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Abstract

Diabetes mellitus is a chronic metabolic disorder marked by elevated blood sugar levels, leading to organ dysfunction.
Curcumin, derived from turmeric, exhibits promise in managing type II diabetes. Amphipathic polymer prodrugs were
synthesized by conjugating curcumin with chitosan through succinic anhydride. Nanomicelles, formed via dialysis of
amphipathic polymer prodrug, were spherical with an average hydrodynamic size of 57 nm. In vitro release studies re-
vealed 97% curcumin release at pH 5 in 7 days. A 21-day experiment on diabetic mice compared nano micelles, standard
drugs, and free curcumin’s impact on fasting blood glucose. The study showcased gradual, controlled curcumin release
from nano micelles, suggesting their potential in type II diabetes treatment.
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1. Introduction

Diabetes mellitus (DM) is a chronic metabolic dis-
order marked by persistent high blood glucose levels,
termed hyperglycemia. Prolonged hyperglycemia can
cause significant harm to the body, impairing function
and potentially leading to organ and tissue dysfunction.

According to the International Diabetes Federation (IDF)
in 2021, approximately 10.5% of adults aged 20 to 79 have
diabetes, with nearly half undiagnosed. IDF predicts that
by 2045, diabetes prevalence among adults will rise to 1 in
8, affecting around 783 million people, marking a 46% in-
crease from current levels.? Type 2 diabetes mellitus pre-
dominates among major diabetes categories, encompass-
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ing around 90% of global diabetes cases.** Insufficiency
of insulin production (Type 1 diabetes) or diminished
cellular sensitivity to insulin (Type 2 and gestational dia-
betes) are the causes of prolonged hyperglycemia. Insu-
lin-producing P cells are autoimmunely destroyed in type
1 diabetes; the destruction was previously linked to a
T-cell-mediated attack. Nevertheless, the cause encom-
passes both environmental and genetic components, in-
cluding viral infections, altered intestinal microbiota, and
dietary patterns, as well as HLA alleles.> However, it is
hypothesized to be associated with suboptimal dietary
patterns characterized by high carbohydrate intake and a
sedentary lifestyle. There is a gradual transition from a
relative shortfall of insulin and lacking with its sensitivity
leads to an absolute deficiency, which eventually requires
the injection of exogenous insulin to regulate glucose lev-
els.>®7 Type 2 Diabetes Mellitus (T2DM) traditionally
associated with the elderly, is now increasingly prevalent
among children and young individuals. This rise is linked
to inadequate dietary intake, sedentary lifestyles, and obe-
sity rates. The phytochemical compounds produce a sig-
nificant therapeutic response in the treatment of metabol-
ic disorders such as diabetes mellitus due to their low
toxicity. Curcumin, (CCMN) a polyphenolic phytochem-
ical derived from the rhizome of the turmeric plant (Cur-
cuma longa), has several medicinal properties (like an-
ti-inflammatory, anti-cancer, antioxidant, wound healing,
and anti-diabetic etc).~1° It has a wide range of potential
applications and therapeutic activity. Still, its use is limit-
ed due to its very low aqueous solubility, chemical insta-
bility, photosensitivity, first-pass metabolism, insufficient
tissue distribution, and inadequate absorption, resulting
in inadequate bioavailability.!!"!* Studies have demon-
strated that CCMN regulates lipid metabolism by sup-
pressing key inflammatory transcription factors (MCP-1,
IL-6, HbAlc, TNF-a), reducing hepatic lipogenesis, and
enhancing lipid mobilization enzyme activity. In animal
models of diabetes, curcumin exhibits anti-hyperglyce-
mic and anti-hyperlipidemic effects. Additionally, its anti-
oxidant properties mitigate oxidative stress, a factor in
Type 2 Diabetes Mellitus development. Curcumin has an-
ti-inflammatory properties via its ability to reduce the lev-
els of inflammatory factors, as well as through blocking
signalling pathways such as NF-kB.!41> Moreover, it plays
a crucial function in safeguarding heart health via its abil-
ity to mitigate apoptosis and inflammation in individuals
with diabetic cardiomyopathy. The cumulative data indi-
cate that curcumin may have therapeutic advantages in
managing T2DM and its related problems.!®!7 A variety
of approaches, including the encapsulation of CCMN in
different lipid nanocarriers or the formation of poly-
mer-prodrug complexes, are intended to address these
challenges. Polymer-drug conjugates represent a preva-
lent and efficacious method for the delivery of hydropho-
bic drugs. This concept, initially introduced by Ringsdorf
et al. in 1975, facilitates controlled drug release, enhances

therapeutic efficacy, reduces adverse effects, and improves
patient compliance by increasing drug solubility in aque-
ous solvents.!819

Chitosan (CHT), a biopolymer known for its bio-
compatibility, biodegradability, and ability to form gel-like
structures in acidic conditions, is utilized in drug delivery
applications. With its glucosamine unit containing hy-
droxyl and amine groups, chitosan enables the conjuga-
tion of many drugs and other substances.?’ This property
can improve the drugs solubility, stability, and toxicity
and facilitate the delivery of the drug to specific cells or
tissues.2!=23 In this study, we proposed preparing the poly-
mer prodrug conjugate by chemically binding curcumin
and chitosan. The conjugation was done in the presence of
succinic anhydride, which could act as a bridge between
the chitosan and curcumin. This conjugate was converted
to nano micelles in an aqueous environment, which may
increase CCMN solubility and stability.2#2> The in vitro
hemocompatibility and physicochemical characteristics
was investigated. The therapeutic potentiality, toxicity, and
biochemical parameters of nano micelles was examined in
in-vivo diabetic Balb/C mice induced by streptozotocin for
21 days.

2. Experimental

2. 1. Materials

Chitosan (low molecular weight ~ 50000 Da) pur-
chased from Sigma-Aldrich, curcumin, succinic anhy-
dride, dimethyl sulfoxide (DMSO), N, N'"dicyclohexylcar-
bodiimide (DCC), 4-dimethylamino pyridine (DMAP),
pyrene, pyridine, mono-tetrazolium salt (MTT) and other
compounds were purchased from SRL Chem Pvt. Ltd
(Mumbai, India). The blood was purchased from the certi-
fied blood bank in Kolkata, India. All the chemicals are
used as analytical grades.

2. 2. Synthesis of Succinyl-Curcumin
Conjugate (SUC-CCMN)

To synthesize SUC-CCMN, initially, CCMN (0.7368
g, 2 mmolL) and succinic anhydride (0.2001 g, 2 mmoL)
were dissolved in 30 mL benzene and then added 2mL
pyridine consequently refluxed for 36 h at 80 °C. After re-
moval of the solvent under low pressure and lower temper-
ature, the residue was purified by column chromatogra-
phy, where hexane-ethyl acetate (95:5) was used as the
mobile phase and silica gel as a stationary phase to get the
final product SUC-CCMN (Yield = 0.32 g, 68.31%).2°

2. 3. Synthesis of CHT-di(SUC-CCMN)
Conjugates

To synthesize CHT-di(SUC-CCMN) conjugate, in-
itially, in 20 mL DMSO carbohydrate polymer CHT

Rahaman et al.:  Succinyl Curcumin Conjugated Chitosan Polymer-Prodrug ...



Acta Chim. Slov. 2024, 71, 421-435

(1.52 gm, 1 mmoL) and SUC-CCMN (0.93 mg, 2 mmoL)
were dissolved at room temperature. After both com-
pounds were dissolved entirely, DCC (412 mg, 2 mmoL)
and DMAP (116 mg, 1 mmoL) were added to the mix-
ture while stirring continuously. This reaction was car-
ried out in the dark at room temperature for 24 h. Fol-
lowing the completion of the reaction, the product was
filtered to precipitate the CHT-di(SUC-CCMN) conju-
gate. The filtrate was added into a 50 mL solution con-
taining a 1:1 (v/v) ratio of ethanol and ethyl ether to pre-
cipitate CHT-di(SUC-CCMN) conjugate. Figure 1
depicts the schematic processes for CHT-di(SUC-
CCMN) synthesis.

2. 4. Preparation of CHT-di(SUC-CCMN)
Conjugates Micelles

For the preparation of CHT-di(SUC-CCMN) conju-
gated micelles (CDSCM), 1 mg/mL CHT-di(SUC-CCMN)
was prepared with DMSO by proper mixing. Then CHT-
di(SUC-CCMN) mixture was taken into a dialysis bag
(Mol.Wt 12 kDa), placed into double distilled water for 24
h, and replaced in 4 h intervals. The solvent remained in
the reaction process, and other components were eliminat-
ed through dialysis. After completion of dialysis, it was
passed through a filter of 0.45 pm pore size to avoid the
large particles, then lyophilized the product. The final mi-
celles were stored in a cool and dry place for further use.?”
The yield of CDSCM was about 81+6%.

2. 4. Physicochemical Characterizations of
CDSCM

2. 4. 1. Characterizations of CDSCM

The structure of synthesized CHT-di(SUC-
CCMN) was confirmed by different instrumental anal-
yses, like an FTIR spectrophotometer (Shimadzu Corp
No. 01988) with a spectral range of 4000 cm™ to 400
cm~L. 'H-NMR (Bruker-500 MHz spectrometer) spec-
tral analysis was done with the solvent DMSO-d6 and a
UV-vis spectrophotometer (Shimadzu, Japan) over
200-700 nm. To know the morphology, hydrodynamic
size, and zeta potential of the CDSCM, a zeta seizer
(Nano-ZS 90, Malvern Instrument, UK), field emission
scanning electron microscope; FEI, Quanta 200 (FE-
SEM). To make the SEM sample, 1 mg/mL of lyophilized
CDSCM powder was mixed with 1 mL of double dis-
tilled water. Then, the dispersion was placed on an alu-
minum sheet to make the thin film. The air-dried film
was then coated with gold and evaluated under the
SEM. A high-resolution transmission electron micro-
scope (HR-TEM) (JEOL Japan, JEM-2100 Plus) was
used, and TEM samples were prepared by placing a
0.001 mg/mL drop of CDSCM dispersion on the car-
bon-coated copper grid.

2. 4. 3. Critical Micelle Concentration (CMC)
Determination

To determine the CMC of CHT-di(SUC-CCMN),
different concentrations of CHT-di(SUC-CCMN) solu-
tions ranging from 0.004 mg/mL to 2.5 mg/mL were vor-
texed with diluted fluorescent probe pyrene (used as fluo-
rescent dye ) solution. The CHT-di(SUC-CCMN) mixture
was left overnight to record fluorescence using a fluores-
cence spectrophotometer at 390 nm emission (Infinite
M200, TECAN).28

2. 5. Drug Loading Capacity

A specified high concentration of CCMN solution
was prepared, and various concentrations of CCMN solu-
tion were prepared using the serial dilution procedure us-
ing DMSO as a solvent. The absorption was measured at
435 nm, and a standard curve was prepared. Absorption
was measured after preparing a known concentration
(Img/mL) of CHT-di(SUC-CCMN) conjugate micelle
(CDSCM) in DMSO solvent. The quantity of CCMN in
the CHT-di(SUC-CCMN) conjugate micelle was deter-
mined using the standard line (equation). The following
equation was used to compute the CCMN loading capacity
of the CHT-di(SUC-CCMN) conjugate in micelles:

. . w
CCMN loading capacity (—%) =
w
Ammount of CCMN % 100 ( )
Ammount of CCMN released from CDSCM

2. 6. Stability of free CCMN and CDSCM in
Physiological Conditions

The stability of the compound in different pH is dif-
ferent. The stability of free CCMN and CDSCM were ana-
lyzed in PBS buffer pH 7.4 for a specific incubation period
at 37 °C, taken absorption by UV-vis spectrophotometer
at 427 nm. The change of absorbance in the physiological
condition of both compounds was noted and plotted
graphically.

2.7. CCMN Release Study from CDSCM

In CDSCM, CCMN is conjugated with CHT through
pH-sensitive succinyl ester bonds. The cumulative releases
of CCMN from CDSCM were measured in PBS buffer pH
5.0 and 7.4. A fixed quantity of CDSCM (10 mg) was dis-
persed in each 10mL of PBS buffer pH 5.0 and 7.4 solu-
tions. All those solutions were taken into two separate di-
alysis bags and transferred into 90 mL respective buffer
solution containing beakers. Those were incubated at 37
°C for 7 days with moderate shaking. During the incuba-
tion period, with an increasing time interval, 2 mL of the
sample was withdrawn from each beaker and replaced
with the respective buffer.3® A UV-vis spectrophotometer
analyzed the concentration of CCMN at 427 nm.
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2. 8. Blood Compatibility

A hemolysis study monitored the hemocompatibility
of CDSCMs using a blood sample obtained from a local
blood bank. RBCs were separated from the blood sample by
centrifugation at 2000 rpm for 5 min. The collected RBCs
were washed three times in PBS buffer. The stock RBC solu-
tion was made by combining 100 pL of washed RBC with 10
mL of PBS (pH 7.4) buffer. To determine the hemoglobin
release from RBC by CDSCM, 100 L of stock RBC solu-
tions were subjected to 100 pL different concentrations of
CDSCM ranging from 0.5 to 2 mg/mL for 30 min at 37 °C.
Then, all those solutions were centrifuged separately at 1500
rpm for 5 min, and the supernatant was taken for UV-visi-
ble absorbance at 541 nm.3""32 PBS buffer pH 7.4 solution
was utilized as a negative control, and distilled water as a
positive control. The hemolysis percentage (Hp%) of CD-
SCM will be determined using the equation shown below:

x 100 (2

Where Ag = absorbance of the sample, the absorb-
ance of the PBS buffer = A, and absorbance of distilled
water = A,.. All the readings were taken in triplicate.

As—An
Ap—An

Hpo/o =

2. 9. In-vivo Experimental Protocol

2.9. 1. Experimental Animals

For the in vivo antidiabetic activity study, male Bal-
b/C mice weighing about 25-30 g were obtained from
Chakraborty Enterprises (North 24 Parganas PIN-743312
West Bengal), registered breeders.3*3* Before the start of
experiments, they were kept for seven days to adjust stand-
ard laboratory conditions with a standard diet according
to protocols. This experiment followed the guidelines of
the “Institutional Animal Ethics Committee (Registration
number: 1805/GO/Re/S/15/ CPCSEA)”, Jadavpur Univer-
sity, India (Approval of project proposal No: JU/
IAEC-22/30), throughout the study, followed the National
Institute of Health (NIH) recommendations.

2.9. 2. Experiment Design of In vivo Study

A total of 30 Animals were taken and equally divided
into five groups. Group I: Non-diabetic control animals
(NDC) received a high fat-containing regular diet. Group II:
Diabetic control (DC) received a high fat-containing regular
diet with a single dose of diabetic inducer. Group III: Diabet-
ic control free CCMN (DC-FCUR) received a high fat-con-
taining regular diet with a single dose of diabetic inducer and
treated orally with free CCMN at 100 mg/kg body weight for
21 days. Group IV: Diabetic control drug-containing nano-
particle (DC-DCN) received a high fat-containing regular
diet with a single dose of diabetic inducer and treated orally
with CDSCM equivalent to 100 mg/kg CCMN payload for
21 days. Group V: Diabetic control standard drug (DC-SD),

which received a high fat-containing regular diet with a sin-
gle dose of diabetic inducer and treated orally with 2mg/kg
b.w. glibenclamide for 21 days.

2.9. 3. Induction of Type-II Diabetes Mellitus

To induce Type-II diabetes mellitus, a single in-
tra—peritoneal injection of STZ (45 mg/kg to overnight
fasting animals) followed by a 110 mg/kg intraperitoneal
injection of nicotinamide after 15 min.3°-* both solution
was prepared separately by dissolving in citrate buffer pH
4.5 and saline solution, respectively. Non-diabetic control
(Group I) animals were injected with saline instead of
STZ. FBG levels of all animals were measured by an ac-
cu-check glucometer (Roche Diagnostics) on alternate
days. Animals with FBG levels > 200 mg/dl for three con-
secutive days after STZ injection were considered diabetic
animals, and animals with blood glucose levels < 145 mg/
dl were considered non-diabetic animals and were exclud-
ed from the experiment.

2.9. 4. Sampling of Blood to Estimate FBG Level

Blood samples were collected by pricking the tail and
then gently milking it with warm water to evaluate the FBG
level of each animal. The direction of milking was from the
body side to the tail tip to enhance bleeding. One drop of
blood was placed on a strip of the accu-check glucometer to
take blood glucose levels, and it was done in duplicate to
ensure the consistency of glucometer readings.*®

2.9. 5. Measurement of Body Weight

Every four days, the body weight of each animal in
each group was measured. The variation in weight was
documented. After 21 days, the liver weight of each animal
was also recorded.

2.9. 6. Estimation of Biochemical Parameters
Level

For estimating the biochemical parameters, the
blood of all animals was collected under mild anesthesia
through cardiac puncture on the 21% day of the study.
Blood samples were centrifuged for 15 min at 4000 rpm in
a cooling centrifuge. Serums were correctly leveled and
stored at -80 °C for further analysis. Auto-analyzer (USA)
and ELISA Kkits for estimating the level of a lysosomal en-
zyme like alkaline phosphatase (ALP) (rAPid Alkaline
Phosphatase; Roche), acid phosphatase (ACP) (CS0740,
Sigma Aldrich ), lipid profile components like HDL, LDL,
serum triglycerides (TGL), total serum cholesterol, liv-
er-specific enzymes like serum glutamate oxaloacetic
transaminase (SGOT), serum glutamate pyruvic transam-
inase (SGPT), Hemoglobin Alc (HbAlc) (CS0740, Sigma
Aldrich) and serum uric acid.3%3°

Rahaman et al.:  Succinyl Curcumin Conjugated Chitosan Polymer-Prodrug ...



Acta Chim. Slov. 2024, 71, 421-435

2.9.7. Carbohydrate Metabolizing Enzymes
Estimation

To estimate the level of hexokinase (HK), glu-
cose-6-phosphate dehydrogenase (G6PD), and lactate de-
hydrogenase (LDH) parameters in the pancreas, liver, and
kidney, all animals were euthanized with thiopental sodi-
um after 21 days of treatment. Those tissues (0.3 g) were
taken separately and homogenized in 3 mL of 0.01M Tris-
HCL centrifuged at 10000 rpm for 20 min at 4 °C. Super-
natants were treated with the corresponding colorimetric
assay kits for HK, G6PD, and LDH.3*40

2. 10. Statistical Analysis

For the statistical analysis, all the readings were tak-
en more than two times, standard deviation (SD) was cal-
culated from obtained data, and the actual value of the
readings was represented as mean + SD, were it possible.
For the statistical processing of obtained results, one-way
analysis of variance (ANOVA) with P-value<0.05 was
used to know the groups/category significant changes in
another statistical tool, like a student t-test. Different soft-
ware like Origin Pro 9.0 and GraphPad Prism 6.0 are used
for the graphical representation of statistically processed
data.

3. Results

The primary objective of our investigation was to
synthesize the CHT-CCMN conjugate, which was subse-
quently synthesized and characterized using various in-
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strumental methods. After confirming the synthesis of the
conjugate, it was found that the conjugate was freely solu-
ble in an aqueous and non-aqueous solvent. The tri-mo-
lecular conjugated polymer-prodrug, consisting of a hy-
drophilic polymer and hydrophobic drugs, can enhance
aqueous solubility, improve drug targeting, prevent drug
resistance, and minimize the toxic effect of the desired
drug.*1#2 This study used CHT as a hydrophilic polymer,
CCMN as a hydrophobic drug, and succinic anhydride as
a bi-molecular pH-sensitive linker. CCMN, when conju-
gated with CHT via a succinyl ester link, creates an amphi-
philic polymer-prodrug known as CHT-di (SUC-CCMN).
This prodrug self-assembles into nano micelles when
placed in an aqueous media. CHT has several hydroxyl
groups that have the capability to form bonds with multi-
ple SUC-CCMN molecules, enabling the transportation of
CCMN for drug delivery purposes.

For the formation of CHT-di(SUC-CCMN) prodrug
conjugate, CCMN refluxes with succinic anhydride in the
presence of pyridine to form SUC-CCMN, which consists
of a carboxylic acid group that can further react with a hy-
droxyl group of CHT to form an ester bond by a conden-
sation reaction in the presence of pyridine, as shown in
Figure 1. The FT-IR spectrum of CCMN clearly shows
characteristic peaks of phenolic O-H stretching at 3507
cm™! for aromatic moiety C=C stretching peak at 1625
cm™}, benzene ring stretching vibrations peak at 1596 cm™
1, for C=0 and C=C vibrations peak at 1504 cm™!, for C-H
bending vibrations of olefinic (>C=C<) bond peak at 1424
cm™! and for stretching vibrations of the aromatic C-O
bonding peak at 1276 cm™! could identify CCMN (Figure
2).4344 The FT-IR spectrum of SUC-CCMN shows a peak
for phenolic O-H stretching at 3505 cm™!, a peak for aryl

OCH;4
9

Curcumin-menosuccinate

DCC, DMAP, 24hr
Room Temp

NHﬁ:\

Figure 1. The schematic reactions for synthesizing SUC-CCMN and CHT-di(SUC-CCMN) conjugate.
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Figure 2: FTIR spectra Curcumin, Curcumin-mono succinate, Chitosan, and CHT-di(SUC-CCMN)

(C-H) stretching at 2942 cm™, peaks for C=0 stretching
frequencies of a conjugated succinic acid moiety at
1697cm!, peak for C=C of CCMN at 1627 cm™, a peak
for stretching frequencies of C=0O and C-O (enol) groups
of CCMN moiety at 1510cm™! and 1281 cm™!. The peak at
1028 cm™!is attributed to the stretching frequencies of
C-O-C. The presence of prominent peaks at 3505 cm™},
1697 cm™!and 1510 cm™! corresponding to the -OH, C=0
, and C-O bands, respectively, represent the successful
conjugation of CCMN to SUC.?> The FT-IR spectrum
(Figure 2) of CHT-di(SUC-CCMN) conjugate exhibits a
new peak at 1735 cm™! corresponding to the stretching fre-
quency of the C=0 group and a peak at 1510 cm™! corre-
sponding to the C-O (enol) bands stretching frequencies
in addition to peaks exhibited by CHT and SUC-CCMN,
those peaks represent the existence of newly formed ester
bond between CHT and SUC-CCMN.*? The FTIR analysis
demonstrates that the procedure begins with the reaction
of CCMN and succinic anhydride, which results in the for-
mation of SUC-CCMN with a reactive carboxylic acid
group. The FTIR spectrum reveals that this acid group in-
teracts with the hydroxyl group of CHT in the presence of
pyridine to form an ester bond, leading to CHT-di(SUC-
CCMN) prodrug-polymer synthesis. The enhanced solu-
bility of curcumin in CHT-di(SUC-CCMN) could poten-
tially be attributed to the formation of a tenuous hydrogen
bond between the carbonyl group (C=0) in curcumin and
the hydroxyl group in chitosan.*

To assure the formation of the conjugated structure
of CHT-di(SUC-CCMN), CHT, CCMN, and SUC-CCMN

were initially analyzed through 'H-NMR spectroscopy. In
Figure 3, it was observed that protons of CCMN show
characteristic peaks between 5.4-9.4 ppm;*>46 CHT shows
its distinct peaks between 3.0-4.6 ppm for the protons of
B(1-4)-D-glucosamine units,*” including peak at 1.3 ppm
for the presence of acetylated chitosan impurities; SUC-
CCMN shows peak at 2.2 and 2.4 ppm for protons of -
CH,-CH,- (Succinyl moiety) including the peaks at 9.4
and 12.5 ppm for the ~-OH proton of CCMN and succinyl
moiety respectively in addition to peaks of CCMN. CHT-
di(SUC-CCMN) conjugate exhibits its peaks consisting of
characteristic peaks of CHT (3.0-4.6 ppm), CCMN (5.4-
9.4 ppm), and succinyl (2.0 and 2.5 ppm) moiety excluding
the peaks 12.5 ppm of succinyl moiety ~-OH proton were
demonstrated the successful synthesis of desire conju-
gate.®48 Analysis of the CHT-di(SUC-CCMN) conjugate
by 'H-NMR confirmed its successful synthesis. The char-
acteristic peaks of CCMN, CHT, and SUC-CCMN were
evident in their respective spectra. Notably, the conjugate’s
spectrum displayed peaks from all constituents except the
-OH proton of the succinyl moiety. This absence and the
presence of all other expected peaks strongly supported
the construction of the designed conjugate.

To know the presence of CCMN in the CHT-di(-
SUC-CCMN) conjugate, CCMN and CHT-di(SUC-
CCMN) were analyzed by UV-vis and fluorescence spec-
trometer. Both CCMN and CHT-di(SUC-CCMN)
conjugate show peak Uv-absorbance at 427 nm (Figure 4a,
4b), but conjugate shows a broader peak than the CCMN
peak. The fluorescence emission spectral peak (the excita-

Rahaman et al.:  Succinyl Curcumin Conjugated Chitosan Polymer-Prodrug ...



Acta Chim. Slov. 2024, 71, 421-435

Curcumin

Curcumin-monosuccinate
el

v DMSO

- _,JL ,__Jlk "

DMSO
H4,CO
) |
H I
.
. HO
Chitosan .
CHT-di(SUC-CUR)
ﬁﬂlﬂ‘.ﬁ'ﬂ,‘!‘ﬂlﬂrﬂ#'!:urMB‘I;!‘B‘B Q‘J]B'E'HI‘E‘SYL’ITIE'I',CIFID EI,SIE‘I SIB‘S,IIElﬂ‘A‘,ﬁll‘i’Z;,Bll‘lrS‘O ZBrZ‘Q'{,EII.‘ﬂ 10

ppm

Figure 3: 'H-NMR of spectra of Curcumin, Curcumin-monosuccinate, Chitosan, and CHT-di(SUC-CCMN)

tion wavelength 427 nm) of CCMN and CHT-di(SUC-
CCMN) shows at 550 nm and 522 nm, respectively, which
help to conclude the formation of the conjugation within
CHT and CCMN.#¥

The CHT-di(SUC-CCMN) conjugate consists of a
free hydroxyl group containing the CHT moiety, which is
the hydrophilic part. The CCMN moiety, the hydrophobic
domain, jointly helps the amphiphilic to self-assemble into
micelles (CDSCM) in an aqueous medium where the hy-
drophobic part forms the core and the hydrophilic part

remains outside of the micelle. Critical micelle concentra-
tion (CMC) signifies a concentration at which the amphi-
philic polymeric compound can self-assemble into mi-
celles in the solvent. The CMC of CDSCM was determined
by employing the self-quenching agent pyrene as the fluo-
rescence probe in an aqueous medium, and it helps to pro-
duce fluorescence for the presence of a lipophilic part of
the micellar core. The intensity ratio of pyrene’s (I335/
1332) peaks depends on the medium’s polarity.>*°! The flu-
orescence intensity changed rapidly when pyrene transited
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Figure 4: (a) UV-vis and (b) fluorescence spectra of CCMN and CHT-di(SUC-CCMN) conjugate

from hydrophilic media to the lipophilic core of CDSCM.
Plotting the logarithm concentration of conjugate vs. in-
tensity ratio constructs two straight lines intersecting at a
point called CMC, which was 0.4644 mg/mL (Figure 5A).
The lower CMC values signify its stability, prolonging
blood circulation and accessibility to the drug’s targeting.>

The hydrodynamic particle size and zeta potential of
the CDSCM were determined by dynamic light scattering
(DLS). The hydrodynamic particle size distribution of CD-
SCM is shown in Figure 5C, and zeta potential is shown in
Figure 5B. It was observed that micelles were about 57+ 6
nm in size from and polydispersity index was found to be
0.19 Figure 5C. The zeta potential of CDSCM was meas-

ured to be -34.8 mV, suggesting a significant negative
charge. This negative charge is caused by the presence of
unbound hydroxyl (-OH) groups in the glucosamine units
of the CHT moiety on the surface of CDSCM. This accu-
mulation of hydroxyl groups results in the formation of a
highly negatively charged CDSCM surface. This negative
change serves to maintain the CDSCM’s stability. Higher
negative surface charges repel each CDSCM from the oth-
er, thereby reducing nano-micelle accumulation.>® The
morphology of CDSCM was also determined through
SEM and TEM (Figures 5D, 5E). Figure 5D indicates that
CDSCM were roughly spherical and mostly uniform in
size. The shape of the particle is distinguishable. For better
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Figure 5. (A) CMC of CHT-di(SUC-CCMN) conjugate; (B) Zeta potential of CDSCM; (C) Particle size distribution of CDSCM; (D) FE-SEM Image

of CDSCM; (E) TEM Image of CDSCM
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morphological evaluation, another microscopic (TEM)
study was done. Figure 5E shows that the CDSCM are
spherical in shape and within the size range of 50 nm *15
nm. The selected area electron diffraction (SAED) pattern
in the bottom left corner of the TEM image shows that the
CDSCM samples don’t have any crystalline particles.
Based on the data shown in Figure 5, it is evident that the
CDSCM was produced with precision, exhibiting higher
zeta potential and smaller particle size. The size of the Na-
no micelles seen in the TEM analysis was primarily con-
sistent with the hydrodynamic sizes of the Nano micelles
determined by DLS analysis. Based on the aforementioned
results, it is obvious that the CDSCM has the potential for
use in the applications described above.

In physiological pH, the stability of free CCMN and
CDSCM was compared. The stability of free CCMN and
CCMN in CDSCM was evaluated at pH 7.4. The stability
of free and formulated drugs at physiological pH is critical
in drug delivery investigations. PBS was used to make a
highly concentrated solution of free CCMN and CDSCM
(pH 7.4). Absorbance was measured at 427 nm using a
UV-vis spectrophotometer at set intervals from both solu-
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tions up to a particular period. The percentage of degraded
compounds for both compounds was calculated and pre-
sented in Figure 6a. It was observed that free CCMN was
about to degrade entirely after 8 h, while more than 90% of
CCMN in CDSCM was still present at the same time. As a
result, conjugated CCMN exist in CDSCM and are much
more stable than free CCMN. CCMN micelles developed
by conjugation of CCMN with CHT significantly improve
CCMN stability (Figure 6a).

The CCMN release pattern from CDSCMs was stud-
ied at physiological pH 7.4 and acidic pH 5, as shown in
Figure 6b. It was observed that 97% of CCMN was released
from CDSCM within 7 days in an acidic (pH 5) condition,
whereas 49% of CCMN was released from CDSCM within
the same time in a physiological pH 7.4 condition. The
complete drug release was observed after 8 days of study in
acidic pH 5, and it was observed that the CCMN presence
in the CDSCM was about 36.8+2%, calculated using Equa-
tion 1. The higher release rate of CCMN in the acidic me-
dium than in the basic medium is due to the acid-catalyz-
ed hydrolysis of the ester linkage.>*>® As a result, the rate of
CCMN release in physiological pH is lower than in acidic
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Figure 6: (a) Stability studies of CCMN and CDSCM, (b) Release profiles of CCMN from CDSCM under different conditions, and (c¢) Hemocom-

patibility assay of CDSCM
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pH. Thus, CDSCM is applicable for sustained CCMN de-
livery and helps overcome first-pass metabolism.**>” The
mechanism of drug release from CDSCM may depend on
the release pattern in specific pH mediums. Release kinetic
models were established for both acidic and basic medi-
um, revealing that in the acidic medium, the release fol-
lowed the first-order kinetic model, identified by its high-
est R2 value of 0.943 (Table 1). This indicates that the rate
of drug release decreases exponentially over time as the
drug concentration in the delivery system decreases. This
release mechanism likely involves diffusion through a ma-
trix or dissolution of the drug from a reservoir. The acidic
pH may facilitate this diffusion by swelling the nanomi-
celles and breaking the ester bond, releasing CCMN into
the medium. On the other hand, at pH 7.4, a basic medi-
um, CCMN was released from the CDSCM following the
Higuchi release kinetic model with the highest R2 value of
0.802 suggests the release of CCMN diffusion through pol-
ymeric matrix.

Table 1: The release kinetics from the CDSCM

pH of the medium pH5 pH7.4
R? Value

Zero Ordar Model 0.5676 0.516

Ist Order model 0.9432 0.581

korsmayar peppas model 0.5498 0.722

Higuchi model 0.8371 0.802

Hixson Crowell model 0.8313 0.559

Hemocompatibility is an essential criterion for eval-
uating compatibility regarding hemoglobin release from
RBC by drug-loaded nanoparticles for the safety and bio-
compatibility of nano-drug formulation. Drugs associated
with nanoparticles can damage the RBC partially or fully.

——Group I:NDC
——Group lll: DC-FCUR
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A hemolytic study determined the percentage of hemoglo-
bin released from RBC. After CDSCM and RBCs interact,
hemoglobin from the damaged RBCs could be released. A
UV-visible spectrophotometer measured the absorbance
of hemoglobin®’, and was calculated in percentage. After
sufficient time of incubation of CDSCMs with RBC, it was
observed that around 2.5% of hemoglobin was released at
the highest concentration of CDSCM (2mg/mL), as shown
in Figure 6c. This signifies that our nano-formulation of
CDSCM is compatible with RBC and blood, so these nano
micelles are also applicable in intravenous administra-
tion.>8-60

After three days of diabetic induction, it was ob-
served that most of the animals had FBG levels of 284+9
mg/dL. Consider those animals as diabetic animals, and
those with fasting blood glucose levels <145 mg/dL were
not considered for the study. After the diabetic induction,
a gradual body weight loss was observed (Figure 7C) in
group II, but a slight increase in body weight in group III
animals was observed. A significant increase in body
weight of group-IV (CDSCM receiving group) was ob-
served compared to group-V (diabetic control/standard
drug) animals. The findings above highlight the signifi-
cance of inducing diabetes about body weight and the pos-
sible contribution of CDSCM in addressing the alterations
in body weight linked to diabetes.

The FBG level of overnight-fasted animals was meas-
ured every four days. A gradual increase in FBG level was
observed (Figure 7A) in group II, but a gradual decrease in
FBG level was observed in groups III, IV, and V. The
non-diabetic control group I did not see any substantial
alteration in fasting blood glucose (FBG) levels. The de-
crease in FBG level in users of CDSCM in group IV was
substantially greater than in recipients of the conventional
medicine in group V. The maximum decrease in blood glu-
cose level was observed (Figure 7B) after 21 days of treat-
ment in CDSCM recipients in group IV. The changes in

Fasting blood glucose level after 21 days

400
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100

Group Groupll: Group lll: Group IV: Group V:
I:NDC DC DC-FCUR DC-DCN  DC-SD

Figure 7: (A) Fasting blood glucose level after 21 days. (B) Change of body weight in 21 days.
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Table 2. Biochemical parameters after 21 days of treatment

Parameter Group I: Group II: Group III: Group IV: Group V:
NDC DC DC-FCUR DC-DCN DC-SD
HbA1lc (%) 5.70 £ 0.23 11.03 £ 0.31 8.55+0.22 6.04 £0.20 6.89 £ 0.16
Serum creatinine (mg/dL) 0.81 £ 0.05 1.51 +0.04" 1.11 £0.03" 1.01 +0.04 1.17 £ 0.04
Serum uric acid (mg/dL) 3.10 + 0.40" 5.30 + 0.20" 412 +031" 3.62+027" 4514052
Serum cholesterol (mg/dL) 83.0+1.17 157.1 £ 1.7" 109.0 £ 1.2" 91.1+0.9" 124.0+2.1°
Serum triglycerides (mg/dL) 90.0 + 1.2° 156.3+1.9" 121.7 +2.2" 95.0 £ 1.4" 111.0 3.1
SGPT (IU/L) 70.0 + 1.1 170.6 + 3.8 92.6+3.1" 72.0 + 1.0 80.1+ 1.0
SGOT (IU/L) 1212 23" 2553 £ 44" 2003 £2.3" 1362+24% 1403 +2.3"
HDL cholesterol (mg/dL) 51.1+1.3" 321+2.17 385+14" 445+ 15" 431+14"
LDL cholesterol (mg/dL) 210 £1.3° 88.8 £2.4" 442+15 335+ 1.6 61.8+1.7"
ALP (IU/L) 170.0 + 1.5" 233.0+3.1" 203.1+£25" 185.1+22%  211.1+22"
Hexokinase (U/mL) 1.65+0.11 0.25+0.03 1.04 £0.12 1.47£0.21 1.14 £ 0.32
G6PD (U/mL) 226 14" 854 +£2.1" 62.6 £2.5" 29.0 +2.8" 388+ 1.8
LDH (U/mL) 13.6+0.7" 268 +1.4" 208 +0.8" 15.8 4 0.8 17.7 + 1.0

Data represent mean + S.D (n = 3). **p < 0.05; *p < 0.01.

FBG concentrations reflect the effect of interventions on
glucose metabolism. The observed reduction in fasting
blood glucose (FBG) levels across groups III, IV, and V
provides evidence of the potential efficacy of these thera-
pies in managing diabetes. The observed difference in the
rate of reduction in fasting blood glucose (FBG) level be-
tween group IV (the group receiving the CDSCM treat-
ment) and group V may be attributed to the unique mech-
anism of action of CDSCM. The faster rate of decrease in
FBG levels in the CDSCM group (IV) compared to the
conventional drug group (V) demonstrates the potential of
CDSCM as a promising strategy for controlling glucose in
diabetes management.

Biochemical parameters of all the experimental an-
imals were measured on the 21% days after induction of
diabetes and before induction of diabetes (Table 2),
which shows that, the levels of HbAlc, serum creatinine,
serum uric acid, serum cholesterol, serum triglycerides,
SGPT, SGOT, HDL, LDL, ALP, Hexokinase, G6PD, and
LDH have no unexpected changes in the non-diabetic
control group I but significant increases (except for HDL
and Hexokinase) in the group II. Mild increases were ob-
served in the group III animals, and significant inverse
phenomena were observed in groups IV and V. Hexoki-
nase and HDL remarkably increased in CDSCM-receiv-
ing group IV compared to diabetic control group II and
standard drug-receiving group V. The consistency of high
FBG levels in the animal group indicates high glycated
hemoglobin (HbA1c).%! After 21 days, the HbAlc levels
of animals in group IV treated with CDSCM were lower.
This decrease in HbAIc reflects the improved blood sug-
ar management made possible by the administration of
CDSCM. In addition, the investigation revealed a corre-
lation between skeletal muscle mass and creatinine lev-
els. As body weight decreased, creatinine levels in-
creased, associated with an increased risk of type II
diabetes.>” Notably, animals treated with CDSCM had

significantly lower creatinine levels than those treated
with free CCMN and the standard drug. This phenome-
non suggests that CDSCM can potentially reduce the in-
cidence of type II diabetes. The uric acid levels in the
blood have emerged as valuable markers for various dis-
eases, including stroke, hypertension, cardiac complica-
tions, and diabetes.**2 CDSCM also decreased serum
uric acid levels, suggesting a potential improvement in
the associated health risks. The investigation also ex-
plored diabetic dyslipidemia, a disorder characterized by
abnormal lipid levels, including cholesterol, triglycerides,
and distinct lipoprotein fractions. This condition is close-
ly associated with type II diabetes.?®% Remarkably, ani-
mals treated with CDSCM exhibited fewer lipid abnor-
malities than the control group, indicating a potential
function for CDSCM in diabetic dyslipidemia manage-
ment.

The enzymatic focus of the investigation was on hex-
okinase, an enzyme with a negative correlation to diabetes.
Notable was the increase in hexokinase levels in animals
treated with CDSCM, which may have contributed to en-
hanced glucose metabolism. G6PD, an enzyme relevant to
type II diabetes, is typically characterized by decreased tis-
sue levels that contribute to increased blood levels due to
metabolic alterations. Nonetheless, administration of CD-
SCM decreased blood levels of G6PD, indicating a return
to metabolic equilibrium. Type II diabetes includes a vari-
ety of metabolic disorders involving enzymes such as hex-
okinase, G6PD, LDH, SGPT, SGOT, and ALP, among oth-
ers.®+% These enzymes exhibit altered concentrations in
associated tissues and blood. The CDSCM treatment sig-
nificantly decreased the blood levels of these enzymes
compared to other treatments, according to the study’s
findings. Our studies amalgamate chemical synthesis and
nanotechnology to increase bioavailability and deliver
poorly water-soluble, highly degradable phytochemical
curcumin in treating type II diabetes.
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4, Discussion

In this study, the CHT-CCMN conjugate was synthe-
sized successfully. The polymer prodrug molecule was then
converted to the nano micelles form, a transformation that
not only demonstrates the versatility of our research but al-
so its potential for practical applications. The FTIR and
NMR evaluation confirms that the polymer and the drug
curcumin were chemically conjugated, proving our suc-
cess. It was discovered that the conjugate was readily solu-
ble in both an aqueous and an organic solvent, a character-
istic that enhances its potential applications. After
conjugation, the lipophilic compound CCMN and the hy-
drophilic polymer CHT form an amphiphilic conjugate, a
unique feature that further enhances its potential. In an
aqueous environment, the amphiphilic conjugate self-as-
sembled into a micelle at a concentration of 0.4644 mg/mL,
a finding that underscores its stability and accessibility. Due
to the low CMC value, the nano micelles signify its stability,
prolonging blood circulation and making it accessible for
the drug’s targeting. This feature in stills confidence in its
potential for drug delivery systems.®® The nano micelles ex-
hibited an average hydrodynamic size range of 57 = 6 nm,
as measured by a zeta seizer. The majority of the particles
were concentrated within a very limited range. The mi-
celle’s polydispersity index was found to be 0.19, which sig-
nifies the homogeneity of micelle size. From these, it is un-
derstood that micelles are not aggregated and create a
proper dispersion in aqueous medium. The zeta potential
of the micelle was -34.8 mV, which suggests that the mi-
celles’ surface are highly negatively charged, which could
help them repel each other, accumulate into the aqueous
medium, and provide better stability. These negative sur-
face charges and smaller sizes may help micelles escape re-
ticuloendothelial system internalization.5”%® The SEM and
TEM examination were conducted to morphologically
characterize the CDSC micelles by microscopic inspection.
The scanning electron microscope (SEM) picture revealed
that the Iyophilized powder of the CDSCM formed a nearly
spherical and aggregated thin film. However, in order to get
a precise comprehension, these micelles are examined us-
ing transmission electron microscopy (TEM), revealing
their spherical shape and particle sizes ranging from around
50+10 nm. This provides the similarity with the hydrody-
namic size of the prepared nano micelles. The morphologi-
cal evaluation of the nano micelles provides a clear under-
standing of the size and shape of the nano micelles, which
is acceptable for the in vivo characterization, and better
homogeneous biodistribution will occur.%®

The degradation study found that at physiological
pH 7.4, more than 90% of CDSCM remained to degrade
within eight hours. In comparison, free CCMN degraded
almost entirely under the same conditions. This contrast
emphasizes the stability of CDSCM to maintain its struc-
tural strength in the physiological environment. Moreover,
CDSCM showed a longer drug release duration at the

physiological pH compared to the medium’s acidic pH lev-
el. This extended drug release profile presents the potential
for achieving controlled drug delivery by assuring a con-
stant drug release from micelles. In addition, CDSCM’s
ability to release drugs under acidic pH conditions enables
its use in various medical conditions where drug release is
required in acidic environments, thereby expanding its
versatility in drug delivery systems. 77! The effect of fast-
ing blood glucose (FBG) levels on animals treated with
CDSCM was significantly greater than that of unbound
CCMN and the standard drug glibenclamide.

Interestingly, the effects of CDSCM on body weight
in diabetic-induced animals were found to be less severe
than those of free CCMN and the conventional drug. The
difference suggests that CDSCM may have a more targeted
and potent effect on glucose regulation, potentially allow-
ing for a more targeted method of treating elevated FBG
levels. In addition, the consistent elevation of FBG levels in
these animals suggests the presence of an elevated amount
of glycated hemoglobin (HbA1c), highlighting the chronic
nature of the diabetic condition under study.”? After 21
days, HbAlc levels were significantly reduced in animals
treated with CDSCM, according to this research. This cor-
relation can be explained by the direct relationship be-
tween skeletal muscle mass and creatinine levels, where
creatinine levels progressively increase as body weight de-
creases, increasing the risk of type II diabetes.”*> Notably,
the creatinine levels of CDSCM-treated animals were sub-
stantially lower than those of CCMN-free and stand-
ard-drug-treated animals. Notably, treatment with CD-
SCM increased hexokinase enzyme levels, which may have
improved glucose metabolism. Glucose-6-phosphate de-
hydrogenase (G6PD) is an additional enzyme associated
with type II diabetes.

Nevertheless, administration of CDSCM re-
duced blood glucose-6-phosphate dehydrogenase (G6PD)
levels, suggesting a restoration of metabolic equilibrium.
Several metabolic disorders involving enzymes such as
hexokinase, G6PD, LDH, SGPT, SGOT, and ALP, which
exhibit altered concentrations in tissues and blood, are as-
sociated with Type II diabetes. Compared to other inter-
ventions, the CDSCM treatment substantially decreased
blood enzyme levels. The above results could indicate that
CDSCM restores the normal metabolic process in group
IV more efficiently than in other diabetic groups. The ef-
fect of FBG on CDSCM capacity was significantly more
than that of accessible CCMN and standard drug gliben-
clamide, and the impact on body weight of CDSCM-treat-
ed animals was less than that of free CCMN and standard
drug-treated diabetic induced animals.

5. Conclusion

In this study, we have successfully synthesized a
prodrug of chitosan-curcumin conjugate that self-assem-
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bled in an aqueous environment as nano-micelles, where
chitosan provided the hydrophilic outer backbone and
curcumin the lipophilic core of the micelles. The chitosan
di-succinyl curcumin micelles have curcumin in their
backbone and entrap curcumin in their inner core, en-
hancing the solubility and stability of curcumin in many
folds. Curcumin is sustainably released from micelles at
physiological and acidic pH because there are ester bonds
between chitosan and curcumin. The micelles play a pivot-
al role in declining the fasting blood glucose level and nor-
malizing the related biochemical parameters of type II di-
abetic animals. The findings suggest that nano micelles
have a notable effect in restoring the metabolic pathway
that is disrupted in Type-II diabetes mellitus, as compared
to both glibenclamide (the conventional treatment) and
free curcumin. In future studies, these developments ex-
plore multidrug delivery in the form of conjugated prod-
rugs and entrapment in the micelle core. The amount of
drug to be delivered can be increased as needed, prolong-
ing the delivery time, and can be used for multiple other
chronic biomedical conditions.
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Sladkorna bolezen je kroni¢na presnovna motnja, za katero je znacilna povi$ana raven sladkorja v krvi, ki povzro¢a
motnje v delovanju organov. Kurkumin, pridobljen iz kurkume, kaze obetavne lastnosti pri zdravljenju sladkorne bolezni
tipa II. Amfipatska polimerna predzdravila so sintetizirali s konjugiranjem kurkumina s hitosanom prek sukcinil anhi-
drida. Nanomiceli, ki so nastali z dializo amfipatskega polimernega predzdravila, so bili sferi¢ni s povpre¢no hidrodi-
namsko velikostjo 57 nm. Studije spro$canja in vitro so pokazale 97-odstotno spros¢anje kurkumina pri pH 5 v 7 dneh.
V 21-dnevnem poskusu na diabeti¢nih misih so primerjali vpliv nanomicel, standardnih zdravil in prostega kurkumina
na glukozo v krvi na teice. Studija je pokazala postopno in nadzorovano spro$¢anje kurkumina iz nanomicel, kar kaze na

njihov potencial pri zdravljenju sladkorne bolezni tipa II.
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