RICOS BIOLOGY Journal

2025, Vol. 3, No. 11, 20-25.
doi: https://doi.org/10.33687/ricosbiol.03.011.91

INDEXED

Research paper

n pajornsaIun

ukdo)

53

Glucose-Responsive Swallowable Insulin:

A Novel Paradigm in Diabetes Management

Haider Rehan*, Ahmed Z.? and Zameer S.?

'Riggs Pharmaceuticals, Department of Pharmacy, University of Karachi, Pakistan
2Department of Pathology, Dow University of Health Sciences, Karachi, Pakistan
3Department of Pathology, Dow University of Health Sciences, Karachi, Pakistan

Received: 21-10-2025 Accepted: 26-11-2025 Published online: 29-11-2025
DOI: https://doi.org/10.33687/ricosbiol.03.011.91

//:dNY) JOATEM UOHEIIP(] UTEWO(] O1[qN SUOWIWO,) IATIBII))

Abstract

=]
=
®
]

<
3
a
a
E

=
a
2
a
a

The global prevalence of diabetes mellitus has necessitated the exploration of innovative therapeutic strategies that
enhance patient compliance and optimize glycemic control. Conventional insulin therapy, though effective, often poses
challenges due to invasive administration, fluctuating absorption, and limited patient adherence. The development of a
glucose-responsive swallowable insulin system represents a transformative advancement in diabetes care. This approach
integrates polymeric nanocarriers and bioengineered peptides that respond dynamically to blood glucose fluctuations,
releasing insulin in a controlled and physiological manner. Polymeric micelles, hydrogels, and phenylboronic acid-
modified nanocarriers have shown remarkable glucose sensitivity, making them potential candidates for oral formulations.
These systems are designed to remain stable in the gastrointestinal environment while releasing insulin upon sensing
hyperglycemia. The incorporation of glucose oxidase-based feedback mechanisms further enhances precision by coupling
enzymatic sensing with insulin release kinetics. This manuscript critically reviews molecular design strategies, in vitro
and in vivo results, and translational challenges in developing glucose-responsive swallowable insulin. Statistical models
were applied to evaluate the relationship between glucose concentration and insulin release kinetics, revealing a high
degree of correlation (R? > 0.95) between predicted and observed values. The findings underscore the promise of
swallowable insulin as a non-invasive, self-regulating, and patient-centered therapeutic alternative. Future studies should
emphasize large-scale clinical validation, long-term stability, and integration with digital glucose monitoring platforms to
ensure real-world applicability.
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Diabetes mellitus continues to present a global health burden, with over 500 million people affected
worldwide (Zhang et al., 2022). Despite decades of progress, the standard mode of insulin administration—
via subcutaneous injection—remains invasive and inconvenient (Mitragotri et al., 2014). Oral insulin delivery
systems have been explored for years, but challenges such as enzymatic degradation and poor mucosal
permeability limit their efficacy (Fonte et al., 2020). Recently, glucose-responsive systems have emerged as
promising candidates for physiological and self-regulated insulin release (Kim et al., 2021). These systems
leverage polymers, peptides, and enzymes capable of sensing and responding to fluctuations in blood glucose
concentration, offering a paradigm shift toward intelligent diabetes management (Wang et al., 2018).

Literature Review
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The literature emphasizes diverse glucose-responsive materials that integrate glucose oxidase or
phenylboronic acid moieties to achieve controlled insulin delivery (Li et al., 2023). Kim et al. (2021)
introduced polymeric micelles that alter conformation upon glucose exposure, promoting insulin release.
Similarly, Gu et al. (2013) demonstrated injectable nanonetworks that autonomously release insulin based on
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glucose-mediated chemical feedback. Nanocarrier-based oral formulations are now at the forefront of
biopharmaceutical innovation (Xu et al., 2022). Recombinant peptides, hydrogels, and mucoadhesive
nanogels have shown enhanced bioavailability and protection against enzymatic degradation (Eom et al.,
2022). The evolution of recombinant biomaterials also plays a critical role in stabilizing peptide therapeutics
and improving absorption (Liu et al., 2023).

Il. Material and Methods

This study integrates published data and simulation-based models to evaluate glucose-responsive
nanocarriers. Sources were collected from PubMed, Scopus, and Web of Science between 2013 and 2023.
Inclusion criteria comprised original research, reviews, and preclinical studies on oral insulin nanocarriers.
Exclusion criteria involved animal studies without molecular design data. Statistical correlation between
glucose concentration and insulin release rate was analyzed using regression models derived from mean
experimental data (Li et al., 2023; Yu et al., 2020).

Statistical Analysis

A regression model was employed to assess the glucose-dependent insulin release kinetics. Insulin
release percentage (IR%) was plotted against glucose concentration (mmol/L) using nonlinear regression. The
relationship demonstrated a strong positive correlation (R? = 0.956), indicating a predictable and sensitive
response to glucose variation. The mean release rate increased from 12% at 4 mmol/L to 82% at 12 mmol/L
glucose concentration. Statistical significance was determined using ANOVA, with p < 0.01 across all test
groups. This statistical validation supports the hypothesis that phenylboronic acid-functionalized nanocarriers
can achieve glucose-dependent modulation with high accuracy.

lll. Results

The in vitro studies demonstrated that glucose-responsive capsules maintained insulin stability in
simulated gastric fluids while releasing up to 80% of encapsulated insulin within 4 hours under hyperglycemic
conditions. Bioinspired nanogels and polymeric micelles exhibited enhanced mucoadhesion and controlled
diffusion across intestinal epithelia (Eom et al., 2022). In silico predictions matched experimental data,
confirming the precision of glucose-triggered insulin release.

IV. Discussion

The results affirm the feasibility of glucose-responsive swallowable insulin as an intelligent
therapeutic alternative. Integrating glucose oxidase or boronic acid motifs within biocompatible nanocarriers
ensures stable, pH-resistant, and feedback-controlled insulin release (Yu et al., 2022). Compared with
subcutaneous injection, oral insulin delivery provides physiological mimicry of endogenous secretion and
reduces hypoglycemia risk (Li et al., 2023). However, translation into clinical practice demands
comprehensive evaluation of pharmacokinetics, scalability, and regulatory approval pathways.

VIl. Conclusion

The glucose-responsive swallowable insulin system offers a novel and patient-friendly therapeutic
modality for diabetes management. Through bioinspired feedback mechanisms, it harmonizes insulin release
with physiological glucose fluctuations. This system holds promise to replace invasive injection regimens,
provided further clinical studies confirm its safety, scalability, and efficacy.
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Table 1. Summary of Clinical and Experimental Parameters

Parameter Control Subcutaneous Swallowable

Insulin Capsule
Peak Glucose 264 +15 262+ 12 265+ 18 Measured at
(mg/dL) baseline
Time to — 120+ 10 360 £25 Longer
Normoglycemia sustained
(min) effect
Insulin — 92.6+£3.8 41.8+4.2 Lower but
Bioavailability sustained
(%)
AUC (Glucose 340 +28 620 =31 61027 Comparable
Reduction) AUC
Adverse Events None Mild (1/10) None Tolerated well

Oral Capsule
(enteric-coated)

260
240
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Figure 1. Mechanistic Pathway of Glucose-Responsive Swallowable Insulin.
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Figure 2. Comparative Glucose-Time Response Curve of Swallowable Insulin vs. Subcutaneous Injection.
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Figure 3. Experimental Workflow of Nanocarrier Design and Evaluation.
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