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Abstract

The global burden of diabetes mellitus, characterized by
defective insulin secretion or action, necessitates advanced therapeutic
strategies. Glucose-responsive insulin (GRI) systems, which
autonomously release insulin in response to hyperglycemia, represent a
paradigm shift toward a closed-loop therapy at the molecular level. Two
boronic acid-chitosan conjugates were synthesized using 4-
formylphenylboronic acid (FPBA) and 2-formyl-3-thienylboronic acid
(FTBA). Conjugation was confirmed via Fourier transform infrared
spectroscopy (FTIR) and differential scanning calorimetry (DSC).
Glucose adsorption capacity and selectivity were quantified using high-
performance liquid chromatography (HPLC) with a hexokinase assay
and a curcumin-based fluorescent displacement assay, respectively. FTIR
and DSC analyses confirmed successful conjugation, revealing structural
changes and altered thermal properties. Glucose adsorption studies
demonstrated that functionalization with boronic acid imparted glucose
sensitivity. A 1:1 molar ratio of boronic acid to chitosan was identified as
optimal for maximum glucose binding, beyond which increased
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crystallinity and steric hindrance reduced adsorption. A key finding
was that FTBA-chitosan conjugates exhibited a statistically significant
(p<0.025) higher glucose adsorption capacity than FPBA-chitosan
conjugates, attributed to supplemental stabilizing C-H•••π interactions
facilitated by the thienyl ring. Novel boronic acid-chitosan conjugates
were successfully synthesized and characterized.These findings
highlight the critical role of boronic acid moiety structure in designing
efficient glucose-sensing materials. The optimized 1:1 conjugates present
a promising foundation for the subsequent development of a fully
autonomous, glucose-responsive insulin delivery system.

Key words :  Glucose-responsive insulin; Smart insulin
delivery; Boronic acid; Phenylboronic acid (FPBA); Thienylboronic acid
(FTBA); Conjugate; Glucose adsorption.

The Global Burden of Diabetes Mellitus :

Diabetes mellitus represents one of
the most significant and escalating public health
challenges of the 21st century, a non-
communicable pandemic with profound
human, economic, and societal costs.
Characterized by chronic hyperglycemia
resulting from the body’s inability to produce
or effectively use insulin, diabetes is a complex
metabolic disorder with two primary forms.
Type 1 diabetes (T1D) is an autoimmune
condition wherein the body’s immune system
mistakenly attacks and destroys the insulin-
producing beta cells in the pancreas,
necessitating lifelong exogenous insulin
administration for survival. Type 2 diabetes
(T2D), which accounts for the vast majority
(over 90%) of cases worldwide, is characterized
by insulin resistance, where the body’s cells
do not respond effectively to insulin, often
coupled with a progressive decline in insulin
secretion. The global prevalence of diabetes
has reached alarming proportions. According
to the International Diabetes Federation (IDF),
approximately 537 million adults were living

with diabetes in 2021, a figure projected to rise
to 643 million by 2030 and a staggering 783
million by 2045. This rise is inextricably linked
to factors such as aging populations, urbanization,
sedentary lifestyles, and the increasing prevalence
of obesity.1-4

Limitations of Conventional Insulin
Therapy :

Since insulin’s discovery in 1921,
exogenous insulin has been vital for managing
type 1 and advanced type 2 diabetes. However,
conventional methods like multiple daily
injections (MDI) or insulin pumps (CSII) are
imperfect substitutes for natural pancreatic
function. Many users struggle to reach glycemic
targets, and fear of hypoglycemia often leads
them to maintain higher glucose levels,
increasing long-term complications. This
constant challenge between avoiding low blood
sugar and preventing high levels underscores
the limitations of current therapies. These
shortcomings have driven the search for more
automated and physiological insulin delivery
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Fundamentals of Stimuli-Responsive Drug
Delivery :

Stimuli-responsive, or “smart”, drug
delivery systems are engineered to release
their therapeutic payload in response to
specific physiological or external triggers. For
diabetes, the ideal internal stimulus is the
fluctuating concentration of glucose itself,
paving the way for a self-regulating, closed-
loop insulin delivery system that mimics a
healthy pancreas.9-12

Mechanisms of Glucose-Responsiveness:

Several approaches are used to achieve
glucose-responsive insulin release. Glucose
Oxidase (GOx)-based systems use the
enzyme GOx to oxidize glucose into gluconic
acid, lowering pH and triggering insulin release
from pH-sensitive polymers. Concanavalin A
(Con A)-based systems rely on competitive
binding between glucose and glycosylated
insulin, where high glucose levels displace
insulin for release. Phenylboronic Acid (PBA)-
based systems use reversible binding with
glucose’s diols, causing changes in polymer
properties that release insulin at high glucose
levels. Comparatively, GOx systems face
issues with oxygen dependence and toxicity,
Con A systems may cause immune reactions,
while PBA systems offer better stability,
tunability, and clinical potential.13-15

Low molecular weight chitosan, 4-
formylphenylboronic acid, 2-formyl-3-
thienylboronic acid, sodium borohydride, a
glucose hexokinase assay kit, and curcumin
were sourced from Sigma-Aldrich. Acetic

acid, methanol, acetonitrile, fructose, and
glucose were obtained from Thermo Fisher
Scientific. All other chemicals were reagent
grade.

Synthesis and purification of boronic acid-
chitosan conjugates :

Fifty milligrams of chitosan dissolved
in 1% acetic acid was mixed with FPBA and
FTBA equivalents in methanol. After three
hours, sodium borohydride was added. Post-
reaction, quenching with NaOH precipitated
the product, which was centrifuged, washed,
lyophilized, and stored at 2°C.

FTIR & DSC Study :

Fourier transform infrared spectroscopy
(FTIR) analyses were performed on a Perkin
Elmer spectrometer. Freeze-dried conjugates
were mixed with KBr (1:99), pressed into
discs, and scanned from 2000 to 400 cm-1. For
differential scanning calorimetry (DSC), ~5 mg
samples were heated from 25°C to 350°C at
10°C/min under nitrogen.

Absorption of Glucose :

Glucose adsorption was analyzed via
HPLC. Conjugates (10 mg) were incubated
with 1 mL of 5 mg/mL glucose solution (pH
5.5) at 37°C for 1 hour. After centrifugation,
the glucose remaining in the supernatant was
quantified. An indirect hexokinase assay was
used, where glucose is enzymatically
converted, reducing NAD+ to NADH,
measured at 340 nm. The adsorbed glucose
was calculated from the difference between
the initial and supernatant concentrations.
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Boronic acid conjugates for glucose vs
fructose :

An HPLC method using curcumin as
a fluorescent dye was employed to investigate
the selectivity of the boronic acid conjugates
for glucose and fructose. This assay is based
on the competitive displacement of curcumin
from the boronic acid binding site by diols, as
the formation of the rosocyanine complex is
reversible. The relative affinities for each sugar
were determined by measuring this displacement.

Statistical Analysis : A simple two-
tailed t-test with a 95% confidence interval
was used to determine statistical significance
where applicable.

Characterization of conjugates :

The conjugation of boronic acids

(FPBA and FTBA) to chitosan was confirmed
through FTIR analysis. Key evidence includes
the disappearance of the primary amine peak
at ~1590 cm-1, indicating bonding at that site,
and the appearance of a new peak at ~830
cm-1, characteristic of a para-substituted benzene
ring from the FPBA, confirming successful
functionalization.

For the FTBA-chitosan conjugate,
FTIR analysis confirmed successful conjugation,
evidenced by the disappearance of the primary
amine peak at ~1590 cm-1. However, the
absence of a peak at 830 cm-1 distinguished it
from the FPBA conjugate, as FTBA lacks a
benzene ring. DSC thermograms showed the
conjugates had a lower decomposition
temperature than pure chitosan, supporting the
hypothesis of progressive primary amine
consumption during conjugation.

Fig. 1. FTIR spectra of pure chitosan and  FPBA-chitosan
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Fig. 2. DSC thermograms of pure chitosan and FPBA-chitosan

(a)
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Finally, HPLC analysis using the hexokinase
assay produced a highly linear calibration curve
(R² ≈  1), validating the method for quantifying
glucose adsorption and indirectly confirming
successful boronic acid functionalization.

The glucose adsorption results confirm
successful conjugation, as only the boronic
acid-functionalized chitosan adsorbed glucose.
Adsorption increased up to a 1:1 molar ratio

of boronic acid to chitosan, indicating this is
the optimum for maximum binding capacity.
Beyond this ratio, adsorption decreased despite
higher boronic acid loading. This is attributed
to increased conjugate crystallinity and polymer
backbone rigidity, which creates steric hindrance
that prevents the multivalent binding required
for effective interaction with glucose’s spatially
separated hydroxyl groups.
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Fig. 3 (a) Chromatogram of NADH from glucose standard (10mg/ml) and
(b) Calibration curve of glucose standards

Fig. 4. Glucose adsorption of FPBA and FTBA conjugates
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A significant finding (p<0.025) was
that all FTBA-chitosan conjugates demonstrated
higher glucose adsorption than their FPBA
counterparts. This superior performance is
attributed to the molecular structure of the
thienyl ring in FTBA. It is postulated that the
proximity of the thienyl ring and the chitosan’s
cyclohexane rings to the bound glucose
facilitates additional stabilizing C-H•••π
interactions. These supplemental non-covalent
forces are not as feasible with the phenyl ring
of FPBA, leading to the slightly higher affinity
and greater adsorption capacity observed for
the FTBA conjugates.

Two boronic acid-chitosan conjugates
(FPBA and FTBA) were successfully synthesized
and characterized. Both demonstrated glucose
sensitivity under biologically relevant conditions.
A key finding was that FTBA conjugates
exhibited a significantly higher glucose
adsorption capacity than their FPBA counterparts,
attributed to advantageous structural interactions.
For both types, a 1:1 molar ratio of boronic
acid to chitosan was identified as the optimum
for maximum glucose binding, as higher ratios
induced steric hindrance. Based on these
results, the 1:1 conjugates were selected for
subsequent insulin nanoparticle formulation and
release studies.

References :

1. Banting, F. G., C. H. Best, J. B. Collip,
W.R. Campbell, and A.A. Fletcher, (1922).
Canadian Medical Association Journal,

 12(3): 141–146.   Retrieved  from https:/
/www.ncbi.nlm.nih.gov/pmc/articles/
PMC1524425/

2. Brown, S.A., B.P. Kovatchev, D. Raghinaru,
J.W. Lum, B.A. Buckingham, Y.C. Kudva,
and R. W. Beck, (2019). New England
Journal  of Medicine,  381(18):  1707-
1717.

3. Cambre, J. N., and B. S. Sumerlin, (2011).
Polymer, 52(21): 4631-4643. https://
doi.org/10.1016/j.polymer.2011.07.057

4. Daharia, A., V. K. Jaiswal, K. P. Royal,
H. Sharma, A. K. Joginath, R. Kumar, and
P. Saha, (2022). Asian Journal of
Pharmaceutical Research and
Development, 10(3): 65-69.

5. International Diabetes Federation. (2021).
 IDF Diabetes Atlas, 10th edit ion .

Brussels, Belgium. Retrieved from https:/
/www.diabetesatlas.org

6. Kumar, R., P. Saha, Y. Kumar, S. Sahana,
A. Dubey, and O. Prakash, (2020). World
Journal of Pharmacy and Pharmaceutical
Sciences, 9(10): 838-850.

7. Kumar, R., P. Saha, P. Lokare, K. Datta,
P. Selvakumar, and A. Chourasia, (2022).
International Journal for Research in
Applied Sciences   and   Biotechnology,

 9(2), 221-226.
8. Li, S., Y. Zhang, X. W. He, W. Y. Li, and

Y. K. Zhang, (2020). Journal of
Controlled Release, 321: 236-258.
https://doi.org/10.1016/j.jconrel.2020.02.014

9. Matsumoto, A., R. Yoshida, and K. Kataoka,
(2004). Biomacromolecules, 5(3): 1038-
1045. https://doi.org/10.1021/bm0345413

10. Nyarko, R. O., C. G. Awuchi, R. Kumar,
E. Boateng, I. Kahwa, P. O. Boateng, and
P. Saha, (2022). Journal for Research
in Applied Sciences and Biotechnology,

 1(3): 107-13.

(2318)



11. Saha, P., R. O. Nyarko, P. Lokare, I.
Kahwa, P. O. Boateng, and C. Asum,
(2022). Asian Journal of Pharmace-
utical Research and Development ,
10(3): 58-64.

12. Veiseh, O., B. C. Tang, K. A. Whitehead,
D. G. Anderson, and R. Langer, (2015).
Nature Reviews Drug Discovery, 14(1):
45-57. https://doi.org/10.1038/nrd4477

13. Wu, Q., L. Wang, H. Yu, J. Wang, and  Z.
Chen (2011). Chemical Reviews, 111(12):

7855-7875. https://doi.org/10.1021/
cr200027j

14. Yu, J., Y. Zhang, J. Yan, A. R. Kahkoska,
and Z. Gu, (2018). International Journal
of Pharmaceutics, 544(2): 350-357. 
https://doi.org/10.1016/j.ijpharm.2017.
11.064

15. Zhang, Y., and Z. Gu, (2020). Advanced
Drug Delivery Reviews, 161-162,
https://doi.org/10.1016/j.addr.2020.07.022

(2319)


