metabolically diluted long 
before the critical pre-dawn gluconeogenic surge. 

To resolve this pharmacokinetic-pharmacodynamic mismatch, pulsatile and chronomodulated formulations are engineered to 
introduce a precise 4- to 6-hour lag phase following evening administration. This lag phase delays the peak systemic concentration 
to directly coincide with the early morning cortisol and growth hormone surges, maximizing the inhibition of AMP-activated protein 
kinase (AMPK) pathways and subsequently suppressing dawn-associated hepatic glucose output while minimizing gastrointestinal 
side effects [3]. 

4.2. Insulin Secretagogues 

4.2.1. Sulfonylureas and Timed Insulinotropic Responses 

Sulfonylureas, including glimepiride, glipizide, and gliclazide, act by binding to the sulfonylurea receptor 1 (SUR1) subunit of the 
ATP-sensitive potassium (KATP) channels on pancreatic 𝛽𝛽-cell membranes [5]. This binding block potassium efflux, inducing 
membrane depolarization, opening voltage-gated Ca2+ channels, and triggering the exocytosis of insulin-containing vesicles. 

Glimepiride Binding to SUR1 → KATP Channel Closure → Ca2+ Influx → Pulsatile Insulin Release 

While highly effective at lowering HbA1c, conventional sulfonylurea formulations establish prolonged, uncontrolled therapeutic 
plateaus in the systemic circulation. This persistent pharmacodynamic action does not align with the diurnal fluctuations of insulin 
requirement, presenting a high risk of nocturnal hypoglycemia when the patient's biological insulin sensitivity naturally declines 
during the night. 

Implementing a pulsatile delivery system for sulfonylureas allows for the timed-burst release of the drug immediately prior to major 
glycemic challenges, such as breakfast and dinner. For instance, a compression-coated, rupturable tablet of glipizide taken at bedtime 
can be programmed with a 6-hour lag time to release its payload rapidly at 06:00, just prior to waking and breakfast consumption 
[12]. This rapid, transient insulinotropic pulse provides robust postprandial glycemic coverage while ensuring that drug levels fall to 
near-negligible concentrations during the late-night hours, drastically reducing the clinical incidence of hazardous nocturnal 
hypoglycemic episodes and preventing the chronic down-regulation of 𝛽𝛽-cell SUR1 receptors. 
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4.2.2. Meglitinides and Rapid Meal-Time Synchronized Pulses 

Meglitinides, such as repaglinide and nateglinide, are rapid-acting, non-sulfonylurea insulin secretagogues that also target the 
pancreatic KATP  channel, albeit at a distinct binding site with significantly faster association and dissociation kinetics. These 
pharmacokinetic properties render them highly suitable for postprandial glycemic control; however, their clinical efficacy is 
frequently compromised by poor patient adherence due to the strict requirement for multiple daily dosing immediately before meals. 

Pulsatile formulation strategies, particularly multiparticulate or osmotic systems, offer an elegant solution to this compliance barrier. 
By designing multi-layered oral tablets or multi-pellet capsule systems containing distinct populations of meglitinide-loaded beads 
each engineered with different enteric and erodible coatings a single morning dose can provide sequential, programmed pulses of 
secretagogue release timed to coincide precisely with breakfast, lunch, and dinner. This chronotherapeutic synchronization mimics 
the natural prandial insulin spikes of healthy physiology, suppressing meal-associated glucose excursions without requiring repeated, 
manual dosing throughout the day. 

4.3. Incretin-Based Therapies 

4.3.1. Dipeptidyl Peptidase-4 (DPP-4) Inhibitors and Meal-Phase Adjustments 

Incretin-based therapies exploit the physiological "incretin effect," wherein oral glucose administration elicits a significantly greater 
insulin secretory response than an equivalent intravenous glucose infusion, mediated by the gut-derived hormones glucagon-like 
peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP). DPP-4 inhibitors, including sitagliptin, vildagliptin, and 
saxagliptin, act by competitively inhibiting the ubiquitous serine protease dipeptidyl peptidase-4, which rapidly cleaves and 
inactivates endogenous GLP-1 and GIP [12]. 

Active GLP-1
DPP-4 Protease
�⎯⎯⎯⎯⎯⎯⎯⎯� Inactive GLP-1 �𝑡𝑡1/2 < 2 minutes� 

The physiological secretion of active incretins by intestinal L and K cells is not continuous; it occurs in response to nutritional 
intake, exhibiting sharp meal-dependent peaks that are heavily regulated by central and peripheral circadian clocks. 

By utilizing pulsatile drug delivery platforms, such as press-coated or osmotic tablet designs, the release of DPP-4 inhibitors can be 
synchronized to precede major daily meal periods. Delivering a concentrated pulse of the inhibitor immediately prior to food intake 
achieves maximal DPP-4 enzyme saturation during the critical postprandial phase, protecting newly secreted endogenous GLP-1 
from rapid degradation when metabolic demand is highest. This timed-burst approach avoids the physiological disadvantages of 
continuous, round-the-clock enzyme inhibition, such as potential receptor desensitization and the accumulation of off-target peptide 
substrates in peripheral tissues, maintaining a highly biomimetic and efficient incretin response. 

4.3.2. Glucagon-Like Peptide-1 (GLP-1) Receptor Agonists and Dual GIP/GLP-1 Agonists 

GLP-1 receptor agonists (such as exenatide, liraglutide, and semaglutide) and dual GIP/GLP-1 receptor co-agonists (such as 
tirzepatide) represent a highly advanced therapeutic tier, providing robust glucose-dependent insulin secretion, glucagon 
suppression, delayed gastric emptying, and central appetite regulation [15]. These peptide-based drugs are conventionally 
administered via subcutaneous injections, ranging from daily to weekly regimens. Despite their high clinical efficacy, the continuous 
systemic presence of these agonists often leads to persistent gastrointestinal adverse effects, including nausea, vomiting, and delayed 
gastric transit, which can severely limit dose titration and patient tolerance. 

Developing glucose-responsive or chronomodulated pulsatile delivery systems for these peptide therapeutics offers a transformative 
clinical pathway. Incorporating GLP-1 and GIP dual-receptor agonists into smart biomaterials such as glucose-responsive 
microneedle patches or injectable polymer-depot systems enables the release of these potent peptides to be directly regulated by 
real-time glycemic levels. Under euglycemic or hypoglycemic conditions, the polymeric matrix remains structurally locked, 
preventing peptide diffusion. Upon a postprandial glucose spike, the matrix undergoes a rapid phase transition, delivering a precise 
pulse of the dual agonist to stimulate glucose-dependent insulin secretion. This automated, self-regulating feedback loop maximizes 
insulinotropic efficacy while preventing systemic peptide accumulation during fasting states, mitigating gastrointestinal side effects 
and significantly improving the patient's quality of life. 
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4.4. SGLT2 Inhibitors and Combination Chronotherapies 

4.4.1. Sodium-Glucose Cotransporter 2 (SGLT2) Inhibitors and Circadian Renal Function 

SGLT2 inhibitors, such as empagliflozin, dapagliflozin, and canagliflozin, represent a unique, insulin-independent therapeutic class 
that lowers blood glucose by selectively inhibiting SGLT2 in the S1 segment of the renal proximal convoluted tubule [6]. This 
inhibition blocks the reabsorption of filtered glucose, lowering the renal glucose threshold and promoting urinary glucose excretion 
(glucosuria). 

Renal Glucose Filtration Rate �𝐺𝐺𝐺𝐺𝑅𝑅glucose� = 𝐺𝐺𝐺𝐺𝐺𝐺 ⋅ [Plasma Glucose] 

Because SGLT2 inhibitors depend entirely on renal filtration processes, their pharmacological efficacy is heavily influenced by the 
distinct circadian rhythms of renal hemodynamics. In humans, renal blood flow, glomerular filtration rate (GFR), and tubular 
transporter activity show pronounced diurnal variations, peaking during the active daytime phase and reaching a nadir during the 
nocturnal resting phase [16]. 

Administering SGLT2 inhibitors via a daytime-aligned, pulsatile oral delivery system synchronizes drug availability with the peak of 
GFR and proximal tubular transit. This timed alignment ensures that the active inhibitor reaches the proximal tubular lumen when 
the filtered load of glucose is at its physiological maximum, optimizing the efficiency of glucosuria. This chronotherapeutic approach 
minimizes the continuous presence of high glucose concentrations in the urinary tract during the night by ensuring the drug is 
cleared or significantly depleted by the onset of the resting phase. This reduction in nocturnal urinary glucose concentration directly 
lowers the clinical risk of urogenital tract infections and nocturia-induced sleep fragmentation, significantly improving therapy safety 
and patient compliance. 

Table 3. Chronotherapeutic Rationale and Programmed Delivery for Some Antidiabetic Agents 

Antidiabetic 
Class 

Model Drug Diurnal Goal / 
Circadian Event 
Targeted 

Standard IR 
Pharmacokinetic 
Limitation 

Proposed PDDS 
Dosage Form 
Architecture 

Programmed 
Release Behavior 

Biguanide Metformin Suppression of 
morning hepatic 
gluconeogenesis 
(Dawn 
Phenomenon) 

Short half-life (𝑡𝑡1/2  ≈ 
3 h); early nocturnal 
clearance when taken 
at bedtime 

Compression-
coated press tablet 
with an erodible 
polymer outer 
barrier 

Bedtime 
administration 
(22:00); 6-hour 
absolute lag phase; 
rapid morning pulse 
at 04:00 

Sulfonylurea Glipizide Breakfast-associated 
glycemic excursion 
control; prevention 
of night 
hypoglycemia 

Persistent plasma 
levels; nocturnal 
insulin stimulation 
causing hypoglycemic 
risk 

Rupturable multi-
layered pellet 
capsule containing 
swelling core 

Programmed burst 
release directly 
preceding waking 
hours (06:00); rapid 
elimination before 
sleep 

Incretin 
Mimetic 

Repaglinide / 
DPP-4 
Inhibitor 

Postprandial incretin 
receptor protection 
and insulinotropic 
support 

Requires multiple pre-
meal doses; poor 
patient compliance 

Multiparticulate 
capsule with 
distinct enteric and 
timed-release beads 

Sequential pulse 
releases at 07:00 
(breakfast), 12:00 
(lunch), and 18:00 
(dinner) 

SGLT2 
Inhibitor 

Empagliflozin Daytime renal 
glucose filtration 
optimization; 
nocturia prevention 

Nocturnal excretion 
causes sleep disruption 
and higher urogenital 
infection risk 

Osmotic pump 
tablet with an 
asymmetrical semi-
permeable 
membrane 

Concentrated 
sustained release 
during active waking 
hours (08:00 to 
18:00); negligible 
nocturnal levels 

Peptide / 
Dual Agonist 

Tirzepatide / 
Semaglutide 

Self-regulated 
insulinotropic and 
glucagonostatic 
feedback 

Gastrointestinal 
toxicity; continuous 
receptor exposure 
causing tolerance 

Subcutaneous 
injectable shear-
thinning glucose-
responsive 
hydrogel depot 

Structural swelling 
and peptide release 
exclusively during 
blood glucose 
excursions (>140 
mg/dL) 
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4.4.2. Rationale and Design of Multi-Drug Fixed-Dose Combination PDDS 

Due to the multifactorial pathogenesis of type 2 diabetes, monotherapy often fails to maintain long-term glycemic control, 
necessitating the use of combination therapies targeting different physiological pathways. Fixed-dose combinations (FDCs) are 
widely used to improve patient adherence; however, conventional FDCs release all active agents simultaneously, ignoring the distinct 
circadian rhythms of hepatic gluconeogenesis, peripheral insulin sensitivity, and renal clearance. Multi-drug pulsatile drug delivery 
systems resolve this mismatch by integrating multiple antidiabetic agents with distinct, programmed release profiles within a single, 
sophisticated oral dosage form. 

A prime example is an oral bilayer tablet containing glipizide in an outer immediate-release layer and metformin in an inner core 
coated with an erodible polymer. Upon evening administration at 22:00, the glipizide layer provides a controlled, early-morning 
pulse to manage breakfast-associated glucose surges, while the erodible coating on the core tablet provides a precise 6-hour lag 
phase, releasing the metformin at 04:00 to suppress the dawn-associated hepatic glucose output. Similarly, combinations of SGLT2 
inhibitors and DPP-4 inhibitors can be engineered to release the DPP-4 inhibitor in rapid prandial pulses corresponding to meals, 
while releasing the SGLT2 inhibitor in a single, daytime-sustained pulse. This multi-phasic release technology optimizes the 
synergistic pharmacodynamic interactions of the co-administered agents, lowers the cumulative drug dose required, and minimizes 
the risk of off-target toxicities [10]. 

5. Smart Biomaterial-Based Novel Drug Delivery Systems (NDDS) in Diabetes  

5.1. Nano-Scale Colloidal Carriers and Lipid Platforms  

5.1.1. Polymeric Nanoparticles and Micellar Systems 

Polymeric nanoparticles and micellar assemblies represent highly adaptable nanomedicine architectures capable of protecting 
delicate therapeutic peptides, such as insulin and glucagon-like peptide-1 (GLP-1) receptor agonists, from harsh gastrointestinal or 
systemic enzymatic degradation. These nano-scale carriers are primarily formulated from biodegradable synthetic polymers, such as 
poly(lactic-co-glycolic acid) (PLGA), polycaprolactone (PCL), and polyanhydrides, or natural polyelectrolytes, such as chitosan, 
alginate, and dextran [6]. Amphiphilic block copolymers self-assemble in aqueous media to form core-shell micellar structures, where 
the hydrophobic core serves as a reservoir for poorly soluble antidiabetic drugs, and the hydrophilic corona provides steric 
stabilization against opsonization and subsequent macrophage clearance. 

The drug transport kinetics from these spherical polymeric matrices are mathematically governed by the semi-empirical Korsmeyer-
Peppas power-law relation: 

𝑀𝑀𝑡𝑡

𝑀𝑀∞
= 𝑘𝑘 ⋅ 𝑡𝑡𝑛𝑛 

In this mechanistic mathematical model, 𝑀𝑀𝑡𝑡/𝑀𝑀∞ represents the fractional release of the therapeutic agent at time t, k is the structural 
and geometric release rate constant, and n is the diffusional exponent indicating the transport mechanism. When n is approximately 
equal to 0.43 for spherical geometry, the system exhibits classic Fickian diffusion; values between 0.43 and 0.85 indicate anomalous, 
non-Fickian transport driven by coupled polymer swelling and chain relaxation processes. 

By functionalizing the outer surface of these nanoparticles with targeting ligands, such as transferrin or neonatal Fc receptor (FcRn) 
targeting peptides, researchers can facilitate active transcellular transcytosis across the intestinal epithelium, thereby turning oral 
insulin delivery from a theoretical concept into a viable clinical strategy. 

5.1.2. Liposomes, Solid Lipid Nanoparticles, and Nanostructured Lipid Carriers 

Lipid-based colloidal systems, including vesicular liposomes, solid lipid nanoparticles (SLNs), and nanostructured lipid carriers 
(NLCs), provide biomimetic transport environments that improve the gastrointestinal permeability of therapeutic macromolecules. 
Liposomes consist of self-assembled phospholipid bilayers surrounding an aqueous core, allowing the simultaneous entrapment of 
hydrophilic insulin within the core and hydrophobic secretagogues within the lipid membrane. However, conventional liposomes 
suffer from poor physical stability and rapid dissolution by bile salts in the duodenum. 

To overcome this structural limitation, SLNs were developed by replacing the liquid lipid phase of liposomes with a solid crystalline 
lipid matrix, such as glyceryl behenate or stearic acid, which remains solid at body temperature. The solid matrix provides a rigid 
physical barrier that restricts the molecular mobility of the encapsulated drug, suppressing premature leakage. 
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Crystalline Lipid Matrix (SLN)
Recrystallization
�⎯⎯⎯⎯⎯⎯⎯⎯�Therapeutic Core Expulsion 

The primary limitation of SLNs is their tendency to undergo polymorphic transition during storage, where the lipid lattice shifts 
toward a highly ordered, perfect crystalline state, leaving less space for drug molecules and causing drug expulsion. 

Table 4. Advanced Nanoscale Carriers and Polymeric Biomaterials for Peptide Delivery 

Nanomedicine 
Platform 

Primary 
Structural 
Polymers / 
Lipids 

Stabilization and 
Delivery 
Mechanism 

Encapsulated 
Payload 

Primary 
Physiological 
Benefit 

Challenge 

Polymeric 
Nanoparticles 

Poly(lactic-co-
glycolic acid) 
(PLGA); 
Chitosan 

Core-shell 
encapsulation; 
mucosal adhesion; 
paracellular 
transport 

Insulin; GLP-1 
receptor agonists 

Protection against 
peptidase 
degradation in 
gastric fluid 

Low transcellular 
transcytosis 
efficiency across 
intestinal 
epithelium 

Solid Lipid 
Nanoparticles 
(SLN) 

Glyceryl 
behenate; Stearic 
acid; Poloxamer 
188 

Rigid crystalline 
matrix barrier 
restricting drug 
molecular mobility 

Hydrophobic 
secretagogues; 
peptide lipophilic 
complexes 

High physical 
stability; low 
systemic toxicity 

Drug expulsion 
during storage due 
to crystalline lattice 
transition 

Nanostructured 
Lipid Carriers 
(NLC) 

Glyceryl 
monostearate 
(solid); Oleic acid 
(liquid oil) 

Disorganized, 
amorphous liquid-
solid lipid matrix 

Hydrophobic 
secretagogues; 
insulin-lipid 
complexes 

High drug-loading 
capacity; 
predictable biphasic 
release profile 

Industrial high-
pressure scale-up 
challenges 

Self-Assembled 
Micelles 

PEG-block-
PLGA; Pluronic 
copolymers 

Core-shell micellar 
assembly; 
hydrophilic corona 
protecting core 

Liraglutide; poorly 
soluble oral agents 

Steric stabilization 
against 
opsonization and 
macrophage 
clearance 

Dissociation of 
micelles below 
critical micelle 
concentration 
(CMC) 

Polyelectrolyte 
Hydrogels 

Alginate; 
Chitosan cross-
linked with 
calcium 

Electrostatic 
network 
entrapment; pH-
dependent pore 
shrinkage 

Recombinant 
human insulin 

High water 
absorption 
capacity; protection 
against pepsin 

Interpatient 
variability in gastric 
transit times 
altering release 
kinetics 

To resolve this issue, NLCs utilize a blend of spatially incompatible solid lipids and liquid lipids (oils), which prevents the formation 
of a perfect crystalline lattice. This highly disorganized, amorphous lipid matrix yields a significantly higher drug loading capacity, 
prevents drug expulsion during storage, and provides a highly reproducible, sustained biphasic release profile characterized by an 
initial postprandial-aligned burst followed by sustained basal release. 

 

Figure 4. Lipid-Based Colloidal Nanocarriers 

 
 



Journal of Pharma Insights and Research, 2026, 04(03), 341-358 

  
Saket Singh Rajput et al 354 

 

5.2. Macro-Scale and Micro-Scale Engineering Platforms 

5.2.1. Stimuli-Sensitive Hydrogels and Implantable Depot Matrices 

Hydrogels are three-dimensional, crosslinked hydrophilic polymeric networks that absorb massive quantities of water or biological 
fluids without undergoing physical dissolution. In the context of diabetes chronotherapy, stimuli-sensitive smart hydrogels are 
engineered to undergo rapid volume phase transitions switching from a highly swollen gel state to a collapsed, dehydrated state in 
response to microenvironmental variations, such as changes in pH, temperature, or glucose concentration [35]. The physical swelling 
kinetics and swelling ratio (Q) of these hydrogel networks are quantified by the thermodynamic relationship: 

𝑄𝑄 =
𝑊𝑊𝑠𝑠 −𝑊𝑊𝑑𝑑

𝑊𝑊𝑑𝑑
 

Here, W_s represents the mass of the swollen hydrogel at equilibrium, and W_d is the dry weight of the polymeric network. 

Injectable, shear-thinning hydrogels represent an especially promising paradigm for long-term glycemic control. These systems 
behave as low-viscosity fluids under applied shear stress during injection through a syringe, but undergo rapid gelation and self-
healing upon entering the subcutaneous tissue. Once implanted, the polymeric network serves as a localized, long-acting depot. By 
incorporating glucose oxidase (GOx) and pH-responsive polyelectrolytes into the hydrogel matrix, the local enzymatic oxidation of 
glucose to gluconic acid triggers a localized drop in pH, inducing protonation of the polymer chains, electrostatic repulsion, mesh 
expansion, and a rapid, self-regulated pulse of insulin release that ceases as systemic glucose levels return to euglycemia. 

5.2.2. Microfabricated Transdermal Microneedles and Smart Patches 

Transdermal drug delivery bypasses the first-pass hepatic metabolism and enzymatic barriers of the oral route, but is heavily 
restricted by the impermeable nature of the stratum corneum. Microfabricated microneedle arrays resolve this mechanical barrier 
by utilizing micron-sized projections that painlessly penetrate the outer skin layer to deliver therapeutic agents directly to the 
interstitial fluid, without contacting dermal nociceptors [11]. These arrays are categorized into solid, hollow, coated, and dissolving 
configurations. Dissolving microneedles constructed from biocompatible, water-soluble polymers, such as polyvinylpyrrolidone 
(PVP), hyaluronic acid, or carboxymethylcellulose, encapsulate the therapeutic agent directly within their polymeric matrix, 
dissolving rapidly upon insertion to release their payload. 

Integrating these microneedle platforms with glucose-responsive nanotechnology has led to the development of smart insulin 
patches [33]. These patches feature an array of microneedles loaded with glucose-sensitive elements, such as polymeric nanoparticles 
containing insulin, glucose oxidase, and hypoxia-sensitive groups (such as HBA, 4-hydroxybenzeneboronic acid). Under 
hyperglycemic conditions, the rapid enzymatic consumption of oxygen by GOx during glucose oxidation creates a localized hypoxic 
microenvironment. This hypoxia triggers the reduction of hydrophobic nitroimidazole groups into hydrophilic aminoimidazoles, 
causing the self-assembled nanoparticles to disassemble and release insulin within minutes. This feedback-controlled mechanism 
mimics pancreatic β-cell physiology, providing rapid postprandial glycemic control while preventing the risk of insulin-induced 
hypoglycemic shock. 

6. Technological Integration, Clinical Translation, and Future Horizons 

6.1. Intelligent Closed-Loop Control and Digital Integration 

6.1.1. Hybrid Closed-Loop Systems and Artificial Pancreas Logic 

The ultimate objective of automated diabetes management is the development of a fully closed-loop system, often referred to as an 
artificial pancreas, which replicates the endogenous glucose-sensing and insulin-secreting actions of a healthy pancreas. These 
configurations integrate three distinct components: a wearable continuous glucose monitor (CGM) that continuously measures 
interstitial fluid glucose concentrations, a wearable subcutaneous infusion pump that delivers rapid-acting insulin analogs, and a 
sophisticated control algorithm that acts as the brain of the system [30, 31]. The control algorithm continuously processes real-time 
CGM data to calculate the precise insulin infusion rate required to maintain euglycemia, dynamically adjusting the basal delivery 
profile in response to physical activity, sleep cycles, and metabolic stress. 

Modern closed-loop systems primarily utilize Model Predictive Control (MPC) algorithms or Proportional-Integral-Derivative (PID) 
feedback loops [32]. PID algorithms calculate insulin delivery based on three physiological parameters: the absolute deviation of 
glucose from the target level (proportional), the duration of this deviation (integral), and the rate of change of glucose levels 
(derivative). MPC algorithms represent a more advanced approach, utilizing a dynamic mathematical model of the patient’s 
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metabolic system to predict future blood glucose trajectories over a specific forecast horizon, optimizing insulin delivery to prevent 
both hyperglycemia and impending hypoglycemia [33]. 

Despite these algorithmic advances, current systems are classified as hybrid closed-loop platforms, as they still require user input to 
announce meal timings and carbohydrate estimates to deliver pre-meal insulin boluses, due to the physiological delay in 
subcutaneous insulin absorption. 

Table 5. Comparative Matrix of Marketed and Translational Intelligent Closed-Loop Platforms 

Platform  Classificatio
n 

Control 
Algorithm / 
Chemical 
Trigger 

Sensor 
Technolog
y 

Mechanical 
/ 
Biological 
Actuator 

Clinical / 
Commercial 
Progress  

Advantage Development
al Bottleneck 

Sensor-
Augmented 
Insulin 
Pump 

Mechanical 
hybrid 
closed-loop 

Proportional-
Integral-
Derivative 
(PID) 
feedback 

Subcutaneo
us 
continuous 
glucose 
monitor 
(CGM) 

Subcutaneo
us micro-
infusion 
stepper 
motor 

Widely 
commercialize
d (e.g., 
Medtronic 
MiniMed 
780G) 

High dosing 
precision; 
automated 
suspension 
during 
hypoglycemi
a 

Requires 
manual 
carbohydrate 
entries for pre-
meal boluses 

Predictive 
AI Closed-
Loop 

Digital twin 
integrated 
closed-loop 

Model 
Predictive 
Control 
(MPC) with 
machine 
learning 

Wearable 
CGM 
integrated 
with 
smartwatch 
multi-
sensors 

Patch pump 
with 
algorithm-
guided 
micro-pulses 

Late-stage 
clinical trials; 
predictive 
validation 
stage 

Proactive 
micro-
adjustments 
hours 
before 
glycemic 
excursions 

Complex 
software 
verification; 
high regulatory 
safety 
requirements 

Smart 
Transderm
al Insulin 
Patch 

Biologically 
responsive 
patch 

Nitroimidazo
le hypoxia-
sensitive 
nanovesicles 

Local 
enzymaticall
y driven 
oxygen 
depletion 
(GOx) 

Dissolving 
microneedle 
array (PVP / 
Hyaluronic 
acid) 

In vivo animal 
evaluation 
(preclinical 
translation) 

Completely 
painless; 
autonomous
, fast-acting 
feedback 
loop 

Scale-up of 
uniform 
enzyme 
distribution; 
skin irritation 
issues 

Injectable 
Smart 
Hydrogel 
Depot 

Biologically 
responsive 
depot 

Phenylboroni
c acid (PBA) 
reversible 
diol-
complexation 

Competitive 
molecular 
binding 
within the 
local tissue 

Phase-
transitioning 
polymer 
matrix (sol-
to-gel) 

Preclinical 
animal testing 

Long-acting 
(weeks to 
months) 
localized 
basal-bolus 
control 

Long-term 
biocompatibilit
y; risk of bio-
accumulation 

6.1.2. Artificial Intelligence, Predictive Algorithms, and Digital Twin Models 

The integration of artificial intelligence (AI), machine learning (ML), and cloud computing is transforming closed-loop insulin 
delivery into a highly personalized and predictive clinical science. Traditional algorithms operate on rigid, population-averaged 
parameters that fail to accommodate day-to-day metabolic variability, changing hormonal profiles, or emotional stress. AI-enabled 
predictive algorithms utilize deep neural networks (DNNs) and reinforcement learning to continuously analyze multi-dimensional 
patient datasets, including sleep tracking from smartwatches, physical activity metrics, dietary logs, and physiological parameters. By 
identifying complex, non-linear correlations within these datasets, the system can anticipate glycemic excursions up to several hours 
in advance, proactively modifying insulin delivery rates before blood glucose levels begin to drift. 

This predictive technology enables the creation of metabolic digital twins virtual, real-time computational replicas of an individual’s 
unique physiological system. These digital twin models run parallel simulations to predict how the patient’s body will respond to 
specific therapeutic interventions, dietary choices, or physical exertion. This allows the delivery system to conduct virtual stress tests, 
optimizing the timing and amplitude of pulsatile drug releases in a virtual environment before executing the physical dose delivery, 
minimizing the trial-and-error approach associated with complex diabetes regimens. 
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6.2. Advanced Bio-Fabrication and Commercial Translation Barriers 

6.2.1. Four-Dimensional (4D) Printing and Dynamically Adaptive Architectures 

Three-dimensional (3D) printing has enabled the fabrication of personalized oral dosage forms with complex geometries and 
localized drug layers designed to achieve customized, multi-phasic release patterns. However, the emerging field of four-dimensional 
(4D) printing introduces a dynamic temporal dimension, utilizing smart materials that undergo predictable structural deformations 
over time in response to external physiological stimuli. For diabetes pharmacotherapy, 4D printing allows the fabrication of smart, 
shape-morphing oral devices that undergo planned spatial transitions upon entering specific biological environments. 

These devices are constructed from shape-memory polymers, thermo-responsive hydrogels, or pH-sensitive elastomers. For 
example, an oral 4D-printed capsule can be engineered to remain in a collapsed, hydrodynamic shape during gastric transit, and then 
unfold into a star-shaped or macro-porous architecture upon entering the neutral pH of the small intestine. This spatial 
transformation prevents the device from passing rapidly through the upper gastrointestinal tract, extending its residence time in the 
primary absorption window of the duodenum and jejunum. Once secured, the device releases localized, sequential pulses of active 
agents, such as metformin or meglitinides, directly targeting the intestinal mucosa before undergoing biodegradation, offering a 
highly automated and patient-centric dosing strategy. 

6.2.2. Scalability, Regulatory Standards, and Clinical Translation Obstacles 

Despite the compelling therapeutic advantages of advanced pulsatile drug delivery systems, their translation from laboratory benches 
to commercial manufacturing and clinical practice is hindered by significant technical and regulatory barriers. A major engineering 
hurdle is the scalability of complex, multi-layered nanocarriers, smart hydrogels, and microfabricated devices. Laboratory-scale 
fabrication methods, such as microfluidic synthesis, electrospinning, and photolithography, provide precise control over structural 
features but are difficult to transition to high-throughput, industrial-scale production. Standard industrial processes, such as 
continuous twin-screw extrusion or high-pressure homogenization, can expose fragile therapeutic proteins and biological materials 
to high shear stresses, elevated temperatures, or organic solvents, risking protein denaturation and loss of biological activity. 

The development and analysis of these translational platforms follow rigorous scientific and structural frameworks, modeled after 
the standardization benchmarks established in papertemplate_Saket+Review_PDDS.docx to ensure structural and content integrity 
in metabolic therapeutics research. The regulatory guidelines for these systems presents a significant challenge, as many next-
generation platforms are classified as combination products by regulatory agencies like the United States Food and Drug 
Administration (FDA). These products contain both a drug component (e.g., insulin or an SGLT2 inhibitor) and a device or 
advanced biomaterial component (e.g., a glucose-responsive hydrogel matrix, an active pump, or a microneedle array), requiring 
coordinated evaluations by both the Center for Drug Evaluation and Research (CDER) and the Center for Devices and Radiological 
Health (CDRH). 

Combination Product Classification → CDER (Drug) Integration + CDRH (Device) Validation 

Establishing long-term biocompatibility and proving the absence of chronic toxicity, immunogenicity, or bio-accumulation of 
degraded polymer residues in subcutaneous tissues represents a multi-year, resource-intensive clinical testing process. Additionally, 
the significant inter-patient and intra-patient variability in gastrointestinal transit times, subcutaneous tissue perfusion, and skin 
thickness can cause unpredictable shifts in programmed lag times and trigger thresholds, presenting a challenge in clinical safety and 
equivalence across diverse patient populations. 

7. Conclusion 

Diabetes mellitus is a highly dynamic metabolic pathology characterized by predictable circadian and postprandial fluctuations in 
glucose tolerance, insulin sensitivity, and hepatic glucose output. Conventional static dosing regimens often fail to manage these 
temporal variations, resulting in suboptimal glycemic control, increased cardiovascular risk, and hazardous nocturnal hypoglycemic 
crises. Chronotherapy mediated by pulsatile drug delivery systems (PDDS) represents a major advancement in diabetes management, 
shifting treatment from fixed-dose, continuous regimens toward biologically synchronized, precision interventions. By delaying drug 
release to align with specific clinical events, such as the pre-dawn hepatic glucose surge, or by using biomimetic, glucose-responsive 
biomaterials that dynamically adjust insulin release in real time, these systems restore physiological glycemic patterns, lower 
cumulative drug doses, and improve patient safety. The rapid progress in integrating advanced biomaterials, smart microneedle 
patches, artificial intelligence algorithms, and personalized 3D/4D-printed devices has created a clear pathway toward autonomous, 
closed-loop metabolic care. However, successfully translating these laboratory innovations into routine clinical practice requires 
addressing critical challenges in large-scale manufacturing, long-term biocompatibility, and regulatory guidelines for combination 
drug-device systems. 



Journal of Pharma Insights and Research, 2026, 04(03), 341-358 

  
Saket Singh Rajput et al 357 

 

References 

[1] Madhariya R, Dixena B, Ram A, Vyas A, Jain AK. Experimental animal models: tools to investigate antidiabetic activity. 
Current Pharmaceutical Design. 2023;29(2):79-94. 

[2] Madhariya R, Ram A. Formulation development and in vitro evaluation of provesicular gel of ketoprofen for management 
of Arthritis. Research Journal of Pharmacy and Technology. 2023;16(8):3859-3868. 

[3] Madhariya R, Ram A, Jain AK. Sodium alginate beads containing Epalrestat for effective management of diabetic mellitus. 
Journal of Pharmaceutical Innovation. 2025;20(1):20. 

[4] Dixena B, Madhariya R, Panday A, Ram A, Jain AK. Overcoming skin barrier with transfersomes: opportunities, challenges, 
and applications. Current Drug Delivery. 2025;22(2):160-180. 

[5] Rajput A, Pingale P, Telange D, Musale S, Chalikwar S. A current era in pulsatile drug delivery system: Drug journey based 
on chronobiology. Heliyon. 2024;10(10):e29064. 

[6] Sarkhel S, Shuvo SM, Ansari MA, Mondal S, Kapat P, Ghosh A, et al. Nanotechnology-based approaches for the 
management of diabetes mellitus: an innovative solution to long-lasting challenges in antidiabetic drug delivery. 
Pharmaceutics. 2024;16(12):1572. 

[7] Chirinos JA, Bhattacharya P, Kumar A, Proto E, Konda P, Segers P, et al. Impact of diabetes mellitus on ventricular structure, 
arterial stiffness, and pulsatile hemodynamics in heart failure with preserved ejection fraction. Journal of the American Heart 
Association. 2019;8(4):e011457. 

[8] Kumar V, Madhariya R, Ram A, Gupta SK. Evaluation of anti-arthritic potential of ethanolic extract of Coleus forskohlii 
root on carrageenan-induced arthritis in rats. International Journal of Research and Analytical Reviews. 2024;11(3):317-326. 

[9] Rathore PN, Gupta S, Madhariya R, Ram A. Vitamin B12 malabsorption: The pathophysiological impacts on neurological 
and hair physiology. The International Journal of Gastroenterology and Hepatology Diseases. 2025;4(1):E26662906322948. 

[10] Banchhor M, Sahu HK, Madhariya R, Choudhary R, Paul SD. Advancements in Drug Delivery Systems for Bacopa monnieri: 
From Traditional Use to Modern Therapeutics. Pharmacological Research - Natural Products. 2026;1(1):100753. 

[11] Qu F, Geng R, Liu Y, Zhu J. Advanced nanocarrier-and microneedle-based transdermal drug delivery strategies for skin 
diseases treatment. Theranostics. 2022;12(7):3372-3388. 

[12] Anusha V, Umashankar M, Kumar YG. Pulsatile drug delivery system an innovative method to treat chronotherapeutic 
diseases by synchronizing drug delivery with circadian rhythm. Journal of Applied Pharmaceutical Science. 2023;13(12):066-
078. 

[13] Singh A, Dubey H, Shukla I, Singh DP. Pulsatile drug delivery system: an approach of medication according to circadian 
rhythm. Journal of Applied Pharmaceutical Science. 2012;2(5):166-176. 

[14] Hou T, Su W, Guo Z, Gong MC. A novel diabetic mouse model for real-time monitoring of clock gene oscillation and 
blood pressure circadian rhythm. Journal of Biological Rhythms. 2019;34(1):51-68. 

[15] Butler CT, Rodgers AM, Curtis AM, Donnelly FF. Chrono-tailored drug delivery systems: recent advances and future 
directions. Drug Delivery and Translational Research. 2024;14(7):1756-1775. 

[16] Kumar S, Khan AA, Ansari MJ, Aodah A, Al-Shdefat RIK. Chrono-drug Delivery Systems: Timed-release Formulations. 
Chronopharmacology: CRC Press; 2025. p. 140-163. 

[17] Sharma G, Srikanth M, Uhumwangho M, Phani KK, Ramana KM. Recent trends in pulsatile drug delivery systems-A review. 
International Journal of Drug Delivery. 2010;2(3):200-212. 

[18] Dash SK, Sahoo RK, Padhan A, Khan A, Karna N, Nanda N, et al. Pulsatile drug delivery system (PDDS): a 
cronotherapeutic approach for optimum therapy. Journal of Pharmaceutical Research International. 2022;34(31B):28-45. 

[19] Mhaske PM, Salunke GS, Yadav AA. A Review of Pulsatile Drug Delivery Systems. Research Journal of Pharmaceutical 
Dosage Forms and Technology. 2025;17(3):212-220. 

[20] Neupane S, Kharel P. Pulsatile drug delivery system: A review. Asian Journal of Pharmaceutical Research. 2024;14(3):309-
314. 

[21] Stevens HN, Stevens AL, McNeill ME. In vitro evaluation of Pulsincap: a drug delivery system for colon-specific drug 
release. International Journal of Pharmaceutics. 1992;82(1-2):157-164. 

[22] Theeuwes F. Elementary osmotic pump. Journal of Pharmaceutical Sciences. 1975;64(12):1987-1996. 



Journal of Pharma Insights and Research, 2026, 04(03), 341-358 

  
Saket Singh Rajput et al 358 

 

[23] Prisant LM, Bottini PB, DiPiro JT, Carr AA. Chronotherapeutics for the treatment of hypertension: focus on Verelan PM. 
Journal of Clinical Pharmacology. 1997;37(5):372-384. 

[24] Clarke S, Taylor AL, et al. Prednisone chronotherapy using Geoclock technology in rheumatoid arthritis: a clinical evaluation. 
Journal of Clinical Rheumatology. 2009;15(1):12-16. 

[25] Venkatesh GM, et al. Diffucaps technology: a novel multiparticulate system for chronotherapy. Drug Delivery Technology. 
2003;3(4):34-40. 

[26] Bussemer T, Peppas NA, Bodmeier R. Evaluation of the swelling, hydration and rupturing properties of the swelling layer 
of a rupturable pulsatile drug delivery system. European Journal of Pharmaceutics and Biopharmaceutics. 2003;56(2):261-
270. 

[27] White WB, Anders RJ, MacIntyre JM, et al. Chronotherapeutics of verapamil: clinical efficacy of Covera-HS. American 
Journal of Hypertension. 1996;9(4):112-118. 

[28] Hermida RC, Ayala DE, Mojon A, et al. Chronotherapy with Innopran XL in patients with essential hypertension. 
Chronobiology International. 2005;22(3):423-435. 

[29] White WB, et al. Bedtime administration of verapamil PM (Verelan PM) in patients with essential hypertension: the COVET 
trial. Clinical Therapeutics. 1998;20(4):712-723. 

[30] Bergenstal RM, Klonoff DC, Garg SK, et al. Threshold-suspend parameter in Medtronic MiniMed sensor-augmented pump 
therapy. New England Journal of Medicine. 2013;369(23):2241-2250. 

[31] Layne JE, et al. Patient-reported outcomes and glycemic control using the Omnipod tubeless insulin pump. Diabetes 
Technology & Therapeutics. 2016;18(8):480-488. 

[32] Brown SA, Kovatchev BP, Raghinaru D, et al. Six-month randomized, multicenter trial of closed-loop control in type 1 
diabetes (Tandem t:slim X2 with Control-IQ). New England Journal of Medicine. 2019;381(18):1707-1717. 

[33] Bekiari E, Kitsios K, Thabit H, et al. Artificial pancreas systems for people with type 1 diabetes: systematic review and meta-
analysis of randomized trials. BMJ. 2018;361:k1310. 

[34] Yu J, Zhang Y, Ye Y, DiSanto R, Sun W, Ruan G, et al. Microneedle-patch-mediated painless delivery of insulin. Proceedings 
of the National Academy of Sciences. 2015;112(27):8260-8265. 

[35] Kataoka K, Miyazaki H, Bunya M, Okano T, Sakurai Y. Totally synthetic polymer gels responding to external glucose 
concentration. Journal of the American Chemical Society. 1998;120(48):12694-12695. 


	1. Introduction
	2. Circadian Biology and Metabolic Regulation
	2.1. Physiological Oscillations in Glucose Homeostasis
	2.2. Molecular Core Clock Mechanisms and Transcriptional Loops
	2.3. Chronodynamics and Chronokinetics in Antidiabetic Pharmacokinetics

	3. Classification and Physical Principles of Pulsatile Drug Delivery Systems
	3.1. Time-Controlled Systems
	3.1.1. Capsule-Based and Reservoir Systems with Erodible Plugs
	3.1.2. Membrane-Rupturable and Multiparticulate Multi-Pulse Systems
	3.1.3. Osmotic Push-Pull Pulsatile Devices

	3.2. Stimuli-Responsive Platforms
	3.2.1. Glucose-Responsive Hydrogels, Nanoparticles, and Biomaterials
	3.2.2. pH-Responsive and Temperature-Responsive Systems
	3.2.3. Enzyme-Triggered and Biodegradable Matrices

	3.3. Externally Triggered Systems
	3.3.1. Magnetic-Field-Activated and Magneto-Elastic Actuators
	3.3.2. Ultrasound-Responsive and Acoustic Cavitation Systems
	3.3.3. Electro-Responsive and Photo-Responsive Nanocarriers


	4. Chronotherapeutic Pharmacotherapy in Diabetes
	4.1. Biguanides
	4.1.1. Metformin Chronokinetics and Circadian Hepatic Glucose Modulation

	4.2. Insulin Secretagogues
	4.2.1. Sulfonylureas and Timed Insulinotropic Responses
	4.2.2. Meglitinides and Rapid Meal-Time Synchronized Pulses

	4.3. Incretin-Based Therapies
	4.3.1. Dipeptidyl Peptidase-4 (DPP-4) Inhibitors and Meal-Phase Adjustments
	4.3.2. Glucagon-Like Peptide-1 (GLP-1) Receptor Agonists and Dual GIP/GLP-1 Agonists

	4.4. SGLT2 Inhibitors and Combination Chronotherapies
	4.4.1. Sodium-Glucose Cotransporter 2 (SGLT2) Inhibitors and Circadian Renal Function
	4.4.2. Rationale and Design of Multi-Drug Fixed-Dose Combination PDDS


	5. Smart Biomaterial-Based Novel Drug Delivery Systems (NDDS) in Diabetes
	5.1. Nano-Scale Colloidal Carriers and Lipid Platforms
	5.1.1. Polymeric Nanoparticles and Micellar Systems
	5.1.2. Liposomes, Solid Lipid Nanoparticles, and Nanostructured Lipid Carriers

	5.2. Macro-Scale and Micro-Scale Engineering Platforms
	5.2.1. Stimuli-Sensitive Hydrogels and Implantable Depot Matrices
	5.2.2. Microfabricated Transdermal Microneedles and Smart Patches


	6. Technological Integration, Clinical Translation, and Future Horizons
	6.1. Intelligent Closed-Loop Control and Digital Integration
	6.1.1. Hybrid Closed-Loop Systems and Artificial Pancreas Logic
	6.1.2. Artificial Intelligence, Predictive Algorithms, and Digital Twin Models

	6.2. Advanced Bio-Fabrication and Commercial Translation Barriers
	6.2.1. Four-Dimensional (4D) Printing and Dynamically Adaptive Architectures
	6.2.2. Scalability, Regulatory Standards, and Clinical Translation Obstacles


	7. Conclusion
	References

