
mdpi.com/journal/pharmaceutics

Special Issue Reprint

Recent Advances in  
Long-Acting Drug Delivery 
and Formulations

Edited by 
Hamdy Abdelkader and Adel Al-Fatease



Recent Advances in Long-Acting Drug
Delivery and Formulations





Recent Advances in Long-Acting Drug
Delivery and Formulations

Editors

Hamdy Abdelkader
Adel Al-Fatease

Basel ‚ Beijing ‚ Wuhan ‚ Barcelona ‚ Belgrade ‚ Novi Sad ‚ Cluj ‚ Manchester



Editors

Hamdy Abdelkader

Pharmaceutics Department

King Khalid University

Abha

Saudi Arabia

Adel Al-Fatease

Pharmaceutics Department

King Khalid University

Abha

Saudi Arabia

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Pharmaceutics (ISSN 1999-4923) (available at: www.mdpi.com/journal/pharmaceutics/special

issues/465G0LZD61).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-0365-9439-2 (Hbk)

ISBN 978-3-0365-9438-5 (PDF)

doi.org/10.3390/books978-3-0365-9438-5

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license.

www.mdpi.com/journal/pharmaceutics/special_issues/465G0LZD61
www.mdpi.com/journal/pharmaceutics/special_issues/465G0LZD61
https://doi.org/10.3390/books978-3-0365-9438-5


Contents

Adel Al Fatease and Hamdy Abdelkader
Recent Advances in Long-Acting Drug Delivery and Formulations
Reprinted from: Pharmaceutics 2023, 15, 2519, doi:10.3390/pharmaceutics15112519 . . . . . . . . 1

Heba S. Abd-Ellah, Ramesh Mudududdla, Glen P. Carter and Jonathan B. Baell
Novel Perspectives on the Design and Development of a Long-Acting Subcutaneous Raltegravir
Injection for Treatment of HIV—In Vitro and In Vivo Evaluation
Reprinted from: Pharmaceutics 2023, 15, 1530, doi:10.3390/pharmaceutics15051530 . . . . . . . . 4

Patrick Pan, Darren Svirskis, Geoffrey I. N. Waterhouse and Zimei Wu
Hydroxypropyl Methylcellulose Bioadhesive Hydrogels for Topical Application and Sustained
Drug Release: The Effect of Polyvinylpyrrolidone on the Physicomechanical Properties
of Hydrogel
Reprinted from: Pharmaceutics 2023, 15, 2360, doi:10.3390/pharmaceutics15092360 . . . . . . . . 27

Maria Abedin Zadeh, Raid G. Alany, Leila Satarian, Amin Shavandi, Mohamed Abdullah
Almousa and Steve Brocchini et al.
Maillard Reaction Crosslinked Alginate-Albumin Scaffolds for Enhanced Fenofibrate Delivery
to the Retina: A Promising Strategy to Treat RPE-Related Dysfunction
Reprinted from: Pharmaceutics 2023, 15, 1330, doi:10.3390/pharmaceutics15051330 . . . . . . . . 47

Sravani Emani, Anil Vangala, Federico Buonocore, Niousha Yarandi and Gianpiero
Calabrese
Chitosan Hydrogels Cross-Linked with Trimesic Acid for the Delivery of 5-Fluorouracil in
Cancer Therapy
Reprinted from: Pharmaceutics 2023, 15, 1084, doi:10.3390/pharmaceutics15041084 . . . . . . . . 63

Cleildo P. Santana, Brock A. Matter, Madhoosudan A. Patil, Armando Silva-Cunha and Uday
B. Kompella
Corneal Permeability and Uptake of Twenty-Five Drugs: Species Comparison and Quantitative
Structure–Permeability Relationships
Reprinted from: Pharmaceutics 2023, 15, 1646, doi:10.3390/pharmaceutics15061646 . . . . . . . . 82

Heba A. Abou-Taleb, Mai E. Shoman, Tarek Saad Makram, Jelan A. Abdel-Aleem and
Hamdy Abdelkader
Exploration of the Safety and Solubilization, Dissolution, Analgesic Effects of Common Basic
Excipients on the NSAID Drug Ketoprofen
Reprinted from: Pharmaceutics 2023, 15, 713, doi:10.3390/pharmaceutics15020713 . . . . . . . . . 104

Karema Abu-Elfotuh, Amina M. A. Tolba, Furqan H. Hussein, Ahmed M. E. Hamdan,
Mohamed A. Rabeh and Saad A. Alshahri et al.
Anti-Alzheimer Activity of Combinations of Cocoa with Vinpocetine or Other Nutraceuticals
in Rat Model: Modulation of Wnt3/β-Catenin/GSK-3β/Nrf2/HO-1 and PERK/CHOP/Bcl-2
Pathways
Reprinted from: Pharmaceutics 2023, 15, 2063, doi:10.3390/pharmaceutics15082063 . . . . . . . . 119

Saima Mahmood, Nauman Rahim Khan, Ghulam Razaque, Shefaat Ullah Shah, Memuna
Ghafoor Shahid and Hassan A. Albarqi et al.
Microwave-Treated Physically Cross-Linked Sodium Alginate and Sodium Carboxymethyl
Cellulose Blend Polymer Film for Open Incision Wound Healing in Diabetic Animals—A Novel
Perspective for Skin Tissue Regeneration Application
Reprinted from: Pharmaceutics 2023, 15, 418, doi:10.3390/pharmaceutics15020418 . . . . . . . . . 146

v



Yahia Alghazwani, Krishnaraju Venkatesan, Kousalya Prabahar, Mohamed El-Sherbiny,
Nehal Elsherbiny and Mona Qushawy
The Combined Anti-Tumor Efficacy of Bioactive Hydroxyapatite Nanoparticles Loaded with
Altretamine
Reprinted from: Pharmaceutics 2023, 15, 302, doi:10.3390/pharmaceutics15010302 . . . . . . . . . 169

Anand Kumar, Priyanka Prajapati, Gurvinder Singh, Dinesh Kumar, Vikas Mishra and
Seong-Cheol Kim et al.
Salbutamol Attenuates Diabetic Skeletal Muscle Atrophy by Reducing Oxidative Stress,
Myostatin/GDF-8, and Pro-Inflammatory Cytokines in Rats
Reprinted from: Pharmaceutics 2023, 15, 2101, doi:10.3390/pharmaceutics15082101 . . . . . . . . 181

Meghana Goravinahalli Shivananjegowda, Umme Hani, Riyaz Ali M. Osmani, Ali H.
Alamri, Mohammed Ghazwani and Yahya Alhamhoom et al.
Development and Evaluation of Solid Lipid Nanoparticles for the Clearance of A in Alzheimer’s
Disease
Reprinted from: Pharmaceutics 2023, 15, 221, doi:10.3390/pharmaceutics15010221 . . . . . . . . . 205

vi



Citation: Al Fatease, A.; Abdelkader,

H. Recent Advances in Long-Acting

Drug Delivery and Formulations.

Pharmaceutics 2023, 15, 2519.

https://doi.org/10.3390/

pharmaceutics15112519

Received: 10 October 2023

Accepted: 18 October 2023

Published: 24 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

pharmaceutics

Editorial

Recent Advances in Long-Acting Drug Delivery
and Formulations
Adel Al Fatease and Hamdy Abdelkader *

Pharmaceutics Department, College of Pharmacy, King Khalid University, Abha 62223, Saudi Arabia;
afatease@kku.edu.sa
* Correspondence: habdelkader@kku.edu.sa

1. Introduction

Conventional immediate-release delivery systems are simple, industrially repro-
ducible, acceptable, and easy-to-use by most patients. Nevertheless, these dosage forms
have received critique for not being able to consistently provide optimum therapy for
chronic disease conditions, as well as for their potential to induce adverse effects. This is
primarily due to the typical rapid, pulse-release and absorption patterns of their drug cargo
leading to rapidly fluctuating systemic drug concentration [1].

Long-acting drug delivery systems (LADDS) encompass a range of formulations
and technologies that can be used to precisely deliver drug molecules into target tissues.
These operate either through systemic circulation or via localized organs/tissues (e.g.,
skin, eye, and specific lesions) to treat chronic diseases like diabetes, cancer, and brain
disorders, as well as for age-related eye diseases. LADDS have been shown to prolong
drug release from several hours up to 3 years depending on characteristics of the drug,
disease and delivery system [2,3]. LADDS include oral sustained release systems, injectable
implants, in situ forming implants, inserts, wafers, transdermal patches, microspheres and
nanoparticles [1,4,5]. A number of potential drug classes could be good candidates for
LADDS: these include pain killers, biopharmaceuticals, anticancer drugs and centrally
acting drugs [2,6].

The Special Issue, entitled “Recent Advances in Long-Acting Drug Delivery and
Formulations”, encompasses versatile and innovative research domains of oral, ocular,
brain and topical delivery systems and chemical approaches (e.g., prodrugs), highlighting
the progress made in identifying excipients (e.g., basic amino acids to ameliorate gastric
side effects of non-steroidal anti-inflammatory drugs (NSAIDs)), polymers, and molecular
targets to achieve a more effective sustained release systems and safer medicine. A total of
78 authors have contributed to this publication, with 11 original research articles, spanning
five contents (Asia, Europe, Africa, North America and Australasia) providing important
insights into the pharmaceutical sciences. I would like to encourage the readers to go
through each paper and imbibe deeply the published state-of-the-art work in the field;
before that, I will to summarize key research findings of interest.

2. Overview of the Published Articles

One fascinating paper in this Special Issue concerned the exploration of three basic
amino acids (tromethamine, lysine and arginine). These were used to form three salts
with ketoprofen (one of commonly prescribed NSAIDs for chronic pain and inflammation).
Analgesic activity was significantly enhanced and proceed for these acids in the following
order Tris >> lysine > arginine > ketoprofen base. The least severe gastric side effects were
experienced by patients treated with lysine and arginine salts.

Abd-Ellah et al. [7] investigated a novel chemical approach (aminoalkoxycarbony-
loxymethyl (amino-AOCOM) ether prodrug concept) in order to design a long-acting
subcutaneous raltegravir injection for the treatment of HIV.
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The corneal permeability in three animal models—rabbit, pigs, and cows— was stud-
ied for 25 drugs in an attempt to relate corneal permeability to drug physicochemical
properties and tissue thickness via the analysis of quantitative structure permeability rela-
tionships (QSPRs) [8]. These twenty-five drugs comprised various drug classes including
NSAIDs, β-blockers and corticosteroids commonly prescribed for treating different diseases
of the anterior segment of the eye.

One study tested a microwave-treated, physically cross-linked polymer blend film
(sodium alginate and carboxymethyl cellulose sodium), prepared via the solvent casting
method, for its potential to optimize microwave treatment time. This procedure also
allowed researchers to testing for physicochemical attributes and wound healing potential
in diabetic animals [9]. The study concluded that the microwave-treated polymer blend
films have sufficiently enhanced physical properties, making them an effective candidate
for ameliorating the diabetic wound healing process and hastening skin tissue regeneration.

Hybrid gels of hydroxyl propyl methylcellulose (HPMC) and polyvinylpyrrolidone
(PVP) were studied in order to enable sustained release topical skin delivery with unique
features of superior adhesiveness, spreading ability, and greater cosmetic acceptability than
homopolymers alone. These binary hydrogels showed low viscosity, but high bioadhe-
siveness. Indeed, they still can be applied on the skin comfortably, while providing for the
controlled release of the drug over extended periods of time.

Drug repurposing is useful a method for accelerating the drug development process by
finding a new clinical use for a substance already on the market and registered for a different
indication. On this front, two articles were published that sought to repurpose salbutamol
and fenofibrate for treatment of muscle atrophy and retinal diseases, respectively [10,11].

Kumar et al. studied the repurposing potential of the bronchodilator drug salbutamol
(β2-receptor agonist) for a beneficial role in diabetics with muscle atrophy. The oral
administration of salbutamol increased voluntary muscle strength in diabetic rat models.

In diabetic rats, salbutamol greatly boosted lean muscle mass and grip strength. Addi-
tionally, salbutamol therapy increased antioxidant levels in muscles, decreased muscular
atrophy and inflammatory markers, and restored muscle damage biomarkers, all of which
suggested salbutamol’s potential to lower muscle inflammation and oxidative stress.

Novel 3D polymeric scaffold implantable systems were investigated for intraocu-
lar injection in order to retinal diseases. The 3D scaffolds, comprising alginate (ALG)
and bovine serum albumin (BSA) containing fenofibrate, were prepared via the freeze-
drying technique.

Alzheimer’s disease is a brain ailment that gradually impairs thinking and memory
abilities as well as the capacity to perform even the most basic tasks. The majority of
Alzheimer’s patients exhibit their initial symptoms later in life. Various estimates show that
more than 6 million Americans, the majority of whom are 65 or older, may be affected by
Alzheimer’s disease. In this Special Issue, two studies covering novel treatment strategies
of Alzheimer’s disease are published. Memantine HCl and Tramiprosate-loaded solid lipid
nanoparticles (SLNs) were prepared and characterized for the clearance of Aβ on SHSY5Y
cells in a rat hippocampus. Additionally, the neuroprotective effects of cocoa, either alone
or in combination with other nutraceuticals, were discussed in the context of an animal
model of aluminum-induced Alzheimer’s disease.

In terms of sustained release, forming polymer chitosan has shown superior mechani-
cal properties when cross-linked with trimesic acid. 5-fluorouracil (5-FU)-loaded hydrogels
crosslinked with trimesic acid demonstrated the most sustained release profile among the
formulations studied in a 3 h period, with 35 to 50% release.

3. Limitations and Future Perspectives

In conclusion, LADDS hold promise for the treatment of a variety of chronic diseases,
offering safer and more efficient alternatives to the traditional (immediate-release) medica-
tion administration method. By creating APIs (small drug molecules or biologics) using
long-acting drug delivery systems (LADDS), both efficacy and safety can be improved.
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LADDS provide advantages that are acknowledged and supported by regulatory bod-
ies, medical professionals, and patients. For individuals who would often need lifelong
treatment for debilitating chronic ailments such eye diseases, diabetes, cancer, and brain
disorders, LADDS can offer both lasting systemic and local effects.

The cost and accessibility of the biomaterials used to create LADDS, the complexity of
some LADDS’ complex systems, and the dependence of some LADDS’ drug carriers on ex-
ternal stimuli (such as light, lasers, and the application of magnetism) to achieve consistent
drug release are just several of the hurdles that require resolution. These problems make
some LADDS ineligible for regulatory approval. The skyrocketing cost of biomaterials,
inadequate scientific knowledge, and a dearth of excipients suitable for recently developing
technologies like 3D printing and microneedle systems also hinder the advancement of this
technology. The majority of novel long-acting anticancer drug delivery system concepts
have been tested in animal models; nevertheless, regulatory organizations have voiced
strong ethical and technological objections to translating such success in animal models to
clinical phases.

Finally, the guest editors of this Special Issue extend their sincere appreciation for all
the authors and reviewers who responded to our invitation. Your willingness to share
the outcomes of your outstanding research has greatly enriched this collection, and your
contributions have been invaluable in the meticulous evaluation of the manuscripts.

Conflicts of Interest: The authors declare no conflict of interest.
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Novel Perspectives on the Design and Development of a
Long-Acting Subcutaneous Raltegravir Injection for Treatment
of HIV—In Vitro and In Vivo Evaluation
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Abstract: Antiretrovirals (ARVs) are a highly effective therapy for treatment and prevention of
HIV infection, when administered as prescribed. However, adherence to lifelong ARV regimens
poses a considerable challenge and places HIV patients at risk. Long-acting ARV injections may
improve patient adherence as well as maintaining long-term continuous drug exposure, resulting in
improved pharmacodynamics. In the present work, we explored the aminoalkoxycarbonyloxymethyl
(amino-AOCOM) ether prodrug concept as a potential approach to long-acting ARV injections. As
a proof of concept, we synthesised model compounds containing the 4-carboxy-2-methyl Tokyo
Green (CTG) fluorophore and assessed their stability under pH and temperature conditions that
mimic those found in the subcutaneous (SC) tissue. Among them, probe 21 displayed very slow
fluorophore release under SC-like conditions (98% of the fluorophore released over 15 d). Compound
25, a prodrug of the ARV agent raltegravir (RAL), was subsequently prepared and evaluated using
the same conditions. This compound showed an excellent in vitro release profile, with a half-life
(t 1

2
) of 19.3 d and 82% of RAL released over 45 d. In mice, 25 extended the half-life of unmodified

RAL by 4.2-fold (t 1
2

= 3.18 h), providing initial proof of concept of the ability of amino-AOCOM
prodrugs to extend drug lifetimes in vivo. Although this effect was not as pronounced as seen
in vitro—presumably due to enzymatic degradation and rapid clearance of the prodrug in vivo—the
present results nevertheless pave the way for development of more metabolically stable prodrugs, to
facilitate long-acting delivery of ARVs.

Keywords: HIV; long-acting subcutaneous injection; raltegravir; cyclisation-activated prodrugs

1. Introduction

HIV remains a global health problem. It affects 36.7 million people worldwide, with an
additional 2.1 million new cases diagnosed each year, indicating that the AIDS pandemic
is far from over [1]. Nevertheless, the introduction of antiretroviral (ARV) treatment and
prophylaxis measures has led to remarkable progress in defeating HIV/AIDS infection.
These agents have significantly improved treatment efficacy, reduced HIV-related morbidity
and mortality, and increased the lifespan of HIV-positive individuals to a level comparable
to that of the HIV-negative population [2–4]. However, lifelong compliance with the daily
dosing required by ARV regimens remains a great challenge, especially in HIV patients with
coexisting mental conditions or drug abuse, or for whom there are multiple medications to
be taken daily, complicating the treatment regimen [5,6]. Even short-term non-adherence
to ARVs can result in therapeutic failure, as well as promoting development of drug-
resistant HIV viral strains that decrease the patient’s future treatment opportunities [7].
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In fact, only 62% of HIV patients maintain the ≥90% adherence required for optimal
viral suppression [8]. Furthermore, despite the high efficacy of pre-exposure prophylaxis
(PrEP) in preventing HIV transmission, PrEP compliance ranged from 22–98% in clinical
trials [9], also indicating low adherence for a significant number of individuals. In such
circumstances, long-acting ARV injections requiring weekly or monthly administration
might be an optimal, life-saving alternative to daily oral therapy.

In a 2013 survey, more than 80% of 400 adult patients indicated they would probably
try long-acting ARV therapy if the dosage was once a month [10]. In view of this, a
number of long-acting injections are currently in phase 2 and phase 3 clinical trials for HIV
treatment and prevention. For instance, a phase 2b clinical trial demonstrated that long-
acting intramuscular injection of two ARVs (rilpivirine and cabotegravir), administered
every 4 or 8 weeks, was as effective as daily oral therapy in maintaining viral suppression
over 96 weeks [11]. Two subsequent phase 3 clinical trials on the same drug combination
reached equivalent conclusions [12,13]. In 2021, the FDA approved Cabenuva as the first
intramuscular long-acting formulation to treat HIV. It is supplied as a packaged kit of two
separate long-acting injectable medicines, cabotegravir and rilpivirine, which should be
administered once every two months [14,15].

Long-acting injections such as these utilise various approaches to provide sustained
therapeutic drug exposure over a period of weeks, or sometimes longer. These include, but
are not limited to: incorporation of the active ingredient in either an oil-based solution or a
suitable matrix from which the drug is slowly released; using a nanosuspension of drug
particles; microsphere encapsulation; implants; and in situ forming depots [16–23]. Each of
these approaches has its unique strengths and weaknesses; for example, persistent pain at
the injection site that can last for more than three months, low drug loading capacity with
subsequently high administration volume, conformational changes, and others. Although
many efforts have been directed towards improving the currently available approaches,
no reports have yet addressed the potential of chemical transformation methods as a
means to develop long-acting injections. Herein, we present our initial work on the amino-
alkoxycarbonyloxymethyl (amino-AOCOM) ether moiety as a pH-activated handle to
develop long-acting prodrugs for HIV treatment.

Previous work demonstrated that amino-AOCOM prodrugs 1 and 2 (Figure 1) release
the parent drug via a pH-dependent intramolecular cyclisation reaction that is completely
independent of enzymatic biotransformation [24]. Both prodrugs exhibited enhanced
aqueous solubility and oral bioavailability compared with the parent compound [24].
Recently, we applied the same strategy to develop mesalamine prodrugs 3 and 4—with
three- and four-methylene spacers, respectively (Figure 1)—for colonic delivery [25]. In that
study, a key finding was that increasing the methylene spacer length to five or six carbons
led to pH-sensitive linkers with very slow-release profiles. These were of limited interest for
colonic delivery, but could be useful in long-acting injectable formulations. In this paper, we
describe our initial efforts to evaluate the utility of those extended handles in such a context.
The first part of our study focused on the use of 4-carboxy-2-methyl Tokyo Green (CTG)
fluorophore as a model compound, to establish the initial proof of concept. In part two, we
applied the same approach to raltegravir (RAL), as a representative ARV drug utilised in
the treatment of AIDS. Mechanistically, RAL inhibits the HIV integrase enzyme to block
integration of viral DNA into the human genome [26]. The half-life (t 1

2
) of RAL is 7–12 h,

allowing for a regimen of two 400 mg doses per day [27]. It also exhibits highly desirable
pharmacokinetic properties, such as rapid distribution to the female genital tract and
cervicovaginal fluid, as well as greater penetration into the seminal compartment [28–30].
In 2016, a long-acting RAL formulation was developed, involving reconstitution of milled,
γ-irradiated drug in a sterile vehicle of water containing poly(ethylene glycol) 3350 (5%),
polysorbate 80 (0.2%), and mannitol (5%). Preclinical studies showed that two weeks after
a single subcutaneous (SC) injection in BLT mice (7.5 mg) and rhesus macaques (160 mg),
the plasma concentration of RAL was comparable to that achieved through the usual oral
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regimen in humans [28]. Accordingly, it is considered a promising long-acting ARV and
prophylactic agent, thereby rationalising its choice in the current study.
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2. Materials and Methods
2.1. Synthetic Procedures and Analytical Data

All chemical reagents and solvents were obtained from Combi-Blocks (San Diego, CA,
USA), Sigma Aldrich (Burghausen, Germany), and Thermo Fisher Scientific (Waltham,
MA, USA), kept in appropriate storage conditions, and used without further purification.
Reactions were monitored by thin layer chromatography (TLC) using silica gel 60 F254
coated aluminium plates with 0.25 mm thickness. TLC plates were visualised under UV
light at 254 nm or 366 nm, and staining with KMnO4 solution when necessary. The 1H
NMR and 13C NMR spectra were obtained at 400.13 MHz, 100.62 MHz, respectively, on
Bruker spectrometer (Bruker Corporation, Billerica, MA, USA), using tetramethylsilane as
an internal reference. Chemical shifts were measured in parts per million (ppm) and refer-
enced to an internal standard of residual deuterated solvent: CDCl3 (7.26 ppm for 1H and
77.16 ppm for 13C), DMSO-d6 (2.50 ppm for 1H and 39.52 ppm for 13C), or MeOD (3.31 ppm
for 1H and 49.00 ppm for 13C). Missing or/and overlapping 13C signals were identified
using 2D NMR experiments (HSQC and HMBC) and are distinguished with a * symbol.
The ESI–MS and HRMS analyses were run on Agilent UHPLC/MS (1260/6120) and Agilent
6224 TOF-MS systems (Agilent Technologies, Santa Clara, CA, USA), respectively. The
purity of the final target compounds was determined by analytical HPLC (Agilent 1260
Infinity, Agilent Technologies, Santa Clara, CA, USA) and was >95% in every case.

2.2. In Vitro Release Tests

Probes 14–15 and 20–21 stock solutions were prepared at 1000 µM (1 mM) in a 1:1 mix-
ture of MeCN/water, followed by serial dilution with deionised water to give a 50 µM
working concentration. Each experiment was run in triplicate after dilution of 0.5 mL of
the stock solution with 0.5 mL of PBS (pH 7.4) or Tris buffer (pH 7.4), giving a final assay
concentration of 25 µM for the probes. The samples were incubated at 34 ◦C to mimic the
conditions found in SC tissue. Every day, a 2 µL aliquot of each sample was subjected
to HPLC analysis using an Agilent 1260 Infinity instrument, with conditions as follows.
Column: Agilent ZORBAX Eclipse Plus C18 Rapid Resolution, 3.5 µm (4.6 × 100 mm), pore
size (95 Å); column temperature (35 ◦C). The mobile phases were solvent A: 0.1% TFA in
ultrapure H2O and solvent B: 0.1% TFA in MeCN. The injection volume was 2 µL and the
flow rate was kept at 1.0 mL/min. The analysis was performed using a gradient elution
of 5–100% of solvent B in solvent A over 9 min, then maintained for a further 1 min at
two wavelengths: 254 nm and 214 nm. The retention times of CTG and probes 14–15 and
20–21 were 4.13, 4.27, 4.93, 5.55, and 5.71 min, respectively. A calibration curve for the free
CTG fluorophore was constructed over the concentration range of 10–100 µM at pH 7.4.
The data were fit by linear regression to the equation y = 14.615x − 0.067, where y is the
peak area of the analyte and x is the analyte concentration (µM). The correlation coefficient
(R2) was computed as 0.999, confirming the linearity of used method under the specified
measured concentrations.
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Likewise, a test solution of prodrug 25 was incubated in 50% PBS at 100 µM final con-
centration, and analysed using the same HPLC method but with detection at 254 nm only.
A higher concentration of 25 was used due to its relatively weaker absorption at 254 nm,
compared with CTG. The retention times of RAL and prodrug 25 were 4.47 and 5.55 min,
respectively. A calibration curve of RAL was constructed over the range 50–1000 µM. The
data were fit by linear regression as before to give the equation y = 5.1961x − 20.064, with
a similar goodness of fit (R2 ≥ 0.999).

2.3. Pharmacokinetic Study of Prodrug 25
2.3.1. Study Design

The pharmacokinetic profile of prodrug 25 was evaluated in mice, in a study under-
taken at WuXi AppTec. Prodrug 25 was dissolved in a sterile vehicle of DMSO/Solutol
HS15/water (10:10:80) to give a clear solution with a final concentration of 6 mg/mL. The
same procedure was used to prepare a 6 mg/mL solution of RAL as a control. Six male
BALB/c mice were used, each weighing 18–25 g and aged between 7–9 weeks (three per
group). A single 30 mg/kg dose of prodrug 25 was administered to each animal in the
treatment group (subcutaneously, in the thoracic region). Similarly, RAL (30 mg/kg) was
administered to each animal in the control group. Blood samples were taken at the time
points indicated below, up to the experiment endpoint (96 h).

2.3.2. Blood and Sample Preparation

For each animal, blood samples (30 µL each) were collected from the submandibular
or saphenous vein over a period of 96 h, at the following time points: zero/pre-dose; then
0.25, 0.5, 1, 2, 3, 4, 5, 6, 24, 48, and 96 h. All samples were transferred into pre-chilled
commercial K2EDTA tubes and placed on wet ice until processing for plasma, which was
obtained by centrifugation at 4 ◦C and 3200× g for 10 min, within 30 min of sampling. The
plasma samples were transferred to polypropylene tubes, snap-frozen on dry ice, and kept
at −70 ± 10 ◦C until LC-MS/MS analysis.

2.3.3. Data Analysis

An LC-MS/MS method was developed to measure the concentrations of prodrug
25 and RAL in the biological matrix. Two mobile phases were used: mobile phase A
(0.025% NH4OH and 2 mM NH4OAc in 95:5 v/v water/MeCN) and mobile phase B (0.025%
NH4OH and 2 mM NH4OAc in 5:95 v/v water/MeCN). A UPLC method was performed
using an LC-MS/MS-BM Triple Quad 6500 plus system with an ACQUITY UPLC BEH C18
1.7 µm column (2.1 × 50 mm) at a flow rate of 0.65 mL/min. The assay time was 2.5 min,
and the solvent B composition was as follows: 10–100% (0.2–1.4 min), 30% (1.41–1.7 min),
95% (2.0–2.4 min), and 10% (2.41–2.5 min). The retention times for the prodrug, RAL and
the internal standards (tolbutamide and verapamil) were 0.76, 1.04, 0.66, and 0.97 min,
respectively. Quantification was performed by monitoring the transition of m/z 835.3
[M+H]+ to 457.2 for prodrug 25, representing the cyclisation of the linker with the amidic
RAL such as in side-product 22; whereas for RAL, the transition m/z 445.2 [M+H]+ to 361.2
was followed, representing the loss of the 2-methyl-1,3,4-oxadiazole moiety as the main
fragmentation pathway. For the internal standards, the m/z transition from 455.2 [M+H]+

to 164.9 was used for verapamil (corresponding to formation of the verapamil fragment
[CH2CH2-(3,4-dimethoxy phenyl)]+), and for tolbutamide, the transition of m/z of 271.1
[M+H]+ to 155.1 was used, representing formation of the [CH3-Ph-SO2]+ fragment. The
LLOQ was found to be 1 ng/mL for 25 and 0.3 ng/mL for RAL, respectively. The method
was linear over the measured standard concentrations for 25 and RAL. The mean plasma
concentration was determined for 25 and RAL (as metabolite or control) at each sampling
time point. Pharmacokinetic parameters were then calculated by non-compartmental
analysis of plasma concentration/time profiles using the Phoenix WinNonlin 6.3 software.
The computed parameters were as follows: peak plasma concentration (Cmax); the time over
which the initial concentration is reduced to half (t 1

2
); area under the plasma concentration
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versus time curve from time zero to 96 h (AUC 0–96 h); and mean residence time from time
zero to 96 h (MRT 0–96 h).

2.3.4. Ethics

Animals were obtained from an approved vendor (Beijing Vital River Laboratory Ani-
mal Technology Co., Ltd., Beijing, China), and were acclimated for at least 3 d before being
placed in the study. Animals were housed with free access to water and food at all times.
The study was approved by the WuXi Institutional Animal Care and Use Committee on
Animal Experiments, and was performed in an AAALAC-accredited laboratory, complying
with PHS policy and national regulations on the administration of laboratory animals.

3. Results and Discussion
3.1. Proposed Release Mechanism

The proposed mechanism of drug release from the designed prodrugs, based on
fundamental principles and supported by the related literature, is shown in Figure 2. Here,
the prodrugs become less protonated at physiological pH (7.4), rendering the amino group
relatively more nucleophilic and causing subsequent intramolecular cyclisation–elimination
to release the payload along with side-products 5 (cyclic carbamate) and 6 (formaldehyde),
neither of which is toxic at low concentration [24,31]. The length of the methylene spacer
dictates the size of the ring formed, and hence, the rate of cyclisation. Prodrug 1 reportedly
cyclises rapidly to give a five-membered ring, releasing >90% of the parent compound
within 1 h at pH 7.0. In contrast, prodrug 2 cyclises more slowly to form a six-membered
ring, releasing >55% of the payload over 5 h at the same pH [24]. Increasing the methylene
spacer length to four carbons—such as in prodrug 4, which we reported recently [25]—
hinders the cyclisation further and slows down drug release accordingly (in this case,
achieving 92% release of mesalamine over 6 d at pH 6.5).

Pharmaceutics 2023, 14, x FOR PEER REVIEW 5 of 25 
 

 

point. Pharmacokinetic parameters were then calculated by non-compartmental analysis 
of plasma concentration/time profiles using the Phoenix WinNonlin 6.3 software. The 
computed parameters were as follows: peak plasma concentration (Cmax); the time over 
which the initial concentration is reduced to half (t½); area under the plasma concentration 
versus time curve from time zero to 96 h (AUC 0–96 h); and mean residence time from 
time zero to 96 h (MRT 0–96 h). 

2.3.4. Ethics 
Animals were obtained from an approved vendor (Beijing Vital River Laboratory An-

imal Technology Co., Ltd., Beijing, China), and were acclimated for at least 3 d before be-
ing placed in the study. Animals were housed with free access to water and food at all 
times. The study was approved by the WuXi Institutional Animal Care and Use Commit-
tee on Animal Experiments, and was performed in an AAALAC-accredited laboratory, 
complying with PHS policy and national regulations on the administration of laboratory 
animals. 

3. Results and Discussion 
3.1. Proposed Release Mechanism 

The proposed mechanism of drug release from the designed prodrugs, based on fun-
damental principles and supported by the related literature, is shown in Figure 2. Here, 
the prodrugs become less protonated at physiological pH (7.4), rendering the amino group 
relatively more nucleophilic and causing subsequent intramolecular cyclisation–elimina-
tion to release the payload along with side-products 5 (cyclic carbamate) and 6 (formalde-
hyde), neither of which is toxic at low concentration [24,31]. The length of the methylene 
spacer dictates the size of the ring formed, and hence, the rate of cyclisation. Prodrug 1 
reportedly cyclises rapidly to give a five-membered ring, releasing > 90% of the parent 
compound within 1 h at pH 7.0. In contrast, prodrug 2 cyclises more slowly to form a six-
membered ring, releasing > 55% of the payload over 5 h at the same pH [24]. Increasing 
the methylene spacer length to four carbons—such as in prodrug 4, which we reported 
recently [25]—hinders the cyclisation further and slows down drug release accordingly 
(in this case, achieving 92% release of mesalamine over 6 d at pH 6.5). 

 
Figure 2. The proposed release mechanism of new cyclization-activated prodrugs for long-acting 
subcutaneous delivery. 

Therefore, in the case of RAL (where long-acting prodrugs are required), we tried 
extending the methylene spacer to five or six carbons (corresponding to eight- and nine-
membered ring cyclisations) in our initial model probes, to obtain the very slow-release 
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subcutaneous delivery.

Therefore, in the case of RAL (where long-acting prodrugs are required), we tried
extending the methylene spacer to five or six carbons (corresponding to eight- and nine-
membered ring cyclisations) in our initial model probes, to obtain the very slow-release
kinetics suitable for development of a long-acting SC injection. This goal also necessitates
an understanding of the physiology of the SC tissue, also known as the hypodermis, and
which is mostly composed of connective tissue, separated primarily by adipose tissues, and
to a minor extent by macrophages and fibroblasts. The fibroblasts produce constituents
of the extracellular matrix (ECM), including glycosaminoglycans (GAGs), elastin, and
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collagen [32,33]. In general, a drug after injection reaches the interstitial space of the hy-
podermis, where absorption occurs mainly according to its molecular size. For instance,
smaller molecules (≤16 kDa, as defined in this cited study), are preferentially absorbed
through the vascular endothelium of blood capillaries due to their unrestricted permeability,
whereas macromolecules (>16 kDa) and small particles are absorbed through the peripheral
lymph vessels from the surrounding interstitial space, before entering the systemic circula-
tion [34,35]. However, many other factors can influence the absorption process, rendering
it complex and unpredictable. These factors are either physiological (e.g., interaction of
the drug with endogenous compounds, lymph flow, or blood), or physicochemical (e.g.,
hydrophilicity and electrostatic charge) [36]. In the current approach, the prodrug should
ideally be retained in the SC tissue, with systemic absorption of only the released payload.
In an attempt to decrease the permeability of the prodrug across the vascular endothe-
lium, a phosphonic acid group was introduced via click chemistry using an alkyne group
incorporated into the AOCOM structure. Phosphonic acids ionise at physiological pH,
resulting here in a highly charged prodrug with presumably poor permeability [37,38]. In
support of this hypothesis, phosphonic acid-containing drugs reportedly show impaired
diffusion across biological membranes and require endocytosis for cell penetration [37–39].
Nevertheless, given the lack of a reliable in vitro model to predict SC bioavailability, it was
difficult to predict whether the phosphonic acid group would play this role in vivo, and
we were interested to ascertain whether or not it is useful in such a context.

In addition, due to its anionic nature at physiological pH, this functionality is also
reported to increase the water solubility of polymers [38], organic compounds, and ligands
for co-ordination chemistry [40]. A phosphonate should therefore improve the aqueous
solubility of the current prodrugs, which is a clear requirement for an SC formulation, to
avoid any precipitation in vivo that might occlude capillary vessels [41].

3.2. Synthesis

To synthesise probes 14–15 and 20–21, the AOCOM iodides (11a–b) were first con-
structed as illustrated in Scheme 1. In brief, Boc-protected amino alcohols (9a–b) were
reacted with chloromethyl chloroformate to give AOCOM chlorides 10a–b, which were
subsequently converted into the corresponding iodides 11a–b via a Finkelstein reaction as
illustrated in Appendix A. tert-Butyl-CTG 12 was obtained as described previously [42,43],
which was then reacted with 11a–b in the presence of Cs2CO3 to give the desired CTG
conjugates 13a–b. These intermediates (13a–b) were deprotected under acidic conditions
(aq. HCl) to afford final probes (14–15) in good yields (Scheme 1).

To introduce the phosphonic acid moiety, bromophosphonate 16 was used as start-
ing material, and was reacted with NaN3 in DMSO to give azido ester 17 in high yield
(Scheme 2). We noted that in a previous study, the phosphonic acid azide was preferred
over the equivalent phosphonate diester for the click reaction, as subsequent dealkylation
of the latter (after triazole formation) failed to give the desired product [44]. Therefore,
compound 17 was first dealkylated using bromotrimethylsilane followed by methanolysis,
to provide azide 18. Direct coupling of CTG probes 14–15 with 18 was attempted via Cu
(I)-catalysed azide/alkyne cycloaddition at room temperature, but the reaction failed and
unreacted starting material remained. Further, this was tried at 70 ◦C using a microwave re-
actor, however all the starting materials profoundly decomposed, and the free fluorophore
was generated. To resolve this issue, an alternative Boc-protected compounds 13a–b were
used to access probes 20–21, since they are relatively more stable than probes 14–15 at
elevated temperatures. Thus, 13a–b were reacted with azide 18 to give intermediates 19a–b,
which were deprotected under acidic conditions to give the final probes 20–21, as shown in
Scheme 2.
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Scheme 1. Synthetic route for probes 14–15. Reagents and conditions: (a) respective amino alcohol,
TEA (cat), DMF, rt 2d; (b) Boc anhydride, NaOH, THF, 16 h; (c) chloromethyl chloroformate, pyridine
(cat), DCM 0 ◦C to rt, 5 h; (d) sodium iodide, acetone, 40 ◦C, 16 h; (e) Cs2CO3, DMF, 0 ◦C to rt, 4 h;
(f) Aqueous HCl (32%), MeCN, 3 h.
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Similarly, RAL was alkylated with AOCOM iodide 11b using Cs2CO3 (3 equiv.) and 
DMF as solvent. An unexpected side-product with an m/z of 457.1 [M+H]+ was formed 
during the reaction, and was identified as 22 based on NMR analysis as shown in Scheme 
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Scheme 2. Synthetic route for probes 20–21. Reagents and conditions: (a) NaN3, DMSO, 2 d, rt; (b) (i)
trimethylbromosilane, MeCN, 0 ◦C to rt, 16 h; (ii) CH3OH/H2O (1:1), rt, 24 h; (c,d) CuSO4 (20% mol),
sodium-L ascorbate (40% mol), DCM/H2O/t-BuOH (1:1:1), µW (100 W), 2 h; (e) Aqueous HCl (32%),
MeCN, rt, 2–4 h.
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Similarly, RAL was alkylated with AOCOM iodide 11b using Cs2CO3 (3 equiv.) and
DMF as solvent. An unexpected side-product with an m/z of 457.1 [M+H]+ was formed
during the reaction, and was identified as 22 based on NMR analysis as shown in Scheme 3,
and Figures S31–S33. It was assumed that alkylated product 23 was formed initially
but underwent subsequent intramolecular cyclisation via the amidic NH of RAL to give
22. To avoid this side-reaction, the coupling conditions were optimised with respect to
limiting equivalents of Cs2CO3 and reaction time. Using a stoichiometric amount of
Cs2CO3 (1 equiv.) and 1 h reaction time resulted in clean reaction conversion to the desired
product 23, without any traces of side-product 22. Increasing the number of equivalents
of Cs2CO3, and/or extending the reaction time promote the base induced cyclisation and
side-product formation.

Pharmaceutics 2023, 14, x FOR PEER REVIEW 9 of 25 
 

 

 
Scheme 3. Synthetic route for prodrug 25. Reagents and conditions: (a) 3 eq Cs2CO3, DMF, 0 °C to 
rt, 2 h; (b) 1 eq Cs2CO3, DMF, 0 °C to rt, 1 h. (c) CuSO4 (20% mol), sodium-L-ascorbate (40% mol), 
DCM/H2O/t-BuOH (1:1:1), µW (100W), 2 h (d) aqueous HCl (32%), MeCN, rt, 3 h; (e) 2 M HCl in 
Et2O, rt, 4 h. 

Next, 23 was reacted with azide 18 to give compound 24, which was again depro-
tected under acidic conditions to afford prodrug 25. Interestingly, the major product 
formed during this hydrolysis step was identified as 26, based on its NMR spectra and 
observed m/z of 853.3 [M+H]+, as demonstrated in Appendix A and shown in Figures S41–
S43. This product was believed to arise through hydrolysis of the oxadiazole moiety of 25 
in aqueous acidic medium, as shown in Figure 3. A similar tendency for the RAL oxadia-
zole to hydrolyse has been reported, when it was stirred in a mixture of aqueous KOH 
and MeCN [45]. Using 2 M HCl in diethyl ether/MeCN as an alternative to aqueous acid, 
prodrug 25 was obtained in good yield. 

 
Figure 3. Hydrolysis of prodrug 25 in the presence of aqueous HCl (32%). 

Scheme 3. Synthetic route for prodrug 25. Reagents and conditions: (a) 3 eq Cs2CO3, DMF, 0 ◦C to
rt, 2 h; (b) 1 eq Cs2CO3, DMF, 0 ◦C to rt, 1 h. (c) CuSO4 (20% mol), sodium-L-ascorbate (40% mol),
DCM/H2O/t-BuOH (1:1:1), µW (100W), 2 h (d) aqueous HCl (32%), MeCN, rt, 3 h; (e) 2 M HCl in
Et2O, rt, 4 h.

Next, 23 was reacted with azide 18 to give compound 24, which was again deprotected
under acidic conditions to afford prodrug 25. Interestingly, the major product formed
during this hydrolysis step was identified as 26, based on its NMR spectra and observed
m/z of 853.3 [M+H]+, as demonstrated in Appendix A and shown in Figures S41–S43.
This product was believed to arise through hydrolysis of the oxadiazole moiety of 25 in
aqueous acidic medium, as shown in Figure 3. A similar tendency for the RAL oxadiazole
to hydrolyse has been reported, when it was stirred in a mixture of aqueous KOH and
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MeCN [45]. Using 2 M HCl in diethyl ether/MeCN as an alternative to aqueous acid,
prodrug 25 was obtained in good yield.
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3.3. In Vitro Release Study of Probes 14–15 and 20–21

In vitro Release assays for probes 14–15 and 20–21 were conducted using pH and
temperature conditions similar to those of SC tissue (pH 7.4 and 34 ◦C) [46]. Test com-
pounds were dissolved in either MeCN/PBS (1:1, pH 7.4) or MeCN/Tris buffer (1:1, pH 7.4)
at 25 µM, then incubated at 34 ◦C. Aliquots were taken daily and analysed by HPLC
and LC-MS until complete fluorophore release was achieved. HPLC was preferred over
fluorometric-based assay to study the stability of the synthesised probes because of the
bleaching effect that may occur to the fluorophore over the long analysing periods. Photo-
bleaching is the inability of the fluorophore to fluoresce due to the fluorophore instability
upon repeated exposure to light over long periods [47]. It can be a particular problem for
fluorescence-based assays, thereby rationalising the choice of HPLC in the current work.

The results showed that probe 14, with a five-methylene spacer, released 36% and
58% of the CTG fluorophore after 1 d and 2 d, respectively, in 50% PBS. Further payload
release was slow, reaching 98% after 9 d (Figure 4A). In comparison, probe 15—with a
six-methylene spacer—appeared to be more stable than 14 at every time point. Under the
same conditions, it released 29% and 50% of CTG after 1 d and 2 d, respectively, and this
value reached 98% after 10 d. Release of CTG from probes 20–21 was then measured to
study the influence of the phosphonic acid group on the kinetic profiles. These experiments
indicated that CTG release was slower with the phosphonic acid group attached, in both
cases. For example, probe 20 gave 25%, 41%, and 98% release of CTG after 1, 2, and 13 d,
respectively (Figure 4A). Payload release became much slower with the longer spacer in
probe 21, with 20%, 33%, and 98% of CTG released after 1, 2, and 15 d, respectively, as
shown in Figure 4A.

Evaluation of the release kinetics of all CTG probes indicates that they exhibited first-
order kinetics. The release rate constants (kobs) and half-lives (t 1

2
) were determined and are

shown in Table 1. The results showed that kobs for probe 14, with a five-methylene spacer,
was 0.41 d−1, while it was 0.35 d−1 for probe 15, with a six-methylene spacer; thereby
confirming our earlier report that the length of the methylene spacer is a key parameter
in the release process. Furthermore, attaching the phosphonic acid group to the AOCOM
handles further decreased the reaction rate for reasons that are currently not clear (kobs:
0.41 and 0.35 d−1 for 14–15 versus 0.24 and 0.22 d−1 for 20–21, respectively). The half-lives
were 1.69, 1.98, 2.88, and 3.15 d for probes 14–15, and 20–21, respectively, as summarised in
Table 1.

Unexpectedly, the release of CTG from all probes was relatively faster in 50% Tris
buffer at the same pH. Furthermore, probes 14–15 and 20–21 gave very similar CTG release
rates: 89.2%, 86.2%, 82.5%, and 80.9%, respectively, after 1 d (Figure 4B), indicating a
minimal effect of linker length on the release rate. It was assumed that the nucleophilic
amino group of Tris had attacked the amino-AOCOM carbonate group to effect CTG
release (Scheme 4). This type of reactivity for Tris buffer was first reported in 2016, when
an adduct formed by nucleophilic addition to asparagine succinimide-containing proteins
was identified (Scheme 4) [48].
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Figure 4. (A) The percentage of CTG release with respect to time for 25 µM of CTG probes 14–15 and
20–21 in 50% PBS (pH = 7.4. 34 ◦C), and (B) the percentage of fluorophore release for 25 µM of CTG
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Table 1. Kinetics of release of payload from probes 14–15, 20–21, and 25 a.

Compound kobs [d−1] b t 1
2

[d] c

14 4.1 × 10−1 1.69

15 3.5 × 10−1 1.98

20 2.4 × 10−1 2.88

21 2.2 × 10−1 3.15

25 0.36 × 10−1 19.3
a The assay was performed in 50% PBS (pH 7.4) at 37 ◦C at 25 µM, and 100 µM for CTG probes and prodrug
25, respectively, and the reaction was followed by measuring the peak area change in the substrate using HPLC.
b Average values of kobs (n = 3), and the error in any measured rate constant is ca. <±0.08. c Values of t 1

2
were

calculated from the relationship 0.69/kobs, with an error being ca. <±0.11.

Pharmaceutics 2023, 14, x FOR PEER REVIEW 11 of 25 
 

 

and 0.35 d−1 for 14–15 versus 0.24 and 0.22 d−1 for 20–21, respectively). The half-lives were 
1.69, 1.98, 2.88, and 3.15 d for probes 14–15, and 20–21, respectively, as summarised in 
Table 1. 

Table 1. Kinetics of release of payload from probes 14–15, 20–21, and 25 a. 

Compound kobs [d−1] b  t½ [d] c 
14 4.1 × 10−1  1.69  
15 3.5 × 10−1 1.98  
20 2.4 × 10−1 2.88  
21 2.2 × 10−1 3.15  
25 0.36 × 10−1 19.3  

a The assay was performed in 50% PBS (pH 7.4) at 37 °C at 25µM, and 100 µM for CTG probes and 
prodrug 25, respectively, and the reaction was followed by measuring the peak area change in the 
substrate using HPLC. b Average values of kobs (n = 3), and the error in any measured rate constant 
is ca. < ±0.08. c Values of t½ were calculated from the relationship 0.69/kobs, with an error being ca. < 
±0.11. 

Unexpectedly, the release of CTG from all probes was relatively faster in 50% Tris 
buffer at the same pH. Furthermore, probes 14–15 and 20–21 gave very similar CTG re-
lease rates: 89.2%, 86.2%, 82.5%, and 80.9%, respectively, after 1 d (Figure 4B), indicating 
a minimal effect of linker length on the release rate. It was assumed that the nucleophilic 
amino group of Tris had attacked the amino-AOCOM carbonate group to effect CTG re-
lease (Scheme 4). This type of reactivity for Tris buffer was first reported in 2016, when an 
adduct formed by nucleophilic addition to asparagine succinimide-containing proteins 
was identified (Scheme 4) [48]. 

 
Scheme 4. Proposed mechanism for the reaction of the CTG probes (14–15) and (20–21) with Tris-
HCl buffer and the reported nucleophilic addition of tris buffer to asparagine-succinimide interme-
diate [46]. 

Throughout this work, the identity of the fluorophore released from the probes (14–
15 and 20–21) was confirmed by LC MS analysis in every case. Although the cyclised side 
product 5 was not separated to confirm the hypothesised mechanism, there are several 
reasons to believe that the proposed intramolecular cyclisation elimination reaction is the 
relevant mechanism. The literature reports the cyclisation of similar substrates [24,49–52], 
and the rate of fluorophore release decreased when the probes were incubated at lower 
pH (7.0, 5.0), supporting the hypothesis that the amino group plays a crucial role in the 
release mechanism. Moreover, cyclisation is reported to be slower with increasing 

Scheme 4. Proposed mechanism for the reaction of the CTG probes (14–15) and (20–21) with Tris-HCl
buffer and the reported nucleophilic addition of tris buffer to asparagine-succinimide intermedi-
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Throughout this work, the identity of the fluorophore released from the probes (14–15
and 20–21) was confirmed by LC MS analysis in every case. Although the cyclised side
product 5 was not separated to confirm the hypothesised mechanism, there are several
reasons to believe that the proposed intramolecular cyclisation elimination reaction is the
relevant mechanism. The literature reports the cyclisation of similar substrates [24,49–52],
and the rate of fluorophore release decreased when the probes were incubated at lower pH
(7.0, 5.0), supporting the hypothesis that the amino group plays a crucial role in the release
mechanism. Moreover, cyclisation is reported to be slower with increasing methylene
spacer length between the amino group and the carbonate group [24,25], and this also
matched our results: probe 15, with a six-methylene spacer, cyclised more slowly than
probe 14, with a five-methylene spacer. Based on the foregoing results, the pH-sensitive
amino-AOCOM handle with a six-methylene spacer was chosen to develop the long-acting
RAL prodrug (25).

3.4. In Vitro Release Study of Prodrug 25

Similarly to the assays above, prodrug 25 (100 µM) was incubated in 50% PBS at 34 ◦C,
and aliquots analysed daily by HPLC and LC-MS until full RAL release was achieved. The
results indicated that 8.4% of RAL was released after 1 d, then this value increased slowly
to reach 31.5% after 10 d, and finally plateaued at 82.1% after 45 d (Figure 5).
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Although the identity of the released RAL was confirmed by LC-MS throughout the
assay, it also became apparent that payload release was incomplete due to side-product
formation as the experiment progressed. Analysis of LC-MS spectra indicated that the
side-product formed was due to instability of RAL under the assay conditions, giving
rise to 27 as shown in Figure 6. Side-product 27 was produced by hydrolysis of RAL’s
2-methyl-1,3,4-oxadiazole moiety, similarly to the formation of side-product 26. The same
result was obtained after incubation of unmodified RAL as a control under identical assay
conditions. Oxadiazole hydrolysis can occur under acidic and neutral conditions, and
reportedly also in basic media [45], confirming that the observed side-reaction can take
place relatively easily and does not need strongly acidic or basic conditions to proceed. In
this study, the degree of side-product formation was estimated as 15.2%, accounting for
the unreleased RAL from 25. Furthermore, maximal release of RAL from this prodrug was
evidently prolonged compared with that for CTG from probe 21 (45 d versus 15 d).

The release profile of prodrug 25 at pH 7.4 indicates that it exhibited the same release
pattern as the CTG probes; i.e., first-order kinetics. However, the reaction rate was signif-
icantly slower for probe 21 with the same methylene spacer (kobs values were 0.036 d−1

for 25 versus 0.22 d−1 for 21; Table 1). The t 1
2

of 25 was prolonged accordingly, at 19.3 d
compared with 3.15 d for 21. CTG is more acidic than RAL (pKa 4.33 versus 6.7) [53], and
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as illustrated in the literature for similar substrates, the rate of payload release increases
with the payload’s acidity [52,54], thereby justifying the present findings.
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3.5. Pharmacokinetic Release Profile of 25 in BALB/c Mice

Since in vitro models are not fully predictive of in vivo pharmacokinetics, especially
for prodrugs, assessment of these characteristics still relies on in vivo studies [55]. Therefore,
the pharmacokinetic profile of prodrug 25 was evaluated in mice. Compound 25 and the
control (RAL) were dissolved in DMSO/Solutol HS15/water (10:10:80). For a single SC
injection of 25 (30 mg/kg) in BALB/c mice (n = 3), the plasma concentrations of prodrug
and released RAL were measured at the following time points: zero/pre-dose; then 0.25,
0.5, 1, 2, 3, 4, 5, 6, 24, 48, and 96 h. The plasma profile (Figure 7) was obtained by plotting
the measured concentrations (ng/mL) against time (h). The same analysis was performed
for the control group (n = 3), with administration of a single SC dose of RAL (30 mg/kg).
The lower limit of quantification (LLOQ) was calculated as 1 ng/mL for 25 and 0.3 ng/mL
for RAL. In both cases, the experiment continued until the concentration of the measured
compounds had fallen below the LLOQ (96 h).
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concentration then declined quickly, with only 10.7 ng/mL remaining after 6 h (Figure 7B), 
and displaying an observed half-life of 0.76 h. These findings confirmed that RAL is rap-
idly absorbed and cleared in vivo following SC administration, illustrating the need to 
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Figure 7. The pharmacokinetic profiles of a single SC injection of (A) prodrug 25 (30 mg/kg)
and (B) RAL as a control in BALB/c mice. The mean plasma concentrations were measured at
predose/zero, then; 0.25, 0.5, 1, 2, 3, 4, 5, 6, 24, 48, and 96 h by LC-MS assays and LLOQ were
1.3 ng/mL and 0.3 ng/mL for 25 and RAL, respectively.

The results indicated rapid absorption of the RAL control, with the maximum plasma
concentration (Cmax) of 6.23 µg/mL reached after 0.33 h (tmax), as shown in Table 2. The
concentration then declined quickly, with only 10.7 ng/mL remaining after 6 h (Figure 7B),
and displaying an observed half-life of 0.76 h. These findings confirmed that RAL is rapidly
absorbed and cleared in vivo following SC administration, illustrating the need to extend
its half-life for parenteral formulations.
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Table 2. Pharmacokinetic parameters for single SC dosing of prodrug 25, and RAL as control, in male
BALB/c mice.

Compound Dose
(mg/kg)

Cmax
(µg/mL) b tmax (h) b AUC 0–96 h

(µg h/mL) c t 1
2

(h) b

25 a 30 4.55 0.25 3.27 0.85

Metabolite
(released

RAL)
– 6.59 0.42 5.59 3.18

Control
(RAL) a 30 6.23 0.33 9.89 0.76

a Each compound was administered to three males per group. b Mean and SD values were calculated based on
the data obtained per individual mouse and the error in any measured Cmax, tmax, and t1/2 is ca. <±0.32, <±0.14,
and <±0.19, respectively. c Observed drug exposure (AUC 0–96 h, in µg h/mL) was obtained from the mean
plasma concentrations at the different time points, and error in any measured AUC 0–96 h is ca. <±0.61.

Unexpectedly, in case of doing with compound 25, this prodrug was detected intact in
plasma shortly after SC dosing, with the highest concentration (Cmax = 4.55 µg/mL) found
at the tmax of 0.25 h (Figure 7A), indicating that the prodrug was rapidly absorbed and was
not retained in the SC tissue as designed. Furthermore, 25 was cleared quickly, with a t 1

2
of

0.85 h. The released payload (RAL) was also measured in plasma, with Cmax = 6.59 µg/mL
and tmax = 0.42 h (Table 2). The released drug concentration then declined, with 1.3 ng/mL
remaining at 48 h.

The mean exposure to RAL over the analysis period (AUC 0–96 h) was 5.59 µg h/mL
for SC administration of prodrug 25, compared with 9.89 µg h/mL for control adminis-
tration of the unmodified drug by the same route (i.e., relative bioavailability = 56% of
control exposure). This appeared to be related to the slightly extended release of RAL from
prodrug 25, since the t 1

2
of the released drug was successfully increased (3.18 h versus

0.76 h for the control group; ~4.2 fold). Although these results were not as promising as
the earlier in vitro tests (t 1

2
= 19.3 d), they did provide initial proof of concept that the

amino-AOCOM approach can successfully extend the half-life of RAL in vivo. At the same
time, the significant difference between the in vitro and in vivo release profiles suggests
that the prodrug may be susceptible to enzymatic hydrolysis, thus explaining why a steady
plasma concentration of released RAL was not obtained.

In summary, the intention was that prodrug 25 should be retained in SC tissue, where it
gradually breaks down through intramolecular cyclisation rather than enzymatic activation
to give a slow but steady release of RAL over a long period. Unexpectedly, prodrug
25 was detected in plasma within a very short time-frame after dosing SC and cleared
rapidly in vivo and cannot be practically used for the intended application. The significant
difference between the in vitro and in vivo release profiles of 25 suggested that the major
issue with the current design is the enzymatic instability of the prodrug in SC tissue or in
plasma, and thus explaining why a steady plasma concentration of released RAL was not
obtained. The other outstanding problem was the inability of the phosphonate to retain the
prodrug in the SC tissue as designed. In terms of lack of retention in SC tissue, we thought
it possible that electrostatic repulsion might have occurred between the negatively charged
ECM and the negatively charged prodrug, leading to rapid absorption and transport of the
prodrug via the blood capillaries. Although it may seem counterintuitive that a negatively
charged species may be more rapidly absorbed, this assumption is supported by previous
work in which negatively charged antibodies had enhanced bioavailability (70%) after SC
injection relative to their positively charged counterparts (31%) [56,57], although this cannot
be entirely confirmed due to the complexity of the absorption process from the hypodermis.

In order to improve the current design and to put the amino-AOCOM approach into
practice, two challenges need to be overcome. Firstly, the instability of prodrug in vivo
which could potentially be avoided by incorporating a bulky group into the carbon chain
of the linker, as shown in Figure 8. This modification has been reported to lead to more
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enzymatically stable prodrugs [54]. The second challenge is to find a suitable way to achieve
long-acting drug delivery in vivo as an alternative to the phosphonate group. In general,
two approaches are mainly used to develop long acting-subcutaneous injection: prolonging
SC drug retention (as aimed in the current work by using the phosphonate) and as reported
in the literature through direct immobilization [58–60], and hydrogel formation [61,62], or
extending the half-life of drugs via extending their blood circulation such as poly(ethylene
glycol)ylation (PEGylation) [63]. We had many reasons to prefer PEGylation in future work
to achieve our goal. Initially, PEGylation is the most common approach to delay in vivo
clearance, by forming a hydration shell around the drug to increase its hydrodynamic
radius and slow renal clearance [64]. One previous study demonstrated that PEGylation of
an HIV fusion inhibitory peptide (C34) was able to decrease its clearance in vivo after SC
administration and extend its half-life by 4.6-fold [65], in line with previous reports [66].
As we previously mentioned, prodrug 25 was able to extend the half-life of RAL by
4.2-fold, which is comparable to the PEGylation case just mentioned. Combining the
amino-AOCOM-based approach with PEGylation would represent a novel strategy that
could presumably lead synergistic extension of in vivo half-life of the prodrug, compared
with either approach alone. However, the effect of PEGylation on the release rate of the
drug (via the intramolecular cyclisation mechanism) would be an important parameter
to address. Further, the proposed PEGylation approach should also confer protection
against enzymatic degradation. It would also be preferable to retain the phosphonic acid
functionality, since it improved the aqueous solubility of 25. In brief, we believe that
the high in vivo clearance of the prodrug and enzymatic instability can be decreased by
PEGylation. The PEGylated, α-hydroxy,ω-phosphonic acid compound 28 features both
phosphonic acid and hydroxy groups, to make it suitable for our intended future work.
The hydroxy group can be converted into an azide functionality, as a handle for attachment
to the prodrug via click chemistry (Figure 8).
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The potential immunogenicity of the PEG moiety has recently been reported to increase
the hydrophobicity of PEG end group [67]. Since compound 28 has a polar phosphonic
acid end-group, we believe it should have lower immunogenicity, which we consider to
be an extra advantage. Therefore, future efforts will be dedicated towards the synthesis of
29, enabling us to study the effect of different bulky groups on the enzymatic stability of
the prodrug (for example, using in vitro assays performed using isolated blood plasma).
Furthermore, we intend to look for reliable in vitro models to study the effect of PEGylation
on the prodrug’s clearance and correlate the results with subsequent in vivo findings.

4. Conclusions

A series of amino-AOCOM ether prodrugs have been designed and evaluated for
long-acting SC delivery. Model compound 21, with a six-methylene spacer, exhibited very
slow-release kinetics in vitro (98% CTG released over 15 d) under pH and temperature

17



Pharmaceutics 2023, 15, 1530

conditions chosen to mimic those found in SC tissue. Based on this finding, RAL prodrug
25 was synthesised and evaluated in vitro and in vivo. Compound 25 degraded slowly
in vitro to release RAL over 45 d (t 1

2
= 19.3 d). On SC administration in mice, the plasma

half-life of RAL was extended by 4.2-fold for 25 compared with the control drug (3.18 h
versus 0.76 h), but this result was not as promising as the earlier in vitro observations.
Thus, future optimisation is required to translate the early potential of this approach into
long-acting in vivo delivery.
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Appendix A

Appendix A.1. General Procedure for the Synthesis of Compounds 8(a–b)

Compound 3 (0.02 mol), respective amino alcohol (0.29 mol) and Et3N (0.02 mol) were
stirred in DMF at rt for 2d. Then, the reaction mixture was diluted with ethyl acetate and
ice-cold water. The organic phase was isolated and dried over MgSO4. The solvent was
evaporated, and the crude product was used in the next step without further purification.
Compounds 8(a–b) were identified as follow:

5-(Pent-4-yn-1-ylamino)pentan-1-ol (8a). A yellow oil (1.80 g, 47%). 1H NMR (400 MHz,
CDCl3): δ 3.65 (t, J = 6.4 Hz, 2H), 2.73 (t, J = 7.0 Hz, 2H), 2.64 (t, J = 7.0 Hz, 2H), 2.26 (td,
J = 7.0, 2.7 Hz, 2H), 1.95 (t, J = 2.7 Hz, 1H), 1.77–1.67 (m, 2H), 1.58–1.49 (m, 4H), 1.46–1.37
(m, 2H); 13C NMR (101 MHz, CDCl3): δ 84.1, 68.7, 62.6, 49.8, 48.9, 32.6, 29.8, 28.7, 23.6, 16.5;
LR-MS (ESI+) m/z: 170.1 [M+H]+; HRMS m/z (ESI) calcd. for C10H19NO [M+1]+, 170.1539;
found, 170.1544.
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6-(Pent-4-yn-1-ylamino)hexan-1-ol (8b). A yellow oil (3.65 g, 88%). 1H NMR (400 MHz,
CDCl3): δ 3.67–3.62 (m, 2H), 2.77–2.69 (m, 2H), 2.63 (t, J = 6.8 Hz, 2H), 2.26 (td, J = 7.0,
2.7 Hz, 2H), 1.95 (t, J = 2.7 Hz, 1H), 1.77–1.68 (m, 2H), 1.54–1.45 (m, 4H), 1.41 –1.35 (m, 4H);
13C NMR (101 MHz, CDCl3): δ 84.0, 68.8, 62.9, 49.7, 48.7, 32.7, 29.7, 28.4, 27.1, 25.7, 16.5;
LR-MS (ESI+) m/z: 184.2 [M+H]+; HRMS m/z (ESI) calcd. for C11H21NO [M+H]+, 184.1696;
found, 184.1700.

Appendix A.2. General Procedure for the Synthesis of Compounds 9(a–b)

Compound 8(a–b) (2.40 g, 14.80 mmol) was stirred with Boc anhydride (4.60 g,
22.00 mmol) in THF and to this solution, 1 M NaOH (25 mL) was added. Then, the
reaction was stirred at rt for 16 h. The product was extracted by Et2O, and the ether
layer was washed with H2O, brine, dried over MgSO4, and filtered. The solvent was then
evaporated, and the residue was purified using silica gel chromatography (16% EtOAc in
pet. spirits).

Tert-butyl (5-hydroxypentyl)(pent-4-yn-1-yl)carbamate (9a). A yellow oil (1.10 g, 56%).
1H NMR (400 MHz, CDCl3): δ 3.64 (t, J = 6.5 Hz, 2H), 3.30–3.12 (m, 4H), 2.19 (td, J = 7.0,
2.7 Hz, 2H), 1.96 (t, J = 2.7 Hz, 1H), 1.80–1.68 (m, 2H), 1.64–1.52 (m, 4H), 1.45 (s, 9H),
1.40–1.30 (m, 2H); 13C NMR (101 MHz, CDCl3): δ 155.8, 83.9, 79.5, 68.8, 62.9, 47.1*, 46.3,
32.5, 28.6, 28.1, 27.7*, 23.0, 16.1; LR-MS (ESI+) m/z: 292.2 [M+Na]+; HRMS m/z (ESI) calcd.
for C15H27NO3 [M+H]+, 270.2064; found, 270.2060.

Tert-butyl (6-hydroxyhexyl)(pent-4-yn-1-yl)carbamate (9b). A yellow oil (2.2 g, 53%).
1H NMR (400 MHz, CDCl3): δ 3.66–3.62 (m, 2H), 3.30–3.12 (m, 4H), 2.19 (td, J = 7.1, 2.7 Hz,
2H), 1.96 (t, J = 2.7 Hz, 1H), 1.79–1.71 (m, 2H), 1.61–1.57 (m, 2H), 1.55–1.48 (m, 2H), 1.45
(s, 9H), 1.42–1.36 (m, 2H), 1.34–1.27 (m, 2H); 13C NMR (101 MHz, CDCl3): δ 155.8, 83.9,
79.4, 68.8, 62.9, 47.3*, 46.3, 32.8, 28.6, 28.4, 27.7, 26.6, 25.5, 16.2; LR-MS (ESI+) m/z: 306.2
[M+Na]+; HRMS m/z (ESI) calcd. for C16H29NO3 [M+Na]+ 306.2040; found, 306.2043.

Appendix A.3. General Procedure for the Synthesis of Compounds 10(a–b)

Chloromethyl chloroformate (2 mmol) was added dropwise to a mixture of compound
9(a–b) (1 mmol) and pyridine (0.1 mmol) in DCM (25 mL). The reaction was stirred at rt for
2 h. Then, HCl (5 mL, 3 M) was added to quench pyridine and the desired product was
extracted from the reaction mixtures using CH2Cl2. The organic layer was washed with
NaHCO3, and brine, dried over MgSO4, and concentrated under vacuum. Purification by
column chromatography (5% EtOAc in pet. spirits) gave the pure compounds which were
characterized as follows:

Tert-butyl (5-(((chloromethoxy)carbonyl)oxy)pentyl)(pent-4-yn-1-yl)carbamate (10a).
A yellow oil (0.31 g, 85%). 1H NMR (400 MHz, CDCl3): δ 5.73 (s, 2H), 4.22 (t, J = 6.6 Hz,
2H), 3.31–3.12 (m, 4H), 2.19 (td, J = 7.0, 2.6 Hz, 2H), 1.96 (t, J = 2.6 Hz, 1H), 1.80–1.67 (m,
4H), 1.61–1.50 (m, 2H), 1.45 (s, 9H), 1.41–1.30 (m, 2H); 13C NMR (101 MHz, CDCl3): δ 155.7,
153.5, 83.8, 79.5, 72.3, 69.2, 68.9, 47.1, 46.3, 28.6, 28.0 (2C), 27.9*, 23.1, 16.1; LR-MS (ESI+)
m/z: 384.1 [M+Na]+; HRMS m/z (ESI) calcd. for C17H28ClNO5 [M+Na]+, 384.1548; found,
384.1552.

Tert-butyl (6-(((chloromethoxy)carbonyl)oxy)hexyl)(pent-4-yn-1-yl)carbamate (10b). A
yellow oil (0.31 g, 82%). 1H NMR (400 MHz, CDCl3): δ 5.73 (s, 2H), 4.22 (t, J = 6.6 Hz, 2H),
3.30–3.10 (m, 4H), 2.19 (td, J = 6.8, 2.5 Hz, 2H), 1.96 (t, J = 2.5 Hz, 1H), 1.78–1.65 (m, 4H),
1.60–1.51 (m, 2H), 1.45 (s, 9H), 1.42–1.35 (m, 2H), 1.34–1.27 (m, 2H); 13C NMR (101 MHz,
CDCl3): δ 155.7, 153.6, 83.9, 79.6, 72.3, 69.3, 68.8, 47.4*, 46.4, 28.6, 28.4* (2C), 27.5*, 26.6,
25.6, 16.2; LR-MS (ESI+) m/z: 398.2 [M+Na]+; HRMS m/z (ESI) calcd. for C18H30ClNO5
[M+Na]+, 398.1705; found, 398.1710.

Appendix A.4. General Procedure for the Synthesis of Compounds 11(a–b)

A mixture of compound 10a or 10b (1 mmol) and sodium iodide (3 mmol) was heated
in acetone (25 mL) at 45 ◦C for 16 h. The reaction mixture was filtered and extracted with
CHCl3. The chloroform layer was washed with sodium thiosulfate, NaHCO3, and brine,
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dried over MgSO4, and concentrated under pressure to yield the desired products which
were purified by Silica gel chromatography (5% EtOAc in pet spirits) and were identified
as follows:

Tert-butyl(5-(((iodomethoxy)carbonyl)oxy)pentyl)(pent-4-yn-1-yl)carbamate (11a). A
brown oil (0.33 g, 72%). 1H NMR (400 MHz, CDCl3): δ 5.95 (s, 2H), 4.22 (t, J = 6.6 Hz, 2H),
3.27–3.12 (m, 4H), 2.20 (td, J = 7.2, 2.8 Hz, 2H), 1.96 (t, J = 2.6 Hz, 1H), 1.78–1.68 (m, 4H),
1.59–1.52 (m, 2H), 1.45 (s, 9H), 1.41–1.30 (m, 2H); 13C NMR (101 MHz, CDCl3): δ 155.7,
153.3, 83.8, 79.5, 69.2, 68.9, 47.1, 46.3, 34.1, 28.6, 28.4* (2C), 27.5, 23.1, 16.1; LR-MS (ESI+)
m/z: 354.1 [M+H]+; HRMS m/z (ESI) calcd. for C17H28INO5 [M+Na]+, 476.0904; found,
476.0901.

Tert-butyl(6-(((iodomethoxy)carbonyl)oxy)hexyl)(pent-4-yn-1-yl)carbamate (11b). A
brown oil (0.32 g, 69%). 1H NMR (400 MHz, CDCl3): δ 5.95 (s, 2H), 4.21 (t, J = 6.6 Hz, 2H),
3.29–3.11 (m, 4H), 2.19 (td, J = 7.1, 2.6 Hz, 2H), 1.96 (t, J = 2.6 Hz, 1H), 1.79–1.65 (m, 4H),
1.52–1.47 (m, 2H), 1.45 (s, 9H), 1.42–1.36 (m, 2H), 1.34–1.27 (m, 2H); 13C NMR (101 MHz,
CDCl3): δ 155.7, 153.4, 83.9, 79.4, 69.3, 68.8, 47.3, 46.3, 34.1, 28.6, 28.3(2C)*, 27.5*, 26.5,
25.5, 16.1; LR-MS (ESI+) m/z: 490.10 [M+Na]+; HRMS m/z (ESI) calcd. for C18H30INO5
[M+Na]+, 490.1061; found, 490.1066.

Appendix A.5. General Procedure for the Synthesis of CTG-Based Conjugates 13(a–b)

A mixture of cesium carbonate (3.0 mmol) and Boc-protected CTG (1 mmol) was
stirred in DMF for 1 h at 0 ◦C. Then, the respective alkylating agent (2.0 mmol) was
added dropwise and the reaction was left to stir for 2–3 h at rt. The reaction was diluted
with water and extracted with ethyl acetate, dried over Na2SO4, and concentrated under
vacuum. Compounds 13(a–b) were purified by column chromatography (10:50% EtOAc in
pet. Spirits).

Tert-butyl 4-(6-((13,13-dimethyl-3,11-dioxo-10-(pent-4-yn-1-yl)-2,4,12-trioxa-10-azatetra
decyl)oxy)-3-oxo-3H-xanthen-9-yl)-3-methylbenzoate (13a). An orange solid (0.60 g, 83%).
1H NMR (400 MHz, CDCl3): δ 8.04–8.02 (m, 1H), 7.99–7.98 (dd, J = 7.6, 0.8 Hz, 1H), 7.22 (d,
J = 7.9 Hz, 1H), 7.16 (d, J = 2.3 Hz, 1H), 6.93 (d, J = 8.8 Hz, 1H) 6.89–6.85 (m, 2H), 6.56 (dd,
J = 9.7, 1.9 Hz, 1H), 6.45 (d, J = 1.9 Hz, 1H), 5.84 (s, 2H), 4.20 (t, J = 6.6 Hz, 2H), 3.28–3.11 (m,
4H), 2.18 (td, J = 7.0, 2.7 Hz, 2H), 2.12 (s, 3H), 1.95 (t, J = 2.7 Hz, 1H), 1.77–1.67 (m, 4H), 1.64 (s,
9H), 1.56–1.49 (m, 2H), 1.44 (s, 9H), 1.39–1.30 (m, 2H); 13C NMR (101 MHz, CDCl3): δ 185.9,
165.2, 160.9, 158.6, 155.7, 154.1, 154.0, 147.5, 136.7, 136.6, 133.5, 131.7, 131.0, 130.2, 129.4,
129.3, 127.4, 119.2, 115.6, 114.1, 106.4, 103.4, 87.5, 83.8, 81.8, 79.5, 69.1, 68.9, 47.1, 46.3, 28.6,
28.3, 28.0* (2C), 27.6, 23.1, 19.7, 16.1; LR-MS (ESI+) m/z: 728.3 [M+H]+; HRMS m/z (ESI)
calcd. for C42H49NO10 [M+H]+, 728.3429; found, 728.3435; HPLC: tR 8.22 min = (>99%).

Tert-butyl4-(6-((14,14-dimethyl-3,12-dioxo-11-(pent-4-yn-1-yl)-2,4,13-trioxa-11azapen
tadecyl)oxy)-3-oxo-3H-xanthen-9-yl)-3-methylbenzoate (13b). An orange solid (0.4 g, 54%).
1H NMR (400 MHz, CDCl3): δ 8.03 (d, J = 0.5 Hz, 1H), 8.00 (dd, J = 7.9, 1.1 Hz, 1H), 7.24
(d, J = 7.9 Hz, 1H), 7.21 (d, J = 2.2 Hz, 1H), 7.02 - 6.87 (m, 3H), 6.70–6.60 (m, 2H), 5.86 (s,
2H), 4.20 (t, J = 6.6 Hz, 2H), 3.30–3.07 (m, 4H), 2.18 (td, J = 7.0, 2.6 Hz, 2H), 2.12 (s, 3H), 1.95
(t, J = 2.6 Hz, 1H), 1.78–1.66 (m, 4H), 1.64 (s, 9H), 1.56–1.47 (m, 2H), 1.42 (s, 9H), 1.40–1.24
(m, 4H). 13C NMR (101 MHz, CDCl3): δ 185.8, 165.2, 161.1, 158.7, 155.7, 154.8, 154.0, 147.8,
136.8, 136.6, 133.6, 131.7, 130.9, 130.3, 129.5, 129.4, 127.4, 119.2, 115.7, 114.2, 106.5, 103.5, 87.6,
83.9, 81.8, 79.6, 69.1, 68.8, 47.3, 46.3, 28.6, 28.4, 27.6* (2C), 26.6 (2C), 25.6, 19.7, 16.13; LR-MS
(ESI+) m/z: 742.4 [M+H]+; HRMS m/z (ESI) calcd. for C43H51NO10, [M+Na]+ 764.3405;
found, 764.3418; HPLC: tR 8.35 mins = (>99%).

Appendix A.6. General Procedures for the Synthesis of Probes 14–15

A mixture of the respective CTG conjugates 13(a–b) (0.36 mmol), and aqueous HCL
(0.3 mL, 32%) in acetonitrile or Et2O was stirred for 4–5 h, and the excess HCl and solvent
were removed by freeze-drying. The crude products were washed with cyclohexane, and
Et2O to yield the pure products which are characterised as follow:
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N-(5-(((((9-(4-Carboxy-2-methylphenyl)-3-oxo-3H-xanthen-6-yl)oxy)methoxy)carbonyl)
oxy) pentyl)pent-4-yn-1-aminium chloride (probe 14). An orange solid (0.11 g, 51%). 1H
NMR (400 MHz, DMSO-d6): δ 8.83 (bs, 2H), 8.07 (m, 1H), 7.99 (d, J = 8.0 Hz, 1H), 7.55 (d,
J = 2.1 Hz, 1H), 7.44 (d, J = 8.0 Hz, 1H), 7.19–7.09 (m, 2H), 7.07 (d, J = 9.6 Hz, 1H), 6.72 (dd,
J = 9.6, 1.9 Hz, 1H), 6.66 (d, J = 1.9 Hz, 1H), 6.00 (s, 2H), 4.15 (t, J = 6.4 Hz, 2H), 2.96–2.79
(m, 5H), 2.27 (td, J = 7.0, 2.8 Hz, 2H), 2.08 (s, 3H), 1.85–1.72 (m, 2H), 1.69–1.54 (m, 4H),
1.39–1.27 (m, 2H); 13C NMR (101 MHz, DMSO-d6): δ 181.4, 167.0, 161.9, 158.9, 154.8, 153.4,
152.5, 136.6, 136.1, 132.2, 131.4, 130.3 (2C), 129.7, 128.1, 127.1, 118.1, 115.7, 115.6, 104.4, 103.0,
87.3, 83.6, 72.2, 68.3, 46.6, 45.9, 27.4, 25.0, 24.5, 22.3, 19.2, 15.3; LR-MS (ESI+) m/z: 572.2
[M+H]+; HRMS m/z (ESI) calcd. for C33H33NO8 [M+H]+, 572.2279; found, 572.2283; HPLC:
tR = 5.17 mins. (96%).

6-(((((9-(4-Carboxy-2-methylphenyl)-3-oxo-3H-xanthen-6-yl)oxy)methoxy)carbonyl)
oxy)-N-(pent-4-yn-1-yl)hexan-1-aminium chloride (probe 15). An orange solid (0.13 g,
71%). 1H NMR (400 MHz, DMSO-d6): δ 8.77 (bs, 2H), 8.07 (s, 1H), 7.99 (dd, J = 7.9, 1.0 Hz,
1H), 7.53 (d, J = 2.2 Hz, 1H), 7.44 (d, J = 7.9 Hz, 1H), 7.15–7.08 (m, 2H), 7.04 (d, J = 9.6 Hz,
1H), 6.68 (dd, J = 9.6, 2.0 Hz, 1H), 6.60 (d, J = 2.0 Hz, 1H), 5.99 (s, 2H), 4.14 (t, J = 6.6 Hz, 2H),
2.95–2.87 (m, 5H), 2.27 (td, J = 7.1, 2.6 Hz, 2H), 2.08 (s, 3H), 1.83–1.73 (m, 2H), 1.65–1.49 (m,
4H), 1.35–1.23 (m, 4H). 13C NMR (101 MHz, DMSO-d6): δ 182.1, 166.9, 161.5, 158.7, 154.5,
153.4, 151.3 136.5, 136.2, 132.2, 131.3, 131.1, 130.1, 129.6, 128.5, 127.1, 118.1, 115.4, 115.3,
104.6, 103.0, 87.3, 83.1, 72.1, 68.4, 46.7, 45.8, 27.7, 25.5, 25.3, 24.6, 24.5, 19.1, 15.2; HRMS m/z
(ESI) calcd. for C34H35NO8 [M+H]+, 586.2435; found, 586.2442; HPLC tR = 5.28 mins (92%).

Appendix A.7. Procedure for the Synthesis of Diethyl (2-Azidoethyl)Phosphonate (17)

Compound 17 was synthesised as previously described in the literature [68]. 1H NMR
(400 MHz, CDCl3): δ 4.12 (m, 4H), 3.54 (dt, J = 12.1, 7.8 Hz, 2H), 2.05 (dt, J = 15.2, 7.6 Hz,
2H), 1.34 (t, J = 7.1 Hz, 6H); 13C NMR (101 MHz, CDCl3): δ 62.1, 62.03, 45.5, 26.9, 25.5,
16.6, 16.5; LR-MS (ESI+) m/z: 208.1 [M+H]+. Spectroscopic data were matched with those
reported in the literature [68].

Appendix A.8. Preparation of (2-Azidoethyl)Phosphonic Acid (18)

Compound 18 was synthesised as previously described in the literature. 1H NMR
(400 MHz, D2O): δ 3.56 (dt, J = 13.5, 7.6 Hz, 2H), 2.06 (dt, J = 17.9, 7.6 Hz, 2H); 13C NMR
(101 MHz, D2O): δ 46.6, 27.3, 26.0; ESI-MS m/z 152.1 [M+H]+. Spectroscopic data were
matched with those reported in the literature [68].

Appendix A.9. General Procedures to Synthesise Compounds 19(a–b)

A 10 mL microwave tube was charged with either compound 13a or 13b (0.39 mmol)
and 18 (0.59 mmol) in a 6 mL mixture of DCM: H2O: tBuOH (1:1:1). Then, a mixture of
CuSO4 (78 µL, 0.2 equivalents, 1 M) and sodium-L-ascorbate (154 µL, 0.4 equivalents, 1 M)
was added and the reaction was heated at 70 ºC (100 W) in a microwave reactor for 2 h.
When the starting material was completely consumed, the reaction was left to cool. The
solvents were removed under vacuum and ethyl acetate was added. The resultant solution
was washed with NH4Cl (3 × 5 mL) and the solvent was removed under vacuum. The
crude product was purified by flash chromatography (20% MeOH in DCM) to give the title
compound which are characterised as follow:

(2-(4-(3-((tert-butoxycarbonyl)(5-(((((9-(4-(tert-butoxycarbonyl)-2-methylphenyl)-3-oxo-
3H-xanthen-6-yl)oxy)methoxy)carbonyl)oxy)pentyl)amino)propyl)-1H-1,2,3-triazol-1-yl)
ethyl)phosphonic acid (19a). A brownish-red solid (0.17 g, 50%). 1H NMR (400 MHz,
MeOD): δ 8.06 (d, J = 1.7 Hz, 1H), 8.01 (dd, J = 7.9, 1.7 Hz, 1H), 7.80 (s, 1H), 7.39–7.36
(m, 2H), 7.13–7.04 (m, 3H), 6.62 (dd, J = 9.6, 2.0 Hz, 1H), 6.50 (d, J = 2.0 Hz, 1H), 5.94 (s,
2H), 4.60–4.54 (m, 2H), 4.20 (t, J = 6.4 Hz, 2H), 3.25 –3.15 (m, 4H), 2.65 (t, J = 7.6 Hz, 2H),
2.22–2.15 (m, 2H), 2.13 (s, 3H), 1.90 –1.83 (m, 2H), 1.73–1.66 (m, 2H), 1.64 (s, 9H), 1.58–1.49
(m, 2H), 1.40 (s, 9H), 1.36–1.29 (m, 2H); 13C NMR (101 MHz, MeOD) δ 187.7, 172.9, 166.7,
163.3, 161.2, 157.4, 155.9, 155.3, 152.6, 148.4, 138.1, 137.8, 134.7, 132.5, 131.2, 130.6, 130.6,
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128.2, 123.0, 119.6, 116.6, 116.0, 106.1, 104.5, 88.6, 82.9, 80.8, 69.8, 47.8 (2C)*, 32.4, 31.1, 29.3
(3C)*, 28.7, 28.4, 24.0, 23.7, 19.6; ESI-MS m/z 879.3 [M+H]+; HRMS m/z (ESI) calcd. for
C44H55N4O13P [M+H]+, 879.3576; found, 879.3593; HPLC tR = 3.80 min (>99%).

(2-(4-(3-((tert-butoxycarbonyl)(6-(((((9-(4-(tert-butoxycarbonyl)-2-methylphenyl)-3-oxo-
3H-xanthen-6-yl)oxy)methoxy)carbonyl)oxy)hexyl)amino)propyl)-1H-1,2,3-triazol-1-yl)
ethyl)phosphonic acid (19b). A brownish red solid (0.17 g, 50%).1H NMR (400 MHz,
MeOD): δ 8.09 (s, 1H), 8.04 (d, J = 7.9 Hz, 1H), 7.84 (s, 1H), 7.44–7.37 (m, 2H), 7.19–7.08
(m, 3H), 6.68 (d, J = 9.5 Hz, 1H), 6.58 (s, 1H), 5.97 (s, 2H), 4.62 (bs, 2H), 4.21 (t, J = 6.4 Hz,
2H), 3.28–3.14 (m, 4H), 2.74 –2.63 (m, 2H), 2.40–2.24 (m, 2H), 2.15 (s, 3H), 1.93–1.82 (m, 2H),
1.74–1.71 (m, 2H) 1.67 (s, 9H), 1.56–1.49 (m, 2H), 1.43 (s, 9H), 1.42–1.36 (m, 2H), 1.33–1.25 (m,
2H); 13C NMR (101 MHz, MeOD): δ 186.5, 166.5, 163.7, 161.3, 157.3, 156.3, 155.3, 154.0, 143.6,
138.0, 137.6, 134.8, 132.7, 132.5, 131.4, 130.6, 128.2, 123.6, 119.5, 116.8, 116.5, 106.0, 104.4, 88.6,
82.8, 80.8, 69.8, 46.6(2C)*, 30.7, 29.5(2C)*, 28.8, 28.4, 27.4 (2C)*, 26.5 (2C)*, 23.7, 19.7; ESI-MS
m/z 893.3 [M+H]+; HRMS m/z (ESI) calcd. for C44H55N4O13P [M+H]+, 893.3733; found,
893.3733; HPLC: tR = 3.86 mins (> 97%).

Appendix A.10. Preparation of 5-(((((9-(4-Carboxy-2-Methylphenyl)-3-Oxo-3H-Xanthen-6-yl)
Oxy)Methoxy)Carbonyl)Oxy)-N-(3-(1-(2-Phosphonoethyl)-1H-1,2,3-triazol-4-yl)Propyl)
Pentan-1-Aminium Chloride (20)

Probe 20 was synthesised according to the general procedure used for the synthesis of
probes 14–15 and was purified by revered-phase HPLC and obtained as a brownish-red
solid (19 mg, 23%). 1H NMR (400 MHz, MeOD): δ 8.22 (s, 1H), 8.17–8.08 (m, 2H), 7.89 (d,
J = 2.3 Hz, 1H), 7.68 (d, J = 9.3 Hz, 2H), 7.51–7.43 (m, 3H), 7.36 (dd, J = 9.3, 2.2 Hz, 1H), 6.12
(s, 2H), 4.73–4.63 (m, 2H), 4.23 (t, J = 6.4 Hz, 2H), 3.07–2.93 (m, 4H), 2.87 (t, J = 7.2 Hz, 2H),
2.46–2.34 (m, 2H), 2.11 (s, 3H), 2.09–2.03 (m, 2H), 1.79–1.64 (m, 4H), 1.52–1.40 (m, 2H); 13C
NMR (101 MHz, MeOD): δ 184.1, 174.8, 168.9, 161.7, 157.6, 155.2, 138.1, 137.4, 134.0, 133.5,
133.0, 132.2, 130.6, 128.5, 127.7, 123.9, 119.5, 118.0, 117.6, 105.2, 104.3, 88.7, 69.5, 58.3, 48.2,
46.4, 29.1, 28.9, 26.8, 23.8, 23.3, 19.7, 18.4; ESI-MS m/z 723.2 [M+H]+; HRMS m/z (ESI) calcd.
for C35H39N4O11P [M+H]+, 723.2426; found, 723.2413; HPLC: tR = 2.99 mins (>99%).

Appendix A.11. Preparation of 6-(((((9-(4-(Tert-Butoxycarbonyl)-2-Methylphenyl)-3-Oxo-3H-
Xanthen-6-yl)Oxy)Methoxy)Carbonyl)Oxy)-N-(3-(1-(2-Phosphonoethyl)-1H-1,2,3-Triazol-4-
yl)Propyl)Hexan-1-Aminium Chloride (21)

Probe 21 was synthesised according to the general procedure used for the synthesis of
probes 14–15 and was purified by revered-phase HPLC and obtained as a brownish-red
solid (20 mg, 23%). 1H NMR (400 MHz, MeOD): δ 8.21 (s, 1H), 8.14 (d, J = 8.2 Hz, 1H), 7.86
(s, 1H), 7.66 (d, J = 2.5 Hz, 1H), 7.48–7.39 (m, 3H), 7.30 (dd, J = 9.2, 2.4 Hz, 1H), 7.04–7.00
(m, 2H), 6.05 (s, 2H), 4.68–4.60 (m, 2H), 4.23 (t, J = 6.6 Hz, 2H), 3.07–2.96 (m, 4H), 2.82 (t,
J = 7.3 Hz, 2H), 2.42–2.31 (m, 2H), 2.14 (s, 3H), 2.09–2.01(m, 2H), 1.77–1.63 (m, 4H), 1.49–1.40
(m, 4H); 13C NMR (101 MHz, MeOD) δ 187.8, 181.0, 168.9, 166.1, 161.9, 158.3, 155.2, 138.1,
137.2, 134.2, 133.8, 133.1, 132.6, 130.6, 128.5, 126.6, 123.9, 119.5, 118.8, 117.9, 104.8, 104.2, 88.6,
69.8, 46.2 (2C), 30.3, 29.3, 27.1, 27.1, 26.8, 26.2, 23.3, 19.7; ESI-MS m/z 737.2 [M+H]+; HRMS
m/z (ESI) calcd. for C36H41N4O11P [M+H]+, 737.2582; found, 737.2581, HPLC: tR = 3.03
mins (>99%).

Appendix A.12. N-(2-(3-(4-Fluorobenzyl)-7-Methyl-4,8-Dioxo-3,4,7,8-Tetrahydro-2H-
Pyrimido[4,5-E][1,3]Oxazin-6-yl)Propan-2-yl)-5-Methyl-1,3,4-Oxadiazole-2-Carboxamide (22)

1H NMR (400 MHz, CDCl3): δ 7.77 (s, 1H), 7.34–7.28 (m, 2H), 7.07–6.99 (m, 2H), 5.24 (s,
2H), 4.71 (s, 2H), 3.67 (s, 3H), 2.62 (s, 3H), 1.93 (s, 6H); 13C NMR (101 MHz, CDCl3): δ 164.0,
161.5, 160.4, 158.2, 154.9, 152.29, 144.7, 131.6, 131.5, 131.3, 129.9, 129.9, 116.2, 116.0, 78.5, 58.9,
47.6, 33.5, 27.4, 11.3; ESI-MS m/z 457.1 [M+H]+; HRMS m/z (ESI) calcd. for C21H21FN6O5
[M+H]+, 457.163; found, 457.1616; HPLC: tR = 4.44 mins (>99%) at 254 nm.
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Appendix A.13. Preparation of Tert-Butyl(6-(((((4-((4-Fluorobenzyl)Carbamoyl)-1-Methyl-2-
(2-(5-Methyl-1,3,4-Oxa-Diazole-2-Carboxamido)Propan-2-yl)-6-Oxo-1,6-Dihydropyrimidin-
5yl)Oxy)Methoxy)Carbonyl)Oxy)Hexyl)(Pent-4-yn-1-yl)Carbamate (23)

A mixture of RAL (0.10 g, 0.22 mmole) and cesium carbonate (0.07 g, 0.22 mmole) in
DMF (10 mL) was stirred at 0 ◦C for 1 h. Then, compound 7b (0.21 g, 0.45 mmole) in 5 mL
DMF was added dropwise and the resultant mixture was left to stir at rt for 1 h. The crude
product was extracted by ethyl acetate and the organic layer was then removed under
pressure. The product was purified by flash chromatography (5% MeOH in DCM) and
yielded as a white solid (0.15 g, 87%). 1H NMR (400 MHz, CDCl3): δ 8.13 (s, 1H), 7.82 (t,
J = 6.1 Hz, 1H), 7.37–7.32 (m, 2H), 7.03–6.98 (m, 2H), 5.88 (s, 2H), 4.56 (d, J = 6.0 Hz, 2H),
4.14 (t, J = 6.7 Hz, 2H), 3.63 (s, 3H), 3.23 (t, J = 7.3 Hz, 2H), 3.14 (bs, 2H), 2.62 (s, 3H), 2.17
(td, J = 7.0, 2.6 Hz, 2H), 1.95 (t, J = 2.6 Hz, 1H), 1.87 (s, 6H), 1.73–1.62 (m, 4H), 1.53–1.46
(m, 2H), 1.43 (s, 9H), 1.39–1.33 (m, 2H), 1.30–1.23 (m, 2H); 13C NMR (101 MHz, CDCl3):
δ 166.6, 163.5, 161.9, 161.1, 160.9, 158.7, 155.7, 155.4, 154.7, 152.1, 141.1, 138.7, 134.1, 134.0,
129.7, 129.6, 12.5, 115.7, 115.5, 90.5, 83.9, 79.3, 68.8, 68.6, 58.3, 47.3*, 46.3, 42.8, 33.4, 28.6*
(2C), 27.3*, 26.7, 26.6, 25.6, 16.1, 11.3; ESI-MS m/z 782.3 [M − H]+; HRMS m/z (ESI) calcd.
for C38H50FN7O10 [M+H]+ 784.3676; found, 784.3695; HPLC: tR = 6.52 mins (>99%).

Appendix A.14. Preparation of (2-(4-(3-((Tert-Butoxycarbonyl)(6-(((((4-((4-Fluorobenzyl)
Carbamoyl)-1-Methyl-2-(2-(5-Methyl-1,3,4-Oxadiazole-2-Carboxamido)Propan-2-yl)-6-
Oxo-1,6-Dihydropyrimidin-5-yl)Oxy)Methoxy)Carbonyl)Oxy)Hexyl)Amino)Propyl)-
1H-1,2,3-Triazol-1-yl)Ethyl)Phosphonic Acid (24)

Compound 24 was synthesised according to the procedure used for the synthesis
of compounds 19 (a–b), purified by flash chromatography (20% MeOH in DCM), and
obtained as a brownish-red solid (0.17 g, 50%). 1H NMR (400 MHz, MeOD): δ 7.77–7.74 (m,
1H), 7.31–7.28 (m, 2H), 6.99–6.94 (m, 2H), 5.67 (s, 2H), 4.53 (q, J = 9.2 Hz, 2H), 4.44 (s, 2H),
4.01 (t, J = 6.6 Hz, 2H), 3.53 (s, 3H), 3.14 (t, J = 7.4 Hz, 2H), 3.08 (t, J = 7.4 Hz, 2H), 2.58 (t,
J = 7.6 Hz, 2H), 2.50 (s, 3H), 2.35–2.21 (m, 2H), 1.84–1.76 (m, 2H), 1.72 (s, 6H), 1.59–1.50 (m,
2H), 1.46–1.38 (m, 2H), 1.33 (bs, 9H), 1.31–1.24 (m, 2H), 1.22–1.14 (m, 2H); 13C NMR (101
MHz, MeOD): δ 167.9, 165.2, 164.7, 162.3, 159.7, 158.8, 157.4, 156.0, 154.7, 148.3*, 142.7, 140.5,
135.7, 130.5, 130.4, 123.8, 116.3, 116.1, 91.4, 80.8, 69.5, 59.6, 47.7*, 47.4*, 46.4*, 43.4, 34.0, 30.2*,
29.6, 29.2 (2C)*, 28.7, 27.4, 27.2, 26.5, 23.5*, 10.8; ESI-MS m/z 935.3 [M+H]+; HRMS m/z
(ESI) calcd. for C40H56FN10O13P [M+H]+, 935.3823; found, 935.3828; HPLC: tR = 2.99 mins
(>99%).

Appendix A.15. Preparation of 6-(((((4-((4-Fluorobenzyl)Carbamoyl)-1-Methyl-2-(2-
(5-Methyl-1,3,4-Oxadiazole-2-Carboxa-Mido)Propan-2-Yl)-6-Oxo-1,6-Dihydropyrimidin-
5yl)Oxy)Methoxy)Carbonyl)Oxy)-N-(3-(1-(2-Phosphonoethyl)-1H-1,2,3-Triazol-4-Yl)
Propyl)Hexan-1-Aminium Chloride (25)

HCl in diethyl ether (1 mL, 2 M) was added to compound 24 in diethyl ether (5 mL)
and the reaction mixture was stirred at rt for 4 h. The excess HCl acid was evaporated by
freeze-drying and the obtained solid was purified by reversed-phase chromatography to
give the pure product as a white solid (45 mg, 50%). 1H NMR (400 MHz, MeOD): δ 7.87 (s,
1H), 7.44–7.37 (m, 2H), 7.12–7.04 (m, 2H), 5.78 (s, 2H), 4.61 (q, J = 8.3 Hz, 2H), 4.55 (s, 2H),
4.15 (t, J = 6.4 Hz, 2H), 3.65 (s, 3H), 3.08–2.96 (m, 4H), 2.82 (t, J = 7.0 Hz, 2H), 2.62 (s, 3H),
2.26–2.14 (m, 2H), 2.10–2.01 (m, 2H), 1.81 (s, 6H), 1.74–1.64 (m, 4H), 1.49–1.39 (m, 4H); 13C
NMR (101 MHz, MeOD): δ 167.9, 165.3, 164.7, 162.3, 159.8, 158.9, 156.0, 154.8, 142.8, 140.5,
135.7, 135.7, 130.5, 130.4, 123.8, 116.3, 116.1, 91.5, 69.4, 59.6, 48.8*, 48.2, 47.5, 43.4, 34.0, 30.6,
29.2*, 27.2, 27.1, 27.0, 26.8, 26.2, 23.3, 10.8; ESI-MS m/z 833.3 [M-H]+; HRMS m/z (ESI) calcd.
for C35H48FN10O11P [M+H]+ 835.3298, found, 835.3289; HPLC: tR = 3.07 mins (>99%).
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Appendix A.16. (E)-6-(((((4-((4-Fluorobenzyl)Carbamoyl)-2-(2-(2-(2-(1-Hydroxyethylidene)
Hydrazineyl)-2-Oxoacetamido)Propan-2-yl)-1-Methyl-6-Oxo-1,6-Dihydropyrimidin-5-yl)
Oxy)Methoxy) Carbonyl)Oxy)-N-(3-(1-(2-Phosphonoethyl)-1H-1,2,3-Triazol-4-yl)Propyl)
Hexan-1-Aminium Chloride (26)

Compound 26 was produced as by-product during the synthesis of compound 25
using aqueous concentrated HCl (32%). 1H NMR (400 MHz, MeOD) δ 8.78 (t, J = 6.2 Hz, 1H),
7.86 (s, 1H), 7.44–7.36 (m, 2H), 7.11–7.02 (m, 2H), 5.76 (s, 2H), 4.61 (q, J = 9.2 Hz, 2H), 4.54 (d,
J = 4.3 Hz, 2H), 4.15 (t, J = 6.4 Hz, 2H), 3.61 (s, 3H), 3.06–2.95 (m, 4H), 2.81 (t, J = 7.2 Hz, 2H),
2.28–2.16 (m, 2H), 2.09–2.03 (m, 2H), 2.02 (s, 3H), 1.78 (s, 6H), 1.74–1.64 (m, 4H), 1.47–1.40
(m, 4H); 13C NMR (101 MHz, MeOD): δ 171.9, 165.3, 164.7, 162.3, 160.2, 160.1, 159.1, 156.0,
142.6, 140.6, 135.7, 135.7, 130.5, 130.4, 123.8, 116.3, 116.1, 91.6, 69.3, 59.0, 48.8*, 48.2, 47.3,
43.4, 34.0, 31.6, 29.3, 27.2, 27.1, 27.0, 26.8, 26.2, 23.3, 20.5; ESI-MS m/z 853.3[M+H]+; HRMS
m/z (ESI) calcd. for C35H50FN10O12P [M+H]+ 853.3404, found, 853.3423.
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Abstract: Hydrogels are homogeneous three-dimensional polymeric networks capable of holding
large amounts of water and are widely used in topical formulations. Herein, the physicomechani-
cal, rheological, bioadhesive, and drug-release properties of hydrogels containing hydroxypropyl
methylcellulose (HPMC) and polyvinylpyrrolidone (PVP) were examined, and the intermolecular
interactions between the polymers were explored. A three-level factorial design was used to form
HPMC–PVP binary hydrogels. The physicomechanical properties of the binary hydrogels alongside
the homopolymeric HPMC hydrogels were characterized using a texture analyzer. Rheological
properties of the gels were studied using a cone and plate rheometer. The bioadhesiveness of selected
binary hydrogels was tested on porcine skin. Hydrophilic benzophenone-4 was loaded into both
homopolymeric and binary gels, and drug-release profiles were investigated over 24 h at 33 ◦C.
Fourier transform infrared spectroscopy (FTIR) was used to understand the inter-molecular drug–gel
interactions. Factorial design analysis supported the dominant role of the HPMC in determining the
gel properties, rather than the PVP, with the effect of both polymer concentrations being non-linear.
The addition of PVP to the HPMC gels improved adhesiveness without significantly affecting other
properties such as hardness, shear-thinning feature, and viscosity, thereby improving bioadhesive-
ness for sustained skin retention without negatively impacting cosmetic acceptability or ease of
use. The release of benzophenone-4 in the HPMC hydrogels followed zero-order kinetics, with
benzophenone-4 release being significantly retarded by the presence of PVP, likely due to intermolec-
ular interactions between the drug and the PVP polymer, as confirmed by the FTIR. The HPMC–PVP
binary hydrogels demonstrate strong bioadhesiveness resulting from the addition of PVP with de-
sirable shear-thinning properties that allow the formulation to have extended skin-retention times.
The developed HPMC–PVP binary hydrogel is a promising sustained-release platform for topical
drug delivery.

Keywords: hydrogels; factorial design; controlled release; topical delivery; texture analysis; rheology;
bioadhesion; intermolecular interactions; hydroxypropyl methylcellulose; polyvinylpyrrolidone

1. Introduction

Topical drug delivery attracts significant attention due to its potential to provide
targeted and localized therapy for various dermatological conditions. However, the efficacy
of topical formulations can often be compromised by factors such as poor retention on the
skin and low drug penetration into the skin, leading to the need for frequent application [1].
The outermost layer of the skin, the stratum corneum, constitutes a strong barrier and
makes it difficult for drug molecules to penetrate and cross the skin at clinically relevant
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rates. An increase in the contact time of topically applied formulation allows for a higher
quantity of the active agents to eventually be delivered. In dermatological conditions such
as in psoriasis, a controlled-release formulation will allow for the local release of a drug
over a prolonged period, reducing the frequency of administration, and improving patient
compliance and clinical outcomes. Controlled-release technologies using bioadhesive gels
provide a solution to overcome these challenges and improve the effectiveness of topical
drug delivery [2–5]. These gel formulations can regulate the release rate of drugs over time.
They can be designed to provide sustained drug exposure to the target site, reducing the
risk of systemic side effects, and provide flexibility in dosing regimens to match the specific
requirements of different dermatological conditions [2–5]. Thus, topical controlled-release
gel formulations offer significant advantages and hold great promise in advancing the field
of dermatological drug delivery.

Among the various topical controlled-release formulations, hydrogels have been
extensively explored as an effective medium for sustained topical drug delivery [2–5].
Hydrogels are homogeneous semisolids which consist of a water-swollen hydrophilic
polymer three-dimensional network possessing a high water content [6]. Hydrogels offer
numerous benefits as a controlled-release medium, including the ability to quickly dry and
form a thin-film that is non-greasy and non-occlusive, whilst also being cosmetically elegant
and easy to apply [2,7]. Such systems have been used to locally deliver anti-inflammatories
and anesthetics such as borneol, curcumin, and lignocaine during the treatment of skin
wounds [3,5,8], where an extended local retention time is desirable. Furthermore, polymers
in gels ensure good film formation and stability on the skin, as well as good water and
sweat resistance [9].

Various physicomechanical properties (rheological and mechanical properties) of a
gel-based topical formulation determine its retention, penetration, and drug-release rates.
Viscosity of the gel medium plays an important role in increasing the retention time of the
formulation on the skin while prolonging drug release [3,4]. Bioadhesiveness is another
important factor to consider when designing topical controlled-delivery formulations
where extended skin contact is required for the drug to be delivered to the target site over
a period of time [10,11]. The main mechanism of bioadhesion is intermolecular bonding,
and, for many materials, it is due to the formation of interfacial hydrogen bonds between
the adhesive gel and biological surface [12,13].

With hydrogels, the low polymer and high water content allows for soft, deformable,
and flexible networks that can accommodate skin movement [14,15], making them desirable
for topical drug delivery. However, the adhesiveness of hydrogels is generally low due
to the majority of their volume being composed of polar water molecules that do not
actively participate in joining materials [15]. To overcome this, combinations of different
hydrogel polymers have been explored to boost hydrogel adhesion [14,16,17], resulting in
“binary double network-like gels” or “binary gels”. However, the addition of the secondary
polymer often causes an increase in gel viscosity or decreases the spreadability of the gel on
the skin, necessitating the lowering of polymers concentrations, which in turn can reduce
adhesiveness [18].

Hydroxypropyl methylcellulose (HPMC) is a commonly used hydrophilic polymer
in controlled-release formulations due to its thickening, gelling, and swelling properties,
which can form highly stable, clear, and odorless hydrogels [19]. Cosmetically, HPMC
gels provide a thick but non-tacky feel, produce a strong and flexible film upon drying,
disperse easily on the skin, have a cooling effect, and are non-comedogenic [20]. The
bioadhesive property of HPMC has been attributed to the presence of abundant -OH func-
tional groups in the molecule that can form hydrogen bonds with water and other HPMC
molecules [21] (Figure 1A). Additionally, HPMC has a minimal interaction with drugs (other
than H-bonding interactions) and has demonstrated the ability to improve bioadhesion and
enhance local delivery of drugs through improved retention [22,23]. Polyvinylpyrrolidone
(PVP), a hydrophilic synthetic polymer, is commonly used in controlled-drug-delivery
systems due to its biocompatibility [24,25]. However, the direct use of pure PVP hydrogels
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is limited due to their low swelling capacity and poor mechanical properties. Therefore,
PVP is often blended with different polymers to improve the physicomechanical properties
of the preparations according to the requirements of the application [24,26]. Of note, PVP
polymers have excellent adhesive properties due to the abundance of carbonyl groups
(Figure 1B) that can establish hydrogen bonds with biological surfaces, making PVP an
ideal component in bioadhesive delivery systems [25,27–29]. Furthermore, binary hydro-
gels can form a strong cross-linked film that can adhere to the skin while maintaining a
smooth feel, making them ideal for topical formulations for controlled drug delivery [27,30].
Little information is presently available for HPMC–PVP binary hydrogels; however, the
addition of PVP has previously been reported to reduce the tackiness of HPMC solutions,
as a result of a net reduction in the hydrogen-bonding network between the HPMC chains
which is caused by PVP addition [31]. We hypothesized that the HPMC–PVP system may
form hydrogels with a high adhesiveness without significantly impacting other mechanical
parameters such as viscosity and spreadability, offering a platform for sustained topical
drug delivery.
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Figure 1. Chemical structures of (A) hydroxypropyl methylcellulose (HPMC), (B) polyvinylpyrroli-
done (PVP), and (C) benzophenone-4.

This research aimed to evaluate the effectiveness of using binary HPMC and PVP
hydrogels for sustained topical drug delivery. The mechanical properties of the gels were
characterized using a texture analyzer and a Brookfield rheometer, and bioadhesiveness
was further tested on porcine skin. With the aid of a three-level two-factor (32) factorial
design, the effects of the addition of PVP on the mechanical parameters of the HPMC-
PVP hydrogel’s viscosity, bioadhesiveness, and drug-release rates were investigated to
determine if an optimal binary gel formulation can produce a topical formulation that is
more suited to the sustained release of a drug (benzophenone-4 in this case) into the skin.

2. Materials and Methods

Hydroxypropyl methylcellulose K100 (HPMC), polyvinylpyrrolidone K25 (PVP),
benzophenone-4, sodium phosphate dibasic, sodium phosphate monobasic, and dialysis
bags from regenerated cellulose membranes with a molecular weight cut-off (MWCO) of
14,000 Da were all purchased from Sigma-Aldrich (Auckland, New Zealand). The HPMC
and PVP powders were dried overnight at 60 ◦C prior to use and were stored in a desiccator.
Sodium phosphate dibasic and sodium phosphate monobasic were used to prepare 0.1 M
of phosphate buffered saline (PBS), and the final pH was adjusted to 5.5 using hydrochloric
acid. Milli-Q water was obtained from a Millipak® 0.22 µm system (Millipore Corpora-
tion, Bedford, MA, USA). All other reagents were of analytical grade and purchased from
Sigma-Aldrich (Auckland, New Zealand).

Fresh porcine skin (aged 5–6 months) from the flank was obtained from a local abattoir
(Auckland Meat Processes, Auckland, New Zealand).

2.1. Preparation of Polymeric Hydrogel Systems
2.1.1. HPMC and PVP Homopolymeric Hydrogels

Homopolymeric gel formulations were prepared using HPMC alone at eight different
concentrations (2%, 4%, 6%, 8%, 10%, 12%, 14%, and 16%, w/w) or PVP alone at three
different concentrations (3%, 6%, and 9%, w/w). Hydrogels were prepared following a dry-
blending method [32]. Briefly, the required amounts of dry HPMC or PVP were weighed
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and dispersed in half the necessary amounts of PBS (0.1 M, pH 5.5, pre-warmed to 80 ◦C),
followed by vigorous stirring for 10 min to obtain a well-dispersed mixture. Further PBS (at
room temperature) was then slowly added to produce the final desired concentration. The
mixture was stirred for another 10 min at room temperature, followed by cooling for 10 min
in an ice bath. The gels were then sealed and stored at 4 ◦C for at least 48 h to ensure the
complete hydration of the polymers and to allow the escape of the entrapped air bubbles.

2.1.2. HPMC–PVP Binary Hydrogels and Factorial Design Analysis

The dry-blending method was used to prepare the binary gel formulations. Briefly,
appropriate amounts of dry HPMC and PVP powders were uniformly mixed before the
addition of PBS and mixing well to obtain uniform hydrogels.

A three-level two-factor (32) factorial design was used to generate the binary gel
formulation (Table 1) and to assess the effect of the polymer concentrations in the HPMC–
PVP binary hydrogels on their physicomechanical properties. Based on the properties of
the homopolymeric HPMC gels, the concentrations of HPMC (X1, 4, 8 and 12% w/v) and
PVP (X2; 3, 6, 9% w/v) were considered as independent variables. The response variables Y
including adhesiveness and viscosity (at shear rate of 4 s−1) were of interest.

Table 1. Amounts of HPMC (X1) and PVP (X2) powders in the binary gels generated by a 32 factorial design.

Gel Number 1 2 3 4 5 6 7 8 9

X1: HMPC (% w/v) 4 4 4 8 8 8 12 12 12
X2: PVP (% w/v) 3 6 9 3 6 9 3 6 9

2.2. Characterization of Hydrogels
2.2.1. Texture Profile Analysis

The mechanical properties of the homopolymeric and binary hydrogels were inves-
tigated using the TA.XT Plus texture analyzer (Stable Micro System, Surrey, UK). A 2 kg
loading cell and a cylindrical stainless-steel probe (diameter 25 mm) were used for all
measurements. The gel samples (50 g) were placed into glass jars to produce a cylindrical
gel mass (diameter 50 mm × 80 mm height) and stored at room temperature for 12 h prior
to testing.

During the texture profile analysis, the probe was compressed twice into each gel
sample at a defined rate of 1 mm·s−1 with a trigger force of 0.001 g, during which the probe
would penetrate to a depth of 10 mm into the gel sample. There was a delay period of 15 s
between the end of the first and the beginning of the second compression. At least three
replicates were performed for each formulation at ambient temperature (21 ± 2 ◦C) using
fresh samples in each case. The data collection and analysis were performed using the Tex-
ture Exponent 3.0.5.0 software package provided with the instrument (Stable Micro System,
Surrey, UK). The force–time graphs (typically as shown on Figure 2B,C) were recorded
for the determination of the mechanical parameters, namely hardness, compressibility,
adhesiveness, and cohesiveness [33].

2.2.2. Rheological Characterization

The rheological properties of the gel formulations containing different concentrations
of polymers were analyzed using a rotational Brookfield DV-III+ cone and plate rheometer
(Brookfield Engineering Laboratories Inc., Middleborough, MA, USA). The rheometer was
fitted with a Flat Plate SST ST 40 mm diameter spindle and was operated by the Brookfield
Rheocalc operating software version 3.2.47. The sample temperature was controlled at
33 ± 0.1 ◦C.
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Figure 2. (A) Schematic diagram of the TXA setup for bioadhesion testing using a standard setup
(left) with single skin substrate, or alternative setup (right) with gel between two skin substrates.
(B) Force–time graphical output from texture profile analysis. H = Hardness. A1 = Compressibility.
A3 = Adhesiveness. A2/A1 = Cohesiveness. (C) Schematic graph showing the applied peak force
and work of adhesion provided by the texture analyzer software (Brookfield Rheocalc version 3.2.47).

For each measurement, 50 µL of gel was carefully pipetted using a large-ended pipette
tip, with the tips cut off, to ensure uniform sampling of gel. The sample was applied
to the lower chamber of the viscometer avoiding any air bubbles and was allowed to
equilibrate for at least 5 min before analysis. The samples were subjected to continuous
shear analysis and a logarithmic sweep was performed at shear rates of 4–300 s−1. Each
speed was maintained for 30 s to allow for data collection. Three replicates were performed
for each formulation, and viscosity curves at shear rates were plotted to understand the
flow properties.

2.3. Ex Vivo Bioadhesion Testing

Porcine skin from the flank was used to assess bioadhesiveness of the selected binary
hydrogel which contained HPMC 12% and PVP 6% (denoted as H12P6).
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2.3.1. Tissue Preparation

The elapsed time from the slaughter of the pig to the removal of the skin was approxi-
mately 2 h. The skin sections were stored in normal saline (0.9%) to prevent dehydration
during transport to the laboratory for dissection. The damaged or bruised sections were
discarded. A scalpel was used to remove the subcutaneous tissue and the remaining full
layer of the stratum corneum with epidermis was then cut into either a circular section
(diameter of 25 mm) for use as the attached skin, or square sections (30 mm × 30 mm) to be
used as the substrate in bioadhesion testing. These length and width measurements reflect
the skin in its relaxed state, where the wrinkles and folds were not stretched or flattened.
The prepared skin sections were immediately frozen in liquid nitrogen and stored at −20 ◦C
for no longer than 4 weeks before use.

Porcine skin from the flank, as opposed to the standard porcine ear [34], was used
to assess bioadhesion. Evidence has supported that it is an effective in vitro substrate for
simulating human skin in terms of histological and physiological properties [35], while
also providing the benefit of being able to test using larger sections of skin.

2.3.2. Bioadhesion Analysis

The excised skin sections were thawed overnight at 4 ◦C and soaked in phosphate-
buffered saline (PBS) (0.1 M, pH 5.5) for 10 min. The excess surface moisture was removed
by blotting with filter paper after placing a 2 kg weight over the skin for 5 min. Each piece
of skin was used only once for each gel preparation.

The bioadhesive force between porcine skin and binary gel was assessed using the
TA.XT Plus texture analyzer in Hold-Until-Time mode. To identify differences in bioadhe-
sion results, two setups were used: one testing the steel probe with a single skin substrate,
and a second setup testing between two skin sections (Figure 2A).

A total of 1 g of gel was spread homogenously over the entire surface of the substrate
skin sections (30 mm × 30 mm), which were secured onto a petri dish with double-sided
tape (3M Scotch MountTM). The circular skin sections were attached using double-sided
tape (3M Scotch MountTM) to the lower end of the cylindrical probe (diameter 25 mm),
facing downward and opposing the substrate skin sections.

The upper part of the texture analyzer (with the attached skin) was placed as close as
possible to the substrate skin. Contact was avoided between the two skin sheets. In this
position, the texture analyzer was lowered to 0.1 mm·s−1, which has been shown to give the
best discriminative values [36], until contact between the substrate skin and the attached
skin was made. The triggering force (by which the contact with the sample was calculated)
was 0.01 N. The two skin pieces were in contact for 15 s under a force of 0.5 N. The upper
part of the texture analyzer was lifted at a speed of 0.1 mm·s−1 until the separation of the
two skin sheets occurred.

The tests were conducted at ambient temperature (21 ± 2 ◦C) and each experiment
was replicated at least three times using a fresh sample of gel. The mucosa was gently
cleaned with saline-soaked damp tissue before testing each replicate.

Peak tension can be derived from a force–time graph as the maximum force required
to separate the adhesive interface. The area under the force–distance curve during the
separation of the hydrogels from the skin surface is regarded as the work of adhesion
(Figure 2C).

2.4. Drug Release

The dialysis tubing method [37] was used to investigate the drug release from various
gel systems.

Drug-loaded gels were prepared during preparation of the base gel as described above,
with the drug pre-added to the PBS phase. The final concentration of benzophenone-4 in
each gel was 25 mg/g (2.5%). Drug-loaded gels (2 g) were then packed into 3 mL syringes
and loaded into prepared dialysis tubing before sealing with dialysis clips. Care was taken
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to pack gels tightly, with no air bubbles within the tubing, to form a gel column (diameter
20 mm × 25 mm height), providing a total surface area for diffusion of ~3140 mm2.

Four formulations (PVP 6%, HPMC 12%, HPMC 13%, H12P6) suspended in PBS and
one formulation (HPMC 13% in MeOH) in methanol were tested for drug release by placing
the dialysis bags loaded with samples in 50 mL of either PBS or methanol as external media
in separate Falcon tubes and suspended in a water bath at 33 ◦C with oscillation set at
60 rpm. Aliquots (1 mL) from the external media were withdrawn at various time points
(0.25, 0.5, 0.75, 1, 2, 3, 4, 5, 6, and 24 h) and immediately replaced with an equivalent volume
of PBS or methanol. The drug content in the external media was analyzed directly through
a validated high-performance liquid chromatography (HPLC) assay [38].

2.5. Fourier Transform Infrared Spectroscopy

To reveal and identify any intermolecular interactions between functional groups,
infrared transmission spectra of pure benzophenone-4 and freeze-dried hydrated gel
samples of HPMC, PVP, and HPMC–PVP binary gel mixtures (1:1 weight ratio) with
and without benzophenone-4 were obtained using a Fourier transform infrared (FTIR)
spectrophotometer (Bruker Alpha Eco-ATR FTIR Spectrometer; OPUS 8.7.41 ALPHA,
Mannheim, Germany). The samples were analyzed above a diamond crystal using the
ATR mode. The spectra were collected over the wavenumber range 4000 to 400 cm−1

at resolution of 4 cm−1 to investigate possible interactions between the active functional
groups of benzophenone-4 with PVP and HPMC.

The optical spectroscopy software, Spectragryph, Version 1.2.16.1, was used to visu-
alize and manipulate the ATR-FTIR spectra [39]. A baseline correction was applied to all
spectra using the standard normal variate approach.

2.6. Stability Studies

The prepared gels (HPMC gels and HPMC–PVP binary gels) were packed into Ep-
pendorf tubes (2 mL) and stability studies were performed in the temperature and relative
humidity (RH) conditions stipulated by the International Council for Harmonisation of
Technical Requirements for Pharmaceuticals for Human Use. The samples were stored at
4 ◦C, 25 ◦C (60% RH), 30 ◦C (65% RH), and 40 ◦C (75% RH) for a period of 3 months. The
samples were withdrawn at 15-day intervals and evaluated for physical appearance, pH,
and viscosity. The drug content was evaluated at 3 months [40].

2.7. Statistical Analysis

All data are expressed as the mean ± standard deviation (SD). A statistical analysis
of each parameter of interest was carried out using Student’s t-test for dependent and
independent samples, a one-way analysis of variance (ANOVA) and Tukey’s HSD post hoc
test. A p-value < 0.05 was considered significant. All statistical calculations were performed
using the GraphPad Prism for Windows (Version 9, GraphPad Software, La Jolla, CA, USA).

3. Results
3.1. HPMC Homopolymeric Hydrogels
3.1.1. Texture Profile

The hardness, compressibility, and adhesiveness force all showed an exponential rela-
tionship to the concentration of HPMC in the homopolymeric HPMC gels (Figure 3A–C).
The cohesiveness was largely unaffected by the HPMC concentration (2–16%) (Figure 3D),
indicating that the intermolecular forces between the HPMC polymer chains were indepen-
dent of polymer concentration.

The homopolymeric PVP presented as a free-flowing solution with concentrations
of 3%, 6%, and 9%, w/w, thus no texture profile analysis could be performed. This was
expected, owing to the low swelling capacity of the PVP and thus its inability to establish a
viscous hydrogel network [26].
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3.1.2. Rheological Properties

The rheological data showed that increasing concentrations of HPMC led to an expo-
nential increase in viscosity, as measured at low shear rate (Figure 4B). The HPMC gels
from 2% to 8% exhibited near-Newtonian flow behavior, as evidenced by the almost-linear
trend in the rheograms (Figure 4B,C). When the HPMC polymer concentrations increased
above 8%, the HPMC hydrogels displayed non-Newtonian (shear-thinning) behavior.

3.2. HPMC–PVP Binary Hydrogel and Factorial Design Analysis
3.2.1. Texture Profile

The adhesiveness of the resulting binary gels increased as a function of the concen-
tration of both polymers. The addition of PVP at 0, 3, 6, or 9% (w/w) to the HPMC gels
(4–12%, w/w) increased adhesiveness (Figure 5C) while having a minimal impact on hard-
ness and compressibility (Figure 5A,B). For example, the homopolymeric gel HPMC 12%
(H12P0) had an adhesiveness of 40.96 ± 0.37 g·s. The addition of PVP 6% (H12P6) to
create a binary gel increased the adhesiveness to 253.64 ± 14.87 g·s, representing a 6.19-fold
increase (Figure 5E). At higher concentrations of PVP 9% (H12P9), a higher adhesiveness
of 405.08 ± 13.17 g·s was achieved. However, hardness and compressibility, undesirable
properties for a topical formulation, also increased significantly for H12P9.
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Comparisons were made for the following: (E) hardness, compressibility, adhesiveness, and cohe-
siveness. The data show that the addition of PVP only increased the adhesiveness remarkably as a
function of PVP concentration. Data are mean ± SD (n = 3). *: p < 0.05; **: p < 0.01; **** p < 0.0001;
ns = non-significant difference.

The binary H12P9 formulation exhibited a sharp decrease in the cohesiveness of the gel
(Figure 5E), indicating a compromised structure of the polymer network. Thus, this binary
gel formulation was excluded from further studies. The results suggested that the H12P6
gel formulation was the most appropriate for further studies examining drug release due to
its high adhesiveness, along with acceptable hardness, compressibility, and cohesiveness.
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3.2.2. Rheological Properties

Stronger shear-thinning properties were observed with increasing polymer concentra-
tions in the hydrogels (Figure 6A). Increasing the concentration of PVP in the HPMC–PVP
binary hydrogels lead to an increase in viscosity, together with more profound shear-
thinning properties. The viscosity for all gels dropped to similar levels when the shear rate
was increased to 200 s−1 (Figure 6B). Interestingly, despite the increase of PVP to 9% for
H12P9, there was a slight decrease in the viscosity along with a significant reduction in its’
peak shear stress (at shear rate = 86 s−1), which was lower than both H12P3’s and H12P6’s
(Figure 6A). This is aligned with a reduction in the cohesiveness for the same formulation
which was seen in the texture analyzer tests, and it further reinforces the finding that
the structure of the polymer network in the binary hydrogels was compromised at high
PVP concentrations.
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At modest shear rates of 300 s−1, all formulations achieved a very low viscosity value,
which makes them suitable for easy application onto the skin.
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3.2.3. Factorial Design Analysis

The two-dimensional contour, surface, and interaction plots for adhesiveness and
viscosity are shown in (Figure 7). The plots clearly demonstrated that neither adhesiveness
nor viscosity increased proportionally to the HPMC concentration in the binary gels. The
results also revealed that the increase in adhesiveness and viscosity caused by increasing the
PVP concentration from 3% to 6% was only apparent at high concentrations of HPMC (12%).
However, further increasing the PVP to 9% increased adhesiveness but not the viscosity.
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3.3. Ex Vivo Bioadhesiveness

Figure 8 shows bioadhesion results for the binary gel formulation H12P6. This formu-
lation showed the highest adhesiveness, yet an appropriate viscosity for topical application.
Significant differences were observed in the peak force and work of adhesion between the
two setups used (either single or double skin substrates), but not adhesiveness.
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A significantly large drop in the peak force for both the homopolymeric and binary
gels was observed between the single surface skin setup and the double skin setup, possibly
attributable to the larger volume of skin that was displaced to reach the specified contact
force of 0.5 N. This was also accompanied by a small but non-significant decrease in the
adhesiveness and work of adhesion in the double substrate skin setup.

Compared with homopolymeric 12% HPMC gel, the hardness remained the same in
the binary gel with addition of 6% PVP. However, a significant increase in the adhesiveness
and work of adhesion were observed in the binary gel (p < 0.01, p < 0.05) using method one.
No differences between the two gel formulations were observed using method two.

3.4. Drug-Release Profiles

The cumulative drug release of benzophenone-4 from different gel formulations,
including a free drug solution as a control, is illustrated in Figure 9. Release from the drug
solution was complete within 3 h, indicating that the dialysis tubing did not impact drug
release and that sink conditions were present throughout. Even though it possessed a low
viscosity, the homopolymeric PVP 6% impeded the diffusion of benzophenone-4 out of
the gel matrix into the external media. The cumulative release amount of benzophenone-4
(Qt) was linearly dependent on the square root of the time (t), implying that the release
kinetics followed a Higuchi model (R2 = 0.959). In contrast, all HPMC gels demonstrated
zero-order release kinetics in the first 6 h (R2 > 0.983 to 0.989). The release rate from the
13% HPMC gel was 7.2% (of total dose) h−1, which increased to 8.9% h−1 as the HPMC
polymer concentration was reduced to 12%, with the increased release being attributed
to the reduced viscosity (52.8 Pa·s for 12% HPMC gel vs. 76.4 Pa·s of 13% HPMC gel;
at shear rate of 4 s−1, as shown in Figure 4C). No significant difference in drug release
was observed between the PBS and methanol (MeOH) as the external media, indicating
that the differences in solubility of benzophenone-4 in the external media did not impact
drug release and that sink conditions were present throughout. For all HPMC gels, the
drug-release rate after 6 h became slower. Of note, no benzophenone-4 was detected in
the external media for the binary H12P6 formulation over 24 h, indicating that the rate of
drug release was very low and that the total amount of drug released below the limit of
detection (LOD) of 1.08 µg/mL (0.11% of total dose).
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Figure 9. Cumulative drug release of benzophenone-4 over 24 h at 33 ◦C from formulation samples
in dialysis bags. Drug release from the binary gel (H12P6) remained undetected throughout and
is graphically represented as the limit of detection. All gel formulations contained 2.5% w/w of
benzophenone-4. Data are mean ± SD (n = 3).

3.5. Fourier Transform Infrared Spectroscopy

The FTIR spectra for the various samples are shown in Figure 10. The benzophenone-4
(BNZ4) showed characteristic peaks around 1061 cm−1 and 599 cm−1 due to S=O and
S-O stretching modes, respectively, in the sulfonic acid (-SO3H) group of BNZ4, as well as
further peaks in the 1600–1000 cm−1 region due to C=O, aromatic C=C, and C-O stretching.
The FTIR spectrum of HPMC was dominated by an intense feature at 1049 cm−1 due to C-O
stretching, along with further peaks at 3395 cm−1 and 1373 cm−1 due to O-H stretching and
C-O-H bending vibrations of hydroxyl groups, respectively. Similar peaks were reported
by other groups for HPMC [41]. The PVP showed an intense absorption band at 1654 cm−1,
which could readily be assigned to an amide C=O stretching mode [42]. The spectrum for
the freeze-dried gel comprising HPMC–PVP (1:1 weight ratio) showed no shift in the char-
acteristic peaks of each polymer, suggesting that no strong intermolecular interactions occur
between the two polymers in the dry state. In the PVP + BNZ4 and HPMC–PVP + BNZ4
spectra, the S=O stretching modes for BNZ4 were observed at 1074 cm−1 (cf. 1061 cm−1 for
pristine BNZ4). The same shift was not seen in HPMC + BNZ4, as this peak was obscured
by the intense C-O stretching mode of HPMC which occurs at a similar frequency to the
S=O stretch of BNZ4. In the low frequency region, HPMC + BNZ4, PVP + BNZ4, and
HPMC–PVP + BNZ4 all showed a sharp peak around 605-607 cm−1 (assigned to a S-O
stretching mode of the -SO3H or -SO3

− groups), which again was at higher frequencies
compared to the same mode for BNZ4 (599 cm−1). Results imply that the BNZ4 interacted
with the PVP and through the sulfonate functional group.

3.6. Stability Studies

All gel and binary gel formulations were found to be stable over a 3-month period. No
significant changes in physical appearance, pH, viscosity, or drug content were observed.
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4. Discussion

Hydrogels are an increasingly popular choice in topical applications, particularly
in the controlled delivery of drugs through the skin. However, their low adhesiveness
can limit their efficacy, and attempts to increase adhesion can negatively impact other
properties such as hardness, compressibility, and viscosity. This study aimed to investigate
the use of HPMC and PVP binary hydrogels to improve the adhesion of gel-based drug
delivery formulations without compromising other texture properties. The results of the
study demonstrated that binary hydrogels prepared using HPMC and PVP can improve
adhesiveness without significantly impacting other mechanical properties. Other studies
that also utilized a binary mixture of polymers, such as HPMC and polycarbophil, have
demonstrated similar results in improving bioadhesive properties [43].

The ability to improve adhesiveness without significantly affecting other properties
allows for the formulation of highly adhesive topical products to increase the retention
time of the drug on the skin for controlled drug delivery, while not negatively affecting the
cosmetic acceptability of the gel. A binary formulation (H12P6) was selected for studies
on drug release and ex vivo bioadhesiveness, as it exhibited the highest adhesiveness
without compromising other mechanical properties. HPMC 12% was used as a reference.
Further increasing the PVP concentration from 6% to 9% caused a large reduction in the
cohesiveness of the binary gel, indicating a compromised structural integrity of the polymer
matrix. This is similar to findings in the literature, where it is suggested that PVP may
interact with HPMC chains in the aqueous medium and consequently reduce the extent of
HPMC–HPMC bonding [31]. Our results show that no change in gel cohesiveness occurred
up to 6% PVP, suggesting that significant intermolecular bond interference only occurs
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above a critical concentration threshold where there are sufficient PVP molecules to obstruct
HPMC–HPMC bonding interactions.

In addition to their texture properties, the rheological properties of binary hydrogels
were also investigated. The study found that binary hydrogels exhibit pseudoplastic
behavior (shear-thinning), which is desirable for topical products as it ensures uniform
distribution on the skin and ease of application or good spreadability [43]. At modest
amounts of shear stress (300 s−1), the viscosity of all formulations was extremely low
(<10 Pa·s), suggesting that the formulations would be easy to apply in practical settings.
The shear stress on application of topicals was in excess of 104 s−1 [44].

This study also identified the ability of the H12P6 binary gel to “lock” in hydrophilic
drugs, with benzophenone-4 remaining below the LOD of the analytical method after 24 h
in drug-release studies. This demonstrates that the drug cannot access the matrix surface
through the wetted pore network into the external media (PBS or methanol). In contrast,
the HMPC homopolymeric hydrogels provided a sustained release with a nearly zero-
order kinetic profile. Drug-release kinetics from hydrophilic matrices depend on several
processes including the swelling of the polymer, water penetration through the matrix,
dissolution of the drug, transport of the drug through the swollen matrix, and erosion of the
matrix itself [45,46]. The most commonly used mathematical models to study cumulative
drug-release behavior in hydrogels include zero- and first-order kinetic models, Higuchi,
Peppas, and Hixon–Crowell models [46]. However, none are suitable for modelling the low
drug release from the H12P6 binary gel, as it does not seem to be significantly influenced by
the physical properties, such as viscosity, of the gel. This indicates that the binary gel lacks a
highly structured matrix due to the low degree of polymer swelling and factors such as drug
diffusion, mesh size, and erosion would then not be limiting factors to drug release [46].
Percolation theory is also unsuitable for explaining the drug release of the binary gel
owing to the extremely low porosity and lack of connectivity and permeability [45,47,48],
indicating that more complex processes such as drug–matrix interactions are influencing
the release of the drug. Alternatively, one more explanation for the slow release could
be due to the shear-thinning properties that made the gels in the dialysis bags extremely
viscous at static conditions, thus impeding drug diffusion and erosion of the gel.

It was reported that the addition of PIP impairs the intermolecular binding of the
HPMC polymer chains, thus leading to a reduction in viscosity [31]. Indeed, as shown in
Figures 4A and 6B, the addition of PVP to the HPMC gels slightly increased the viscosity,
particularly when shear rate was low. The 32 factorial design (Figure 7) also confirms
the relatively smaller impact of the PVP on these properties compared with that of the
HPMC. A similar complex is seen in polyvinylpyrrolidone-iodine [49]. The PVP polymer
arranges itself such that a proton is fixed via a short hydrogen bond between two carbonyl
groups of two adjacent pyrrolidone rings, forming a positive charge where a negatively
charged molecule, such as a triiodide anion, can be bound ionically (Figure 11A) [49].
Benzopohenone-4 may interact with this positively charged area and become retained
in the polymer matrix rather than releasing freely to the external media. In the PBS
buffer used in this study, the sulfonic acid group (-SO3H) of benzopohenone-4 would be
deprotonated and exist as the sulfonate ion (-SO3

−). The blue-shift in the S=O and O-S-O
peaks of benzopohenone-4 after interactions with the polymers may have been the result of
deprotonation of the sulfonic acid group. This would create the possibility of electrostatic
interaction between benzophenone-4 and a hydrogen atom between two carbonyl groups
of the PVP polymer (Figure 11B). Such electrostatic interactions might account for the very
strong binding of benzopohenone-4 in the H12P6 binary gel that led to the slow release.

Finally, this study highlights the lack of a standardized method for measuring the
work of adhesion of hydrogels to skin substrates. The results showed that the peak force,
adhesiveness, and work of adhesion values used to assess bioadhesion differed substantially
depending on whether one or two skin substrates were used. When testing bioadhesion
parameters using a double skin substrate setup, a large reduction in the peak force was
seen, alongside non-significant decreases in the adhesiveness and work of adhesion. This
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contrasts with the expected increase due to the larger surface area. The results suggest
that an increased deformation occurs between the two layers of skin (as opposed to a
single layer of skin and a hard probe surface), making it more difficult for the probe to
reach the specified force. A second layer of skin also introduces a small increase in the
amount of moisture present between the substrate, which will also reduce the bioadhesion
parameters [11]. The disparity between the testing methods is also seen when comparing
the homopolymeric HPMC gel to the binary gel, where adhesiveness and work of adhesion
have significant differences when tested using a single-skin substrate (method one). These
data strongly suggest that the addition of 6% PVP to the homopolymeric HPMC gel only
favorably increases the bioadhesiveness, but does not affect the other mechanical properties.
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These differences between the two formulations are not apparent when tested using
the two-skin layer method (method two). However, compared with method two, method
one is closer to the clinical setting.

There are currently no standardized methods for testing bioadhesiveness [10,11], and
results vary significantly depending on different experimental setups. This finding em-
phasizes the need for a standardized method and testing setup for measuring bioadhesion
parameters. Presently, it is hard to extrapolate results produced by different research groups
under different settings.

Overall, this study contributes to the understanding of the properties and potential
applications of binary hydrogels in topical products. The findings demonstrate the versa-
tility and potential of binary hydrogels to improve adhesion, rheological properties, and
drug delivery. Potential future directions in developing controlled-release gels should
investigate using multiple polymers in gels and their ability to modulate the properties for
their applications. This study highlights the ability of a binary gel to modify drug-release
properties using parameters outside the classical models, notably, by affecting intermolecu-
lar binding. However, further research is needed to better understand and optimize the
properties of binary hydrogels for specific applications.
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5. Conclusions

The findings in this article demonstrate that the addition of PVP to HPMC to form
binary gels provides an effective means of modifying the adhesive properties of the gel
without significantly affecting other mechanical properties. This allows for a highly adhe-
sive topical formulation that can still be applied on the skin comfortably while providing
the controlled-release of drug over extended periods of time, which is highly desirable
in many applications, such as the delivery of anti-inflammatories and chemotherapeutic
agents for the treatment of skin conditions such as psoriasis and skin cancers. Furthermore,
we demonstrate that binary hydrogels possess favorable pseudoplastic rheological prop-
erties that make them well-suited for topical applications. Our study also highlights the
ability of binary hydrogels to enhance drug retention for sustained and controlled drug
release. Finally, our findings reveal the importance of standardizing the methodology and
setup for evaluating bioadhesion parameters. Overall, this research sheds light on the
potential of PVP-HPMC binary hydrogels with low viscosity but high bioadhesiveness as
a promising platform for sustained drug release in topical applications. When different
drug molecules are incorporated, which may have different interactions with the polymers,
further studies are needed to optimize the formulation.
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Abstract: There are limited treatments currently available for retinal diseases such as age-related
macular degeneration (AMD). Cell-based therapy holds great promise in treating these degenerative
diseases. Three-dimensional (3D) polymeric scaffolds have gained attention for tissue restoration by
mimicking the native extracellular matrix (ECM). The scaffolds can deliver therapeutic agents to the
retina, potentially overcoming current treatment limitations and minimizing secondary complications.
In the present study, 3D scaffolds made up of alginate and bovine serum albumin (BSA) containing
fenofibrate (FNB) were prepared by freeze-drying technique. The incorporation of BSA enhanced
the scaffold porosity due to its foamability, and the Maillard reaction increased crosslinking degree
between ALG with BSA resulting in a robust scaffold with thicker pore walls with a compression
modulus of 13.08 KPa suitable for retinal regeneration. Compared with ALG and ALG-BSA physical
mixture scaffolds, ALG-BSA conjugated scaffolds had higher FNB loading capacity, slower release
of FNB in the simulated vitreous humour and less swelling in water and buffers, and better cell
viability and distribution when tested with ARPE-19 cells. These results suggest that ALG-BSA MR
conjugate scaffolds may be a promising option for implantable scaffolds for drug delivery and retinal
disease treatment.

Keywords: alginate; BSA; Maillard reaction; age-related-macular degeneration; drug release; fenofibrate;
retinal cells

1. Introduction

Retinal pigment epithelium (RPE) is a monolayer of nonregenerative cells that is vital
for the retinal functional integrity and vision cycle. Located between the neural retina
and choroid, RPE plays an essential role in transporting nutrients and waste products,
absorbing stray light, phagocytosing shed photoreceptor membranes and secreting growth
factors [1]. Ageing, diabetes, and smoking are important factors leading to RPE dysfunction
and subsequent retinal degeneration diseases such as age-related macular degeneration
(AMD) and Diabetic Retinopathies (DR) which are major causes of visual impairment and
vision loss [2]. Globally, the number of AMD cases increases rapidly and is expected to
reach about 288 million by 2040 [3].

The intravitreal injection of steroids and anti-vascular endothelial growth factor (anti-
VEGF) remains preferred over other conventional treatments, such as laser and photo-
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dynamic therapy, for retinal disease management [2,4], especially in the early stages of
the disease. However, the main drawback of the intravitreal treatment is the need for
repetitive injections due to the poor ocular bioavailability of drugs after topical adminis-
tration [5]. Fenofibrate (FNB) is a fibric acid derivative used to treat abnormal blood lipid
levels. FNB acts as a prodrug that is rapidly hydrolysed in vivo to form its active fenofibric
acid metabolite. FNB came into medical use in mid-1970s and was first marketed in the
United States in 1988 (Tricor®, Abbott Laboratories) [6]. FNB showed promising therapeutic
effects in clinical trials for the management of retinal diseases such as DR and neovascular
AMD [7]. When compared with anti-VEGF, FNB is advantageous given its low-cost, fewer
side effects, and neuroprotective activity [7,8]. However, the use of FNB for dysfunctional
RPE treatment is challenging due to its very hydrophobic nature (log P = 5.24) and poor
water solubility. RPE transplantation was introduced as an alternative and effective way
to replace damaged RPE cells with healthy ones [9]. However, the implementation of this
approach is hindered by the shortage of tissue donors, heavy surgical intervention, and
risks of serious post-surgical infections and transplanted cell rejection [1].

Recently, implantable polymeric scaffolds capable of providing structural support for
retinal cell growth and proliferation have gained considerable attention for retinal regener-
ative treatment [10]. The same scaffolds can be used to locally deliver active therapeutics,
such as growth factors and active pharmaceutical ingredients, at the damaged retinal sites
to enhance cell growth and reduce side effects [11]. Ideally, scaffolds should display physic-
ochemical and biological properties that mimic those of native tissues. This includes good
biocompatibility, controllable biodegradability, high porosity and drug loading capacity,
and sufficient mechanical stability during and post-implantation [1]. The fundamental
features of scaffolds are dependent on the nature of the comprising polymers and compo-
sition, crosslinker types (either chemical or physical), and methods of fabrication [1,12].
Due to their safety, biodegradability, chemical versatility, low cost, and processability, natu-
rally occurring polymers, such as sodium alginate (ALG), have been explored to fabricate
scaffolds for tissue regenerative applications [1,13]. In the presence of divalent cations,
such as calcium, ALG solution forms gel via ionotropic crosslinking, resulting in a 3D
hydrogel structure [14]. This unique feature was successfully and widely used to produce
ALG scaffolds for different pharmaceutical and biomedical applications [15–17]. However,
the hydrophilic nature of ALG leads to fast swelling and poor mechanical properties,
hence an uncontrollable drug release behaviour [15]. A promising approach to improve
ALG scaffold’s performance is to modulate the crosslinking density between ALG chains
using chemical crosslinking alongside ionotropic crosslinking [18]. However, chemical
crosslinking requires reagents and solvents that often have toxic side effects [19].

Maillard reaction is a natural non-enzymatic process during which covalent bonds are
formed between carbonyl groups of reducing sugar and the free amino groups of amino
acids, peptides, and proteins [20]. This reaction is spontaneous, thus does not necessitate
the use of any toxic chemicals or organic solvents [21]. Furthermore, Maillard reaction
products possess antioxidant, anti-inflammatory, and radical scavenging properties which
are beneficial for tissue regeneration and development [22,23]. Bovine serum albumin
(BSA) is a naturally occurring biocompatible protein that plays a structural support role
in cell proliferation and growth and has recently gained considerable attention in the
development of scaffolds for tissue repair and regenerative medicine [24,25]. In a previous
study, we showed that when ALG is conjugated with BSA via Maillard reaction, the
beads produced using the ALG-BSA Maillard product possessed superior water resistance,
viscosity, foamability, and capability to control the drug release compared with that of
pristine ALG [20].

ALG reinforced by the Maillard reaction has not been previously used to fabricate
scaffolds for ocular applications. The aim of this study is to design and develop FNB-loaded
scaffolds based on ALG-BSA Maillard conjugate, which can provide a suitable environment
for RPE cells to grow, migrate, and produce their own extracellular matrix (ECM). The
use of these scaffolds as FNB delivery system is assessed. Morphological and mechanical
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characteristics as well as the porosity of obtained scaffolds are investigated and the scaffolds
swelling, drug loading capacity, and drug release profile are established. Finally, biological
investigations are performed to assess the scaffold’s biodegradability and biocompatibility
with seeded ARPE-19 cells (a spontaneously arising retinal pigment epithelium (RPE) cell
line) on ALG-based scaffolds.

2. Materials and Methods
2.1. Materials

ALG (medium molecular weight: 120,000–200,000 g/mol; M/G ratio: 0.8), BSA,
FNB, calcium chloride (CaCl2), sodium chloride (NaCl), sodium lauryl sulfate (SLS),
phosphate-buffered saline (PBS), 2-(4-(2-hydroxyethyl)-1-piperazinyl) ethane sulphonic
acid (HEPES), potassium bromide (KBr), sodium citrate, and acetonitrile (I) were all pur-
chased from Sigma-Aldrich chemicals (Dorset, UK). For the in vitro cell study, ARPE-19
cells, a spontaneously immortalised human RPE cell line, were obtained from ATCC (Man-
assas, VA, USA). Dulbecco’s Modified Eagle Medium: F12 (DMEM/F12), fetal bovine
serum (FBS), penicillin/streptomycin, trypan blue and trypsin/ethylenediaminetetraacetic,
DAPI (4′,6-diamidino-2-phenylindole), calcein-AM, propidium iodide (PI) were purchased
from Gibco (Invitrogen, CA, USA). The MTS assay kit was provided by Promega (Madison,
WI, USA). Milli-Q distilled deionised (DI) water was used for all experiments.

2.2. Fabrication of the Scaffolds

Scaffolds were fabricated by a freeze-drying method [26]. Briefly, to prepare ALG
solution (1.5% w/v), 0.75 g of ALG was gradually added and dissolved in 50 mL of DI
water. For ALG-BSA scaffolds, of BSA (0.25 g) was added to the obtained ALG solution
to make ALG-BSA solution. The ALG and a blended mixture of ALG-BSA solutions
were separately poured into a well of 96-well culture plate (150 µL per well), and frozen
overnight before being freeze-dried (VirTis Benchtop Pro, SP scientific, Winchester, UK) for
48 h. Obtained freeze-dried scaffolds were then crosslinked with calcium by immersion
into a 2% (w/v) CaCl2 solution for 30 min. Crosslinked scaffolds were then freeze-dried for
another 48 h to remove the solvent completely. For drug-loaded scaffolds, FNB was added
and mixed with the obtained ALG and ALG-BSA solution at a concentration of 0.2% (w/v).
For MR-ALG-BSA scaffolds, obtained ALG and ALG-BSA scaffolds were placed into a
desiccator containing an oversaturated KBr solution to control the relative humidity at 79%
and incubated for 24 h at 60 ◦C in an oven (Binder, Germany).

2.3. Morphological Characterisation

Scanning electron microscopy (SEM) was used to examine the microstructural proper-
ties of the scaffolds. Prior to imaging, specimens’ surface was coated with a conductive
layer of sputtered gold, and the electron microscope (Zeiss Evo50, Oxford instrument,
Abingdon-on-Thames, UK) was operated at an accelerating voltage of 30 kV under low-
vacuum mode. SEM images were employed to determine the average pore size and porosity
of scaffolds. At least twelve pores were randomly selected from each scaffold SEM im-
age and analysed using ImageJ software (V 1.8.0), and pore size data were presented as
mean ± standard deviation.

2.4. Mechanical Properties Testing

Mechanical properties of the dry and rehydrated scaffolds were investigated using a
texture analyser (Santam, STM-29, Tehran, Iran) with a 1 N load cell at a crosshead speed of
1 mm/min. To simulate the composition of the vitreous humour, scaffold rehydration was
performed in HEPES buffer (pH = 7.4 at 37 ◦C) containing 132 mM NaCl, mimicking the
pH and the electrocyte concentration of the vitreous humour [27]. During the experiment,
the rehydrated scaffolds remained immersed in the buffer. The compressive stress–strain
curves were generated following the methods reported by Wan et al. [28]. The Young’s
modulus was calculated as the slope of the stress–strain curve at 10% strain.
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2.5. Swelling and Degradation Studies

The scaffolds swelling behaviour were evaluated in DI water, PBS, and HEPES-NaCl
buffer. Briefly, the scaffold was weighed and placed separately in 10 mL of each medium at
37 ± 0.5 ◦C. At specific intervals, the scaffold was removed from the swelling medium, and
the excess medium was carefully removed with filter paper and weighed. The swelling
ratio was calculated using the following equation [29]:

swelling ratio(%) =

[
Ws−Wi

Wi

]
× 100% (1)

where Wi is the initial weight of the scaffold, and Ws is the weight of swollen scaffold.
The biodegradability of scaffolds was assessed by immersion in DMEM/10% FBS

culture medium at 37 ± 0.5 ◦C to provide conditions similar to those of the cell culture
studies. Scaffolds were then incubated in a shaker incubator (ThermoFisher Scientific,
Swindon, UK) that was operated at 100 rpm. On days 1, 3, 7, and 14, scaffolds were
removed from the medium, frozen, and freeze-dried for 48 h, and the weight loss of
scaffolds was calculated using the following equation:

Degradation(%) =

[
Wd−Wr

Wd

]
× 100 (2)

where Wd is the initial weight of the scaffold and Wr is the weight of the degraded scaffold.

2.6. Drug Loading and Release Studies

To investigate the loading capacity and release of FNB, the saturation solubility of
FNB was first determined in HEPES-NaCl buffer solution (pH 7.4) with and without SLS
(25 mM). Briefly, an excess amount of FNB (10 mg) was added to the (10 mL) HEPES-NaCl
buffer and shaken at the speed of 100 rpm at 37 ◦C for 48 h. Samples were then centrifuged
for 15 min and filtered through a polytetrafluoroethylene (PTFE) syringe-driven filter
(average pore size = 0.45 µm). The FNB solubility was determined using HPLC. An Agilent
Infinity II HPLC system (Agilent, Waldbronn, Germany) was employed. The flow rate was
adjusted at 1 mL/min, and the injection volume was 10 µL. Chromatographic separation
was achieved at room temperature using a C18 column (4.6mm × 150 mm, C18, 5 µm)
(Phenomenex SphereClone), and a UV detector was set at a (λmax) 286 nm. The mobile
phase consisted of 90:10 v/v acetonitrile/HPLC grade water [30,31].

2.6.1. Loading Capacity Study

To determine the loading capacity of drug-loaded formulations, one scaffold was
dispersed in 1 mL of a 55 mM sodium citrate solution at 37 ◦C, resulting in the full release
of FNB. The resulting suspension was filtered and diluted with 9 mL of HEPES-NaCl buffer,
which contained SLS at a concentration of 25 mM. The FNB content was then measured
using HPLC, and the loading capacity was calculated using the following equation [32]:

Loading capacity (%) =

[
L
Lt

]
× 100 (3)

where L and Lt are the measured and theoretical amounts of fenofibrate loaded in the
scaffold, respectively.

2.6.2. Drug Release Study

The FNB-loaded scaffolds were soaked separately in 10 mL of HEPES-NaCl buffer
containing SLS (25 mM) and placed in a shaking incubator at 100 rpm and 37 ◦C. At specific
time intervals (1, 2, 4, 6, and 8 h, and then 2, 3, 4, and 6 days), 500 µL of samples were
withdrawn from the release medium and replaced with fresh release medium to keep the
initial volume constant. The amount of FNB released was determined using the HPLC.
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2.7. Biological Investigations
2.7.1. Cell Culture and Seeding on Scaffolds

ARPE-19 cells were expanded and maintained in a typical RPE medium containing
DMEM supplemented with 10% foetal bovine serum (FBS) and 1% penicillin-streptomycin
solution. Cells were used between passages 31 and 41 for the experiments. At 80–90% con-
fluency, cells were subcultured using 0.05 trypsin-EDTA. The collected cells were cen-
trifuged at 1500 rpm for 5 min and resuspended in a new medium.

Prior to the cell seeding process, scaffolds were sterilised by immersion in ethanol
(70%) for 20 min. The scaffolds were then soaked in the cell culture medium for 30 min
and transferred into a well of 48 well-plates. ARPE-19 cells were then counted with
a haemocytometer by using the standard trypan blue method and cells in suspension
(5 × 104 cells/mL) were seeded on top of the scaffold surface. After 2 h of incubation, fresh
culture medium (500 µL) was added to each well of the cell culture well-plate and kept in
standard conditions at 95% humidity, 5% CO2, and 37 ◦C. The medium was changed every
other day intervals during the experiments.

2.7.2. MTS-Based Cytotoxicity Assay

To determine the viability of the ARPE-19 cells, MTS assay was performed [33].
Briefly, after the incubation of the cell-seeded scaffolds for 1, 3, 7, and 14 days, the me-
dia was removed, and the scaffolds were rinsed with PBS. MTS solution (1:5 dilution in
culture medium) was added to the seeded scaffolds and placed in a dark room for 3 h at
37 ◦C and 5% CO2. The optical density of each sample was measured at 490 nm using a
UV spectrophotometer microplate reader (FlexStation3 Multi-Mode, Molecular Devices,
San Jose, CA, USA). The negative controls were cell culture medium without cells.

2.7.3. Analysis of ARPE-19 Cells-Scaffold Interactions

To visualise the presence of ARPE-19 cells in the scaffolds, the DAPI staining method
was used. The cells were first seeded onto each scaffold following the same procedure
described above. At day 14, scaffolds were washed twice with PBS before being stained
with 200 µL of DAPI solution. Cells-seeded scaffolds were then incubated for 15 min in
a dark room at 37 ◦C. The samples were washed with PBS three times to remove excess
DAPI. To assess cell-scaffold interaction, ARPE-19 cells within scaffolds were stained with
a LIVE/DEAD staining solution on day 14 of cell seeding. For this purpose, stock solutions
of calcein-AM (3 µM) and PI (2.5 µM) were separately prepared, diluted in PBS, and kept
at 4 ◦C. Immediately before use, a working LIVE/DEAD staining solution was prepared by
mixing 100µL of calcein-AM and 100 µL PI. Each scaffold was washed with PBS and stained
with the LIVE/DEAD solution. After 15 min of incubation at 37 ◦C in dark, samples were
immediately observed under a confocal microscope (Zeiss, Jena, Germany) to evaluate
viable and damaged cells. Samples were excited with 498 nm and with 540 nm laser
wavelengths and the emitted fluorescence was detected at 515 nm and 615 nm for calcein-
AM and PI detections, respectively [34]. Viable cells were illustrated in green fluorescence
by calcein-AM and dead cells were illustrated in red by PI. The control was the blank
scaffolds without cells.

2.7.4. Distribution of Cells on the Scaffolds

The distribution of ARPE-19 grown on scaffolds was examined using scanning electron
microscopy (Vega, Tescan, Czech Republic). On day 14 of cell seeding, scaffolds were rinsed
with PBS and washed with double-deionised water. Scaffolds were then frozen in liquid
nitrogen and freeze-dried for 48 h. Gold was sputtered on the scaffolds with fixed cells to
form a 15 nm thick layer on the surface with a deposition rate of 1 Å/s, and SEM images
were captured.
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2.8. Statistical Analysis

All experiments were performed at least in triplicate, and results were reported as
mean ± standard deviation (SD). Statistical significance was determined using one-way
analysis of variance (ANOVA) with post-hoc Tukey’s HSD test. p-values < 0.05 indicated
statistical significance.

3. Results & Discussion
3.1. Scaffolds Structural Morphology

Maillard reaction is an established method that involves the covalent bonding between
the amino group (NH2) of a protein and the carbonyl group (C=O) of reducing sugars [20].
The conjugation of ALG with BSA via Maillard reaction is therefore expected to add a
chemical crosslinking in the polymeric scaffolds, in addition to the ionotropic crosslinking
between ALG carboxylic acid and Ca+2 [35]. Maillard reaction can also generate other
types of chemical bonds, such as those between amino acids and the various reactive
intermediates produced during the reaction. Briefly, in the early stage, the reducing
sugar reacts with the NH2 groups of the protein to form a Schiff base. This reaction is
reversible and can lead to the formation of Amadori products in the intermediate stage. In
the intermediate stage, the Amadori products undergo further reactions, resulting in the
formation of advanced glycation end products (AGEs). These products are highly reactive
and can react with other proteins, lipids, and nucleic acids, leading to the formation of
crosslinks. The intermediate stage can also produce reactive carbonyl compounds, such
as 3-deoxyglucosone and glyoxal, which can react with the amino groups of proteins to
form covalent crosslinks. In the final stage of the Maillard reaction, melanoidins are formed
which are brown pigments responsible for the colour of many food products. In this study,
the colour of scaffolds subjected to the Maillard reaction changed from white to brownish
(Figure 1b), indicating the formation of ALG-BSA melanoidins [36]. Schematic illustrations
of non-treated and treated scaffolds are shown in Figure 1a.

Figure 1b illustrates that all scaffolds possessed porous structures of micro-sized pores,
with enhanced porosity observed upon the incorporation of BSA. ImageJ software analysis
showed that while the average pore size of ALG scaffolds was 53.16 ± 18.04 µm, this
significantly increased in the presence of BSA to 110.8 ± 23.9 µm and 107 ± 21.4 µm in
ALG-BSA and MR-ALG-BSA scaffolds, respectively. Notably, a previous study reported
that an optimal pore diameter to support retinal cells ranged between 100–200 µm [37]. The
porosity of ALG scaffolds was initially 39% and has increased after the incorporation of
BSA to 51% and 56% for ALG-BSA and MR-ALG-BSA scaffolds, respectively. BSA is known
for its foaming capacity [38], leading to the formation of bubbles during the preparation of
the scaffold solutions. Upon freeze-drying, air bubbles that acted as porogen turned into
pores that increased pores size diameter and porosity in BSA-containing scaffolds [24,39].
Larger pore size obtained after the incorporation of BSA in the scaffold is expected to
facilitate the exchange of nutrients and waste products with the surrounding environment
and provide a more favourable structure for cell growth compared to ALG scaffolds [40,41].
Furthermore, the MR-ALG-BSA scaffolds exhibited a thicker pore wall with a measurement
of 13.33 ± 2.74 µm, which was significantly higher compared to the pore wall thicknesses
of ALG and ALG-BSA scaffolds (5.9± 1.85 µm and 4.3± 1.21 µm, respectively). This higher
thickness of MR scaffold pores walls might potentially increase the overall mechanical
properties of the scaffolds, as thicker walls can provide better support and resistance to
deformation [42].

3.2. Mechanical Properties of the Scaffolds

The mechanical properties of fabricated scaffolds were evaluated in dry and rehy-
drated conditions in HEPES-NaCl. The PBS was not used for rehydration to avoid desta-
bilisation of the Ca-ALG structure [43]. Figure 1c–f shows the compressive stress–strain
curves and Young’s modulus of dried and rehydrated scaffolds, respectively. Both the
incorporation of BSA in the scaffolds’ formulation and Millard reaction significantly af-
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fected the compressive strength of the scaffolds. For non-treated ALG-BSA samples (i.e.,
did not go through MR reaction), the compressive strength was lower than that of pure
ALG scaffold (841.58 KPa and 691.18 KPa respectively). On the other hand, conjugating
BSA with ALG reversed its impact, leading to an increase in the compressive strength and
young’s modulus to 3913.79 KPa and 465.11 KPa, respectively.

Pharmaceutics 2023, 15, x FOR PEER REVIEW 6 of 17 
 

 

2.7.4. Distribution of Cells on the Scaffolds 

The distribution of ARPE-19 grown on scaffolds was examined using scanning elec-

tron microscopy (Vega, Tescan, Czech Republic). On day 14 of cell seeding, scaffolds were 

rinsed with PBS and washed with double-deionised water. Scaffolds were then frozen in 

liquid nitrogen and freeze-dried for 48 h. Gold was sputtered on the scaffolds with fixed 

cells to form a 15 nm thick layer on the surface with a deposition rate of 1 Å /sec, and SEM 

images were captured. 

2.8. Statistical Analysis 

All experiments were performed at least in triplicate, and results were reported as 

mean ± standard deviation (SD). Statistical significance was determined using one-way 

analysis of variance (ANOVA) with post-hoc Tukey’s HSD test. p-values < 0.05 indicated 

statistical significance. 

3. Results & Discussion 

3.1. Scaffolds Structural Morphology 

Maillard reaction is an established method that involves the covalent bonding be-

tween the amino group (NH2) of a protein and the carbonyl group (C=O) of reducing sug-

ars [20]. The conjugation of ALG with BSA via Maillard reaction is therefore expected to 

add a chemical crosslinking in the polymeric scaffolds, in addition to the ionotropic cross-

linking between ALG carboxylic acid and Ca+2 [35]. Maillard reaction can also generate 

other types of chemical bonds, such as those between amino acids and the various reactive 

intermediates produced during the reaction. Briefly, in the early stage, the reducing sugar 

reacts with the NH2 groups of the protein to form a Schiff base. This reaction is reversible 

and can lead to the formation of Amadori products in the intermediate stage. In the inter-

mediate stage, the Amadori products undergo further reactions, resulting in the formation 

of advanced glycation end products (AGEs). These products are highly reactive and can 

react with other proteins, lipids, and nucleic acids, leading to the formation of crosslinks. 

The intermediate stage can also produce reactive carbonyl compounds, such as 3-deoxy-

glucosone and glyoxal, which can react with the amino groups of proteins to form cova-

lent crosslinks. In the final stage of the Maillard reaction, melanoidins are formed which 

are brown pigments responsible for the colour of many food products. In this study, the 

colour of scaffolds subjected to the Maillard reaction changed from white to brownish 

(Figure 1b), indicating the formation of ALG-BSA melanoidins [36]. Schematic illustra-

tions of non-treated and treated scaffolds are shown in Figure 1a. 

 

Pharmaceutics 2023, 15, x FOR PEER REVIEW 7 of 17 
 

 

 

Figure 1. Characteristics of the ALG-based scaffolds; (a) schematic illustration of non-treated and 

MR ALG-based scaffolds, (b) the visual (scale bars 1 mm) and SEM (scale bars 200 µm) appearance 

of ALG, ALG-BSA and MR-ALG-BSA, (c) the compressive stress–strain curves of dried and (d) re-

hydrated scaffolds, (e) Young’s moduli of dried and (f) rehydrated scaffolds (n = 3). (* denotes a 

significant difference, p < 0.05). 

Figure 1b illustrates that all scaffolds possessed porous structures of micro-sized 

pores, with enhanced porosity observed upon the incorporation of BSA. ImageJ software 

analysis showed that while the average pore size of ALG scaffolds was 53.16 ± 18.04 µm, 

this significantly increased in the presence of BSA to 110.8 ± 23.9 µm and 107 ± 21.4 µm in 

ALG-BSA and MR-ALG-BSA scaffolds, respectively. Notably, a previous study reported 

that an optimal pore diameter to support retinal cells ranged between 100–200 μm [37]. 

The porosity of ALG scaffolds was initially 39% and has increased after the incorporation 

of BSA to 51% and 56% for ALG-BSA and MR-ALG-BSA scaffolds, respectively. BSA is 

known for its foaming capacity [38], leading to the formation of bubbles during the prep-

aration of the scaffold solutions. Upon freeze-drying, air bubbles that acted as porogen 

turned into pores that increased pores size diameter and porosity in BSA-containing scaf-

folds [24,39]. Larger pore size obtained after the incorporation of BSA in the scaffold is 

expected to facilitate the exchange of nutrients and waste products with the surrounding 

environment and provide a more favourable structure for cell growth compared to ALG 

scaffolds [40,41]. Furthermore, the MR-ALG-BSA scaffolds exhibited a thicker pore wall 

with a measurement of 13.33 ± 2.74 µm, which was significantly higher compared to the 

pore wall thicknesses of ALG and ALG-BSA scaffolds (5.9 ± 1.85 µm and 4.3 ± 1.21 µm, 

respectively). This higher thickness of MR scaffold pores walls might potentially increase 

the overall mechanical properties of the scaffolds, as thicker walls can provide better sup-

port and resistance to deformation [42]. 

3.2. Mechanical Properties of the Scaffolds 

The mechanical properties of fabricated scaffolds were evaluated in dry and rehy-

drated conditions in HEPES-NaCl. The PBS was not used for rehydration to avoid desta-

bilisation of the Ca-ALG structure [43]. Figure 1c–f shows the compressive stress–strain 

curves and Young’s modulus of dried and rehydrated scaffolds, respectively. Both the 

incorporation of BSA in the scaffolds’ formulation and Millard reaction significantly af-

fected the compressive strength of the scaffolds. For non-treated ALG-BSA samples (i.e., 

did not go through MR reaction), the compressive strength was lower than that of pure 

ALG scaffold (841.58 KPa and 691.18 KPa respectively). On the other hand, conjugating 

BSA with ALG reversed its impact, leading to an increase in the compressive strength and 

young’s modulus to 3913.79 KPa and 465.11 KPa, respectively. 

The Maillard reaction results in the formation of covalent bonds between the ALG 

carboxyl groups and the BSA amino groups, leading to a higher molecular weight product 

Figure 1. Characteristics of the ALG-based scaffolds; (a) schematic illustration of non-treated and MR
ALG-based scaffolds, (b) the visual (scale bars 1 mm) and SEM (scale bars 200 µm) appearance of ALG,
ALG-BSA and MR-ALG-BSA, (c) the compressive stress–strain curves of dried and (d) rehydrated
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difference, p < 0.05).

The Maillard reaction results in the formation of covalent bonds between the ALG
carboxyl groups and the BSA amino groups, leading to a higher molecular weight product
and increased crosslinking [44]. Our results indicated a stiffer structure of MR scaffolds
compared to the non-treated ALG-BSA samples. Furthermore, the mechanical strength of
scaffolds is influenced by porosity, with larger pore sizes having a negative impact, while
thicker pore walls, resulting in smaller pore sizes, improve the strength [41,42].

Since scaffolds are rehydrated before implantation, further investigation was per-
formed on rehydrated scaffolds. Due to water absorption and weakening bonds within
the scaffolds structure [45], the Young’s modulus of rehydrated pure ALG scaffolds de-
creased to 2.07 KPa, as shown in Figure 1f. This result is in agreement with the compressive
modulus value of about 3 KPa reported by Wan et al. [28] for ALG scaffolds.

As per dry scaffolds, rehydrated MR-ALG-BSA scaffolds displayed the highest Young’s
modulus at 13.08 KPa. Since scaffolds act as a temporary support that must withstand
mechanical stress until the tissues are regenerated, MR-ALG-BSA scaffolds are promising,
exhibiting substantially enhanced mechanical performance in both dry and wet condi-
tions. It is worth mentioning that the compressive modulus of MR-ALG-BSA (13.08 KPa)
falls within the range of the compressive modulus of a healthy retina, which has been
reported to be between 10–20 KPa [46,47]. Thus, the MR-ALG-BSA scaffolds are ex-
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pected to provide an advantageous environment for retinal cell survival, differentiation
and phenotypic maintenance.

3.3. Scaffolds Swelling, Biodegradation, and Drug Release Studies

• Swelling Studies

The swelling behaviour of scaffolds is a determinant factor that affects mechanical
properties upon rehydration, drug release, biodegradation, and cellular activities. While
excessive swelling might lead to the collapse of scaffolds and uncontrolled release of
drugs, failing to swell could prevent drug release [48]. Similarly, adequate swelling is
indispensable for cell migration and the transfer of cell nutrients and metabolites in and
out of the matrix. Furthermore, swelling expands the pores and maximises the scaffold’s
surface area, allowing for more room for cells to grow [49].

Swelling studies were performed in three different media: water, PBS, and HEPES-
NaCl buffer solutions. Up to six hours, blank and FNB-loaded scaffolds showed identical
swelling behaviours in all media.

Considering their mechanical properties, the physical addition of BSA (i.e., BSA-ALG
scaffold) led to a significant increase in swelling ratio in all media. However, when BSA
was conjugated with ALG (i.e., MR-ALG-BSA scaffolds), the swelling ratio significantly
dropped (p > 0.05). A similar impact of the Maillard reaction on the swelling capacity of
alginate gels was previously reported [50]. All scaffolds exhibited a swelling rate that was
approximately five-times higher in buffered solutions (PBS and HEPES) compared to water
(Figure 2a–c). ALG scaffolds absorb water and undergo swelling due to the abundance
of hydrophilic groups such as hydroxyl and carboxyl [51,52]. In buffered solutions, the
ionisation of carboxylic groups causes electrical repulsion, which leads to further swelling.
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culture medium. (a: p < 0.01, b: p < 0.001 significant difference between MR scaffold and the other
scaffolds) (n = 3).

The rate and degree of hydrogel network swelling can be influenced by other factors
such as crosslinking density and porosity. In addition, external factors such as the pH,
composition and ionic strength of the swelling medium can also affect the extent of swelling
behaviour [53]. Contrary to water, PBS and HEPE solutions have the capacity to maintain
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a stable pH at around 7 [54] which leads to full ionisation of ALG-free carboxylic acid
groups (pKa = 4–5). This repulsion amongst the negatively charged carboxylic acid groups
causes increased polymer swelling. Buffered media also contain monovalent cations such
as Na+ and K+ that could penetrate the scaffold matrix and displace the Ca2+. Since
monovalent cations cannot crosslink alginate, the matrix structure relaxes and swells. The
Maillard reaction converts ALG carboxylic acid groups into an amide group preventing
their ionisation and reducing the overall swelling of the scaffolds. Upon extending the
swelling study to 48 h, FNB-loaded scaffolds incubated in the PBS buffer fully disintegrated.
However, the scaffolds incubated in water and HEPES buffer did not swell any further and
maintained their integrity for up to 72 h. A similar destabilising impact of PBS buffer on
Ca-ALG structures was reported [14,43,55], which was attributed to the chelating effect that
phosphate ions can have on Ca2+ and the subsequent formation of a calcium phosphate
precipitate. Figure 2d displays the visual appearance of the swollen scaffolds in the HEPES-
NaCl solution after 24 h.

• Biodegradation

To investigate the stability of prepared scaffolds in a cell culture medium, the biodegra-
dation of scaffolds was assessed for 14 days. Scaffolds biodegradation is essential for
tissue regeneration; in vivo cell activities, such as distance and signal transduction within
the matrix, must be maintained until the cells produce their own EMC [1]. Furthermore,
scaffolds biodegradation products are eliminated by the eyes, i.e., there is no need to
remove them later on. Figure 2e,f shows the degradation profiles of blank and FNB-loaded
scaffolds in a cell culture medium over 14 days. Although there was a gradual loss of mass
in all scaffolds as incubation time increased, they remained intact for a period of 14 days.
The degradability of scaffolds could be explained by the loss of crosslinking Ca+2 due to
exchange with non-crosslinking monovalent cations (Na+) that are present in cell culture
medium. The incorporation of BSA in scaffold formulation resulted in a faster and higher
degradation rate than those of ALG scaffolds, suggesting the dissolution and release of BSA.
Compared with ALG and ALG-BSA, MR-ALG-BSA scaffolds (blank and loaded with FNB)
showed the highest mass loss of about 25–40% in 24 h and about 60–80% (respectively) after
14 days of incubation in the cell culture medium. This could be due to the uncontrolled
nature of the Maillard reaction, leading to the production of intermediate compounds such
as Amadori products, that could result in such discrepancy [20,56].

During the degradation process, the scaffolds with larger pores and higher surface
area to volume ratio (i.e., ALG-BSA and MR-ALG-BSA scaffolds) became further loose as
the surrounding aqueous solution came in contact with the internal network structure. This
was expected to correlate with the swelling behaviour in buffered media. However, the
MR-ALG-BSA scaffolds showed the lowest swelling ratio with the highest degradation rate.
A high degradation rate of BSA-containing scaffolds can be advantageous in providing a
better environment to generate ECM and promote cell–cell and cell–scaffold interactions.
However, the optimal degradation rate, matching the rate of retinal tissue regeneration, is
yet to be identified [1].

• Drug Loading and In-Vitro Release Studies:

To avoid any PBS buffer interference with the drug release, FNB release studies were
conducted using HEPES buffer. FNB is a lipophilic compound (Log P = 5.24) that is non-
ionisable and insoluble in water [57]. To perform the release studies, the solubility of
FNB was first established in the release medium (i.e., HEPES buffer) which was found
to be practically insoluble (1.35 ± 0.003 µg/L). To allow the free release of FNB into the
surrounding medium, SLS (0.025 M) was added to the HEPES buffer. SLS forms micelles
that solubilise the hydrophobic drug such as the FNB. The apparent solubility of FNB
in the presence of SLS increased to 105 ± 0.02 µg/L. The scaffold loading capacity was
measured by fully dissolving drug-loaded scaffolds in sodium citrate solution, allowing
the full release of FNB. The effectiveness of sodium citrate as a chelating agent for the
dissolution of Ca-ALG scaffolds has been reported in the literature [58,59]. The dissolution
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process occurred through ion exchange, where the Na+ ions in sodium citrate were replaced
with the chelated Ca2+ ions in the ALG-based scaffolds, leading to the loss of crosslinking
and the dissolution of the formulated scaffold [60].

Figure 3a shows the FNB loading capacity of scaffolds. ALG, ALG-BSA, and MR-ALG-
BSA scaffolds’ loading capacities were 39± 2.45%, 88± 1.90%, and 82± 6.28%, respectively.
Previous studies have reported that the highly hydrophilic nature of alginate makes loading
a significant amount of hydrophobic drugs rather challenging [61,62]. Interestingly, BSA
molecules can bind hydrophobic molecules leading to the formation of soluble complexes,
which could explain the enhanced FNB loading capacity of BSA-containing scaffolds [63].
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scaffolds in HEPES. (*: p < 0.05. a: p < 0.01, b: p < 0.001 significant difference between MR scaffold
and the other scaffolds) (n = 3).

The release profiles of FNB from the ALG, ALG-BSA and MR-BSA-ALG scaffolds
are presented in Figure 3b. All scaffolds revealed 1st order release kinetics where the
rate of release decreases over time. Both ALG and ALG-BSA scaffolds exhibited initial
burst release with approximately 40% of loaded FNB released in the first 6 h and almost
90% released in 6 days. Interestingly, MR-ALG-BSA scaffolds displayed significantly
slower release with no release in the first 4 h, about 25% released at 6 h, and almost 60%
release within 6 days. The drug release data correlated with the reduced swelling of MR-
ALG-BSA scaffolds, which is plausible given that ALG-based systems typically operate
through a swelling/diffusion-controlled release mechanism. Khoder et al. also observed
similar findings, where ALG-BSA Maillard product beads demonstrated more sustained
release than physically mixed ALG-BSA beads in a simulated intestinal medium. This was
attributed to the higher molecular weight of the ALG-BSA conjugate, enhanced viscosity,
and reduced swelling of the system [20].

3.4. In Vitro Biological Investigation with ARPE-19 Cells

• Viability of the ARPE-19 cells within scaffolds

The biocompatibility of ALG scaffolds in retinal regenerative medicine was inves-
tigated by culturing ARPE-19 cells on them. This cell line is commonly used for eye
research applications due to its convenience and consistency for cell culture studies [64].
MTS assay was used to evaluate the viability of ARPE-19 cells in direct contact with the
fabricated scaffolds.

Figure 4 shows the MTS absorbance values at 490 nm of all scaffolds, which are
directly proportional to cell viability. All ARPE-19 cells seeded scaffolds showed MTS
absorbance values from day 1, which gradually increased over incubation time, indicating
the biocompatibility of scaffolds and ARPE-19 cells viability. Our results showed that the
cell viability on the ALG scaffold gradually increased through the entire incubation period.
Compared with blank ALG scaffolds, both blank ALG-BSA and MR-ALG-BSA scaffolds
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demonstrated significantly higher ARPE-19 cell viability, notably after day 7, which might
be attributed to their larger pore diameter.
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seeding them seeded on ALG, ALG-BSA, and MR-ALG-BSA scaffolds (n = 4). (* denotes a significant
difference, p < 0.05).

For FNB-loaded scaffolds, an initial significant rise in ARPE-19 cell viability was
observed after day one for both ALG-FNB and ALG-BSA-FNB scaffolds. The cell viability
on MR-ALG-BSA-FNB consistently increased during the entire cell culture period. This
could be due to the anti-inflammatory properties of FNB [65]. It was previously reported
that FNB protected retinal cell survival by reducing oxidative stress and inflammation,
which was attributed to its PPARα role, decreasing the level of inflammatory mediators,
including TNF-α, IL-6, and MCP-1 [66].

The viability of cells on the FNB-loaded MR-ALG-BSA scaffold was significantly
higher than the other groups on day 14, which might be explained by the consistent
sustained release of FNB from MR-ALG-BSA scaffolds over the tested period. Furthermore,
ALG and ALG-BSA scaffolds could be depleted from FNB due to the burst and faster
FNB release, as opposed to MR scaffolds, hence could not sustain its beneficial effect until
day 14.

• In vitro cell–scaffold interaction studies

In regenerative medicine, the interaction of cells with scaffolds is critical to enhancing
the secretion and deposition of ECM, which actively facilitates and regulates cellular
activities [12]. Cells–scaffold interaction and cell distribution within scaffolds were studied
by staining ARPE-19 cells on the scaffolds with fluorescence staining, including DAPI,
calcein-AM, and PI. The DAPI staining forms fluorescent blue products upon binding to
DNA in the nucleus [67]. Calcein-AM penetrates the cells and stains the cytoplasm of
living cells. Once inside the cells, intracellular esterase enzymatically cleaves acetomethoxy
derivative to produce a fluorescent green product. The intensity of green fluorescence is
directly proportional to the number of viable cells with intact cell membranes [68]. On
the other hand, cells with damaged membranes cannot emit green fluorescence. PI is a
non-permeant dye which can penetrate the membrane of damaged cells and produce red
fluoresce in dead cells [69].

The confocal fluorescence microscopy images of stained cells in scaffolds (in the depth
of 200 µm) after day 14 are presented in Figure 5a. To better understand cell deposition
inside scaffolds, the 3D images were reconstructed. The DAPI showed more cells interacting
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with BSA-containing scaffolds than with ALG scaffolds. Cells seeded on ALG and ALG-
FNB scaffolds showed minimal calcein-AM fluorescence, while more PI fluorescence was
observed, indicating that cells could not expand nor distribute homogeneously within
the scaffold’s matrix. In good agreement with the MTS assay, BSA-containing scaffolds
showed more intense calcein-AM fluorescence, and reduction in the PI one, suggesting
better cell–scaffold interactions and more viable cells within the scaffolds. This could
be explained by the larger pore that the incorporation of BSA produced in the scaffolds,
allowing deeper cell deposition and better transport of nutrients and oxygen. In addition,
larger pores would be occluded later than smaller pores during progressive cell growth,
and the presence of open spaces could keep the movement of oxygen and nutrients supply
throughout the matrix [70].
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Figure 5. AREP-19 cells seeded on ALG-based scaffolds. (a) 3D reconstruction of confocal microscope
images of seeded ARPE-19 cells on scaffolds with fluorescence staining after 14 days: DAPI (blue)
calcein-AM (green) PI (red) in the depth of 200 µm of scaffolds (scale bar: 100 µm).; y = 1200 µm,
x = 1200 µm, thickness = 200 µm, (b) SEM images of cells distributed on the ALG-based scaffolds;
(Scale bar: 100 µm). White arrows indicate the presence of ARPRE-19 cells.

The capacity of cells to homogenously distribute Inside the scaffold structure is es-
sential to regenerate damaged tissue, as regions devoid of cells might lead to defective
tissue structure in regenerated organs [71]. While ALG scaffolds showed a limited deep
distribution of cells, a considerably deeper distribution of cells inside BSA-containing
scaffolds could be observed. This might indicate the capacity of cells to spread out and
populate a deeper scaffold matrix in the presence of BSA. The enhanced porosity associated
with the incorporation of BSA in scaffolds formulation might help reduce cell aggregation
at scaffolds surfaces which is essential for new tissue formation. In addition, SEM images
of seeded cells on scaffolds, shown in Figure 5b, further demonstrated more cells present at
the surface of ALG-BSA, MR-ALG-BSA, and MR-ALG-BSA-FNB scaffolds in comparison
with ALG and ALG-FNB ones, providing a more favourable environment for cells.
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4. Conclusions

This work was undertaken to design and develop different types of ALG-based scaf-
folds and evaluate their potential use for retinal regenerative and drug delivery applications.
The potential role of BSA as a porogenic to enhance the porosity of ALG scaffolds was
demonstrated. Furthermore, the incorporation of BSA in ALG scaffold increased their
loading capacity toward a hydrophobic drug. On the other hand, the conjugation of
BSA with ALG via the Maillard reaction improved the mechanical stability of scaffolds,
which is essential for implantation at the back of the eye. It allowed a favourable swelling
and sustained release of loaded FNB. In vitro biological investigations demonstrated the
biodegradability and biocompatibility of BSA-containing ALG scaffolds, highlighting a
significant enhancement of ARPE-19 cell viability distribution within the scaffolds when
scaffolds were subjected to the Maillard reaction. Taken together, our results demonstrate
that scaffolds made of ALG-BSA Maillard reaction products have a promising role for
retinal tissue regenerative application and as an ocular drug delivery system.
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Abstract: Chitosan exhibits unique properties making it a suitable material for drug delivery. Con-
sidering the rising popularity of hydrogels in this field, this work offers a comprehensive study of
hydrogels constituted by chitosan and cross-linked with 1,3,5-benzene tricarboxylic acid (BTC; also
known as trimesic acid). Hydrogels were prepared by cross-linking chitosan with BTC in different
concentrations. The nature of the gels was studied through oscillatory amplitude strain and frequency
sweep tests within the linear viscoelastic region (LVE) limit. The flow curves of the gels revealed shear
thinning behavior. High G′ values imply strong cross-linking with improved stability. The rheological
tests revealed that the strength of the hydrogel network increased with the cross-linking degree.
Hardness, cohesiveness, adhesiveness, compressibility, and elasticity of the gels were determined
using a texture analyzer. The scanning electron microscopy (SEM) data of the cross-linked hydrogels
showed distinctive pores with a pore size increasing according to increasing concentrations (pore size
range between 3–18 µm). Computational analysis was performed by docking simulations between
chitosan and BTC. Drug release studies employing 5-fluorouracil (5-FU) yielded a more sustained
release profile with 35 to 50% release among the formulations studied in a 3 h period. Overall,
this work demonstrated that the presence of BTC as cross-linker leads to satisfactory mechanical
properties of the chitosan hydrogel, suggesting potential applications in the sustained release of
cancer therapeutics.

Keywords: chitosan; 1,3,5-benzene tricarboxylic acid; hydrogels; rheology

1. Introduction

Polymeric hydrogels are used in the field of drug delivery for the controlled release
of therapeutic ingredients. Hydrogels are cross-linked networks and hold hydrophilic
functional groups in their structure. Hydrophilic functional groups, such as amine (-NH2),
hydroxyl (-OH), sulfonates (-SO3H), and amides (CONH2), can absorb large amounts
of water and are attached to polymeric networks [1]. They form a mesh-like structure
that has a potential ability to hold and deliver drug molecules at the site of action [2,3].
The hydrogels can be formed from either natural (chitosan [4], collagen [5], fibrin [6],
cellulose [7], hyaluronic acid [8]), synthetic (polyethylene glycol [9], polyvinyl alcohol [10],
polyacrylamide [11], and poly-N-isopropylacrylamide [12]) or semisynthetic materials
(PEG with other proteins) [13]. The polymeric chains establish a superficial 3D network
with interstitial spaces that can port the physiological or aqueous fluids [14]. These fluids
can facilitate the diffusion of oxygen as well as nutrients that play an important role in cell
growth and proliferation [15].

Among several polymers, chitosan is extensively studied in drug delivery. A great
number of applications have been proposed for chitosan, from HIV [16] and cancer
therapy [17–22], to tissue engineering [23], biotechnology, agriculture [24], and wound
dressings [25–28]. Chitosan is a cationic polymer made of repeated units of β-(1→ 4)-2-
acetamido-D-glucose and β-(1→ 4)-2-amino-D-glucose units and formed via the process of
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deacetylation of chitin. The chemical structure of chitosan is composed of two main sugars,
namely glucosamine and N-acetyl glucosamine (Figure 1). The chemical reactivity of the
polymer is due to the presence of primary amino and hydroxy groups.
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At physiological pH, chitosan acts as a mucoadhesive polymer. Here, the amino
groups become protonated and act as a determining factor in chitosan’s mucoadhesive
properties [29]. When dissolved in protic solvents, such as water, chitosan possesses
positively charged amine groups (NH3

+), which account for its solubility [25] and its
mucoadhesive properties (as it can favorably interact with the negatively charged mucus).
The degree of deacetylation (DD) and the molecular weight of chitosan are also crucial in
determining biological properties. The solubility of the polymer increases with an increase
in DD of chitosan, but on the other hand, a low DD results in a slower diffusion of the drug
through the polymeric network. Hence, chitosan with an approximate DD value of 75–85%
is preferred [30].

Chitosan is in the form of either physical or chemically cross-linked hydrogels. Cross-
linkers interact with the amine groups in the chitosan, forming molecular bridges in the
chitosan chains. As novel chitosan and carrageenan nanoparticles-based gels showed
a good potential for the sustained release of drugs in topical administration [31], more
recently, research focused on the hydrogels produced by cross-linking chitosan with differ-
ent materials, such as glutaraldehyde [32–34], genipin [35,36], and collagen [37,38]. One
such material used for this purpose is 1,3,5-benzene tricarboxylic acid (BTC, Figure 1).
Controlled drug release of the chitosan–BTC hydrogels have previously been reported by
Yang et al. [39]. In addition, the positively charged chitosan in acidic medium can allow the
attachment of nucleic acids, such as DNA and siRNA [40]. The reason for using BTC is to
design a more stable system that can encapsulate both hydrophilic and lipophilic drugs
in the polymeric networks [41]. Hydrogels with definite porous structures can be used
as carriers for drug delivery [42]. The carboxylic acid (-COOH) groups of BTC undergo
deprotonation and form ionic cross-links with the amine groups (NH2) of chitosan. In
addition, possible interactions, such as ionic, hydrogen, and π-π bonding, were reported in
the literature [43].

When combining chitosan and BTC, gelation occurs at room temperature, and these
gels can be used for encapsulating hydrophilic and lipophilic drugs for controlled or
sustained drug release. In previously reported procedures, porous chitosan was prepared
using BTC as a cross-linker [39] and supramolecular hydrogels from hydroxy pyridines [44].
In biomedical applications, there is a need for a stable hydrogel system that meets essential
criteria of toughness and stability. However, most hydrogels formulated do not display
these properties. Hence, there is a need to improve the gel characteristics either by physical
or chemical alteration. The rheological studies of the viscoelastic materials provide the
information about the mechanical strength of the hydrogels [45]. The dynamic changes
in the microscopic structure and gelation can be monitored using a rheometer [46]. This
aids in understanding the cross-linking degree, elasticity, flow, and viscosity of the gel
material in response to applied stress and strain [47]. The rheological tests can be performed
monitoring parameters, such as stress relaxation (when subjected to strain, there is decrease
in stress), oscillatory amplitude strain sweep (amplitude of the deformation or shear stress
is varied at constant frequency), frequency strain sweep within the linear viscoelastic region
(LVE), rotational viscometry, and creep recovery [48].
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Viscoelastic materials exhibit a reversible response that depends on the rate of applied
load. This mechanism usually occurs in polymeric materials. These materials are time-
dependent, which makes them strain-rate sensitive. Viscoelasticity is the property of
a material that exhibits both viscous and elastic properties when deformed. When a
viscoelastic material is subjected to stress, the response is composed of elastic deformation
(which stores energy) and viscous flow (which releases energy). The profile of the frequency
sweep data gives the degree of dispersion, whereas interparticle association frequency
sweep curves can provide information about the product (gel) behavior during storage
and application. At certain frequency, either the elastic or viscous seems dominant which
indicates the elastic or viscous nature of the structured material (Figure 2). From Graph a
(Figure 2), the particles were dispersed irregularly, and the viscous component dominated
the elastic component [49]. In Graph b of the same figure, the loss modulus is greater
than the viscous modulus, and complex viscosity (η*) is dependent on frequency. In both
cases, sedimentation is likely to occur, causing the instability of the gel structure. In Graph
c (Figure 2), the particles are evenly spread and well-dispersed. The elastic modulus
dominated the viscous modulus and independence of frequency.

Pharmaceutics 2023, 15, x FOR PEER REVIEW 3 of 20 
 

 

deformation or shear stress is varied at constant frequency), frequency strain sweep 
within the linear viscoelastic region (LVE), rotational viscometry, and creep recovery [48].  

Viscoelastic materials exhibit a reversible response that depends on the rate of ap-
plied load. This mechanism usually occurs in polymeric materials. These materials are 
time-dependent, which makes them strain-rate sensitive. Viscoelasticity is the property of 
a material that exhibits both viscous and elastic properties when deformed. When a vis-
coelastic material is subjected to stress, the response is composed of elastic deformation 
(which stores energy) and viscous flow (which releases energy). The profile of the fre-
quency sweep data gives the degree of dispersion, whereas interparticle association fre-
quency sweep curves can provide information about the product (gel) behavior during 
storage and application. At certain frequency, either the elastic or viscous seems dominant 
which indicates the elastic or viscous nature of the structured material (Figure 2). From 
Graph a (Figure 2), the particles were dispersed irregularly, and the viscous component 
dominated the elastic component [49]. In Graph b of the same figure, the loss modulus is 
greater than the viscous modulus, and complex viscosity (η*) is dependent on frequency. 
In both cases, sedimentation is likely to occur, causing the instability of the gel structure. 
In Graph c (Figure 2), the particles are evenly spread and well-dispersed. The elastic mod-
ulus dominated the viscous modulus and independence of frequency.  

 
Figure 2. Graphs representing viscoelastic parameters: (a) weakly dispersed particles (G’’ > G’); (b) 
irregular dispersion of particles; (c) fine structured particles (G′ > G″) [49]. Lines legend: purple  
for G′, elastic modulus; green for G″, viscous modulus; and orange for η*, complex viscosity... 

The phase angle reveals the material deformation to either solid or liquid. Low phase 
angle results can be seen in a solid, and a high phase angle corresponds to liquid. The gel 
point is another critical parameter that determines the dynamic viscoelastic properties of 
the polymer systems. The sudden change in viscosity of the fluid can be determined using 
the gelling point. At the gelling point, a solution becomes more resistant to flow due to a 
loss in fluidity. Winter and Chambon [50,51] explained that the gelling point can be iden-
tified from the dynamic viscoelastic parameters. They emphasized the rheological param-
eters of a new cross-linking system using end-linked poly dimethyl siloxane. The viscoe-
lasticity of the material can be determined from the loss tangent (tan δ) which is a ratio of 
the energy lost to the total energy stored during the analysis [52]. These measurements 
are important to determine the mechanical strength of the material. Creep recovery can 

Figure 2. Graphs representing viscoelastic parameters: (a) weakly dispersed particles (G′′ > G′);
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The phase angle reveals the material deformation to either solid or liquid. Low phase
angle results can be seen in a solid, and a high phase angle corresponds to liquid. The gel
point is another critical parameter that determines the dynamic viscoelastic properties of the
polymer systems. The sudden change in viscosity of the fluid can be determined using the
gelling point. At the gelling point, a solution becomes more resistant to flow due to a loss
in fluidity. Winter and Chambon [50,51] explained that the gelling point can be identified
from the dynamic viscoelastic parameters. They emphasized the rheological parameters of
a new cross-linking system using end-linked poly dimethyl siloxane. The viscoelasticity
of the material can be determined from the loss tangent (tan δ) which is a ratio of the
energy lost to the total energy stored during the analysis [52]. These measurements are
important to determine the mechanical strength of the material. Creep recovery can provide
information about the recoverable viscoelastic deformation and viscous deformation (non-
recoverable) [53].
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Drugs are released from the polymeric network through four different mechanisms:
stimulated release, degradation-controlled, solvent-controlled, and diffusion-controlled
release [54]. Thus, the rate of drug release depends on the characteristics of the polymer,
solvent used, and the physico–chemical properties of the drug. Researchers have found that
5-FU has a promising anticancer effect and can be used as a model drug [55]. The efficacy
and safety of 5-FU can theoretically be improved by using drug delivery vehicles such as
hydrogels. Indeed, the high water content of the porous three-dimensional structure of
chitosan hydrogels (up to 99% w/w of water in some cases) facilitates the incorporation
of hydrophilic drugs. The non-specific distribution of the drug in vivo, which affects non-
target cells leading to side effects, can be overcome by the introduction of hydrogels to
release drugs in a controlled manner [56,57]. In this study, hydrogels were prepared by
mixing physical solutions of chitosan and BTC. The prepared hydrogels were characterized
using NMR, Fourier-transformed infrared spectroscopy (FTIR), texture analysis, and rheo-
logical data to determine the mechanical and flow properties of the hydrogels. The release
of 5-FU from the prepared hydrogels and the impact of variations in cross-linker amounts
were also investigated.

2. Materials and Methods
2.1. Materials

Low molecular weight chitosan (>75% deacetylated, 20–300 cps (1% in 1% acetic
acid)), 1,3,5-benzene tricarboxylic acid (BTC, trimesic acid, C9H6O6, Mwt 210.14 g/mol),
5-fluorouracil (5-FU, ≥99% HPLC, powder, C4H3FN2O2, Mwt 130.08), dialysis tubing with
an average flat width of 25 mm (1.0 inch) and molecular weight cut-off (MWCO) 3500 Da,
glacial acetic acid, deuterium chloride, deuterium oxide, and ethanol were all purchased
from Sigma-Aldrich, Gillingham (UK). Aluminium specimen stubs (0.5′′) and carbon tabs
(12 mm diameter) were purchased from Agar Scientific Ltd., Stanstead (UK). Deionised
water was used for all preparations.

2.2. Preparation of Chitosan–BTC Hydrogels

Chitosan hydrogels with different concentrations were prepared according to a mod-
ification of the method previously reported by Yang et al. [39]. Briefly, chitosan solution
(1 wt%, 2.50 g) was prepared by dissolving chitosan in acetic acid (250 mL of 0.6% v/v).
This mixture was heated at 40 ◦C overnight. BTC solutions were prepared by dissolving
BTC powder in ethanol in varying concentrations. Three different concentrations (M1, M2,
M3) were, respectively, prepared by mixing:

• A combination of 1 wt% chitosan solution and 10 mM BTC-ethanol solution (M1);
• A combination of 1 wt% chitosan solution and 50 mM BTC-ethanol solution (M2);
• A combination of 0.5 wt% chitosan solution and 50 mM BTC-ethanol solution (M3).

The solutions of chitosan and BTC formed a gel at room temperature upon mixing.
A consistent amount of drug (15 mg) was loaded in all formulations to have a final

concentration of 0.3 mg/mL of 5-FU.

2.3. Computational Study

The docking procedure for subsequent ligands was performed using AutoDock Vina
(docking software) [58] and UCSF Chimera (software to display the docking) [59]. The
SMILES strings for the molecules were obtained using SwissADME [60].

2.4. Nuclear Magnetic Resonance (NMR) Spectroscopy

The typical proton NMR spectra of chitosan and chitosan–BTC were performed on a
Bruker Avance III 400 MHz two-channel FT-NMR spectrometer. An aliquot of lyophilized
sample (c.a. 15 mg) was dissolved in DCl/D2O (20%). After dissolution, the chitosan
solution was transferred to an NMR tube (5 mm). The experiments were carried out at
70 ◦C, a temperature at which solvent peaks does not interfere with the chitosan’s peaks.
The chemical shifts of the chitosan and BTC protons were recorded using the spectra.
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2.5. Fourier Transform INFRARED Spectroscopy (FTIR)

Hydrogel formulations were analyzed using a thermo-scientific NicoletTM iS5 FTIR
spectrophotometer in the range of 4000–400 cm−1 with an accumulation of 16 scans. The
sample spectrum was collected and processed using OMNIC thermo scientific software.

2.6. Viscosity

The viscosity of the hydrogels was determined at room temperature using a Brookfield
dial (DV-II + Pro) viscometer. The formulations were placed in beakers (25 mL), and
measurements were taken using an LV spindle 64. The viscosity readings (in cP) were
recorded at different shear rates (10, 20, 50, 60, 100 rpm) with the torque range between
10 and 100%. The viscometry parameters were measured at 25 ± 0.05 ◦C in triplicates.

2.7. Texture Profile Analysis

The texture profile analysis (TPA) of the hydrogels was carried out using a TA.XT.Plus
texture analyser (Stable Micro System). This instrument can be used to determine the
physical characteristics, cohesiveness, adhesiveness, consistency, and firmness of gels or
other semisolid dosage forms [61,62]. The test results can be correlated to the therapeutic
outcome of the drug formulation [63]. In addition, this is a simple and reproducible method
that provides an easy method to perform the testing of the gels. The probe used for the
analysis of the formulations was P/10. The probe was programmed at the selected speed of
2 mm/s, pre-test speed (1.0 mm/s), and post-test speed (10 mm/s) at 5 mm. The instrument
was calibrated (including the probe height) before the sample was tested. Approximately,
the gel formulation (25 mL) was placed in a standard beaker (50 mL), and care was taken to
avoid air bubbles that can interfere with the results. The readings were taken in triplicates.

2.8. Rheological Characterization

Rheological measurements of the chitosan–BTC hydrogels were carried out using a
rotational Malvern Kinexus Pro rheometer using rSpace software. The hydrogels were
tested after 7 days of preparation using the probe CP4/40 SR4147SS. Measurements were
taken at 37 ◦C for all samples. The samples were dispensed on the surface of the preheated
lower plate, and the upper cone was allowed a gap of 0.1424 mm. The excess hydrogel was
removed using a spatula. Then, the temperature was allowed to equilibrate to 37 ◦C. Once
stabilized, the flow curves were recorded with varied shear rates at the same temperature.
The tests were performed in triplicates.

Oscillation amplitude sweep and frequency sweep tests within the linear viscoelastic
region (LVE) were carried out at 37 ◦C. Strain sweep tests were performed using a strain
from 0.1 to 100% to the hydrogel once the gel was allowed to reach equilibrium. These tests
measure the storage and loss modulus with respect to shear strain at constant temperature
(37 ◦C) and frequency (1 Hz). In the frequency sweep, the frequency was varied (0.1 to
10%), while the amplitude of the deformation was kept constant. The storage and loss
modulus of the hydrogels were plotted against frequency to determine the viscoelastic
properties of the gels.

2.9. Scanning Electron Microscopy

The morphology of the hydrogels was analysed using a Zeiss EVO 50 scanning electron
microscope (SEM). The hydrogels were freeze-dried and positioned on aluminum specimen
stubs on which 12 mm diameter carbon tabs were placed. The gels were coated with gold
using a sputter coater (SC7640) and scanned at an extra high-tension voltage of 10–20 kV.
The specimen was adjusted to a height of 2 mm with a diameter of 35 mm. The samples
were viewed using different magnifications, and the software used for SEM operation was
Zeiss Smart SEM.
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2.10. Drug Release Study

The release of 5-FU was studied at 37 ◦C. Briefly, samples (5 mL of hydrogel, con-
centration of 5-FU = 0.3 mg/mL) were placed in a dialysis bag and kept in phosphate
buffered saline (PBS solution) (50 mL) at pH 7.4 [64]. At regular intervals, 2 mL of the
release medium was removed from the solution and replaced with fresh medium (2 mL).
The drug release study was monitored up to 180 min. The same method was employed
for studying the release of 5-FU at pH = 6.5. UV-Vis spectrophotometry at 266 nm was
used to determine the amount of 5-FU released. The total amount of 5-FU loaded and the
cumulative release were calculated from different concentrations of drug solutions using a
standard calibration curve at 266 nm (R2 = 0.9912).

2.11. Statistical Analysis

Statistical differences in the drug release profile were assessed using an ANOVA
test [65], and a value of p < 0.05 was considered statistically significant. The results from
the experimental data were presented as mean ± standard deviation. The error bars in the
graph represent the standard deviation (n = 3). The results attained were analyzed using
SPSS® statistical software.

3. Results and Discussion
3.1. Interaction between Chitosan and BTC

Chitosan hydrogels were prepared by mixing different ratios of chitosan and BTC.
Following a visual assessment, no differences in the appearance of the samples (M1–M3)
were observed; a picture of M1 is reported in Figure 3 for illustrative purposes. The
reactive amino groups on the chitosan can be oriented in the acetic acid solution and form
hydrophilic active sites [66]. Then, BTC was dissolved in ethanol and used as cross-linking
reagent to form the hydrogel. The interactions between carboxylic acids and chitosan were
previously reported in the literature [67]. 1H NMR analysis of chitosan–BTC was carried
out using DCl/D2O [68]. The neutralization reaction between chitosan and BTC can be
seen in Figure 4.

The DDA was calculated using integrals of the proton peaks of the deacetylated
monomer (H-D, 3.10 ppm) and protons of the acetyl group (H-Ac, 1.98 ppm) as proposed
by Shigemasa et al. [69]. The DDA of chitosan was calculated as 68.84%. The solvent peak
resonated at 4.80 ppm. The small peaks at 1.9 ppm, in both spectra of structures i and iv of
Figure 4, originated from the acetyl protons of chitosan. The area between 3 and 4 ppm
represents the proton peaks of the deacetylated monomers [70,71]. Furthermore, the singlet
at 8.52 ppm confirms the aromatic signals from BTC that do not belong to the structure
of chitosan.
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Figure 4. Schematic representation of the cross-linking effect of BTC in the formation of chi-
tosan hydrogels: (i) chitosan; (ii) protonated chitosan; (iii) BTC; and (iv) chitosan glucosamine
carboxylate salt.

3.2. Nuclear Magnetic Resonance (NMR) Spectroscopy

In relation to the chemical structures presented in Figure 4, NMR characterization was
conducted, and results are as follows:

Chitosan (i): 1H NMR (400 MHz, D2O) δ 4.71 ppm (s, 24H), 3.75 ppm (d, J = 66.9 Hz,
5H), 3.10 ppm (s, 1H), 1.98 ppm (s, 1H).

BTC (iii): 1H NMR (400 MHz, DMSO) δ 13.52 ppm (3H, s), 8.63 ppm (3H, s).
Chitosan glucosamine carboxylate salt (iv): 1H NMR (400 MHz, D2O) δ 8.52 ppm (s,

5H), 3.65 ppm (d, J = 80.0 Hz, 28H), 3.02 ppm (s, 6H), 1.90 ppm (s, 4H).

3.3. Computational Study

To further elucidate the interaction between the polymer (chitosan) and the cross-
linked (BTC), a computational study was conducted. Docking is a computational pro-
cedure that helps in predicting the binding of one molecule to the pocket of another
molecule [72]. This virtual-aided drug design can verify the library of compounds and
elucidate the results using a scoring function. This technique is used in the identification
of molecular properties using 3D structures [73]. The SMILES string for the chitosan and
BTC were obtained using SwissADME software. Below is the SMILES string for the chitosan
COC(=O)NC7C(O)C(OC6OC(CO)C(OC5OC(CO)C(OC4OC(CO)C(OC3OC(CO)C(OC2OC
(CO)C(OC1OC(CO)C(O)C(O)C1N)C(O)C2N)C(O)C3N)C(O)C4N)C(O)C5N)C(O)C6N)C(CO)
OC7OC8C(O)C(N)C(OC8CO)OC9C(O)C(N)C(O)OC9CO. The SMILES string for the BTC
is OHC(=O) C1=CC(=CC(=C1) C(OH)=O) C(OH)=O. A table of docking scores appears
in a small window, with the tightest binding docking pose for the ligand at the top. The
docking poses between chitosan (brown) and BTC (green) can be seen in Figure 5.
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Figure 5. Docking pose (brown, chitosan; green, BTC docked).

REMARK VINA RESULT: −3.3 0.267 4.922
In the above-represented docking studies (Figure 6), the amine groups of the chitosan

interacted with BTC by forming hydrogen bonds. The top ten binding poses from the
docking video are remarkably similar in binding energy, i.e., several molecules of carboxylic
acid groups were binding to the chitosan at the same time. Hence, all the interactions seem
possible from the docking. Many of these interactions can separate the solvent (water)
post-gelling. The docking suggests the intermolecular hydrogen bonding between the
chitosan and carboxylic acid groups. In addition, there is a possibility of hydrogen bond
formation between the carboxylic groups of BTC. The predicted binding energy for each
conformation will be given as a docking score in kcal/mole. The two variables in the table
are root mean square deviation (RMSD) l.b. (lower bound) and u.b. (upper bound). The
docking scores predict the binding affinities of the two molecules once they are docked.
The lower the RMSD score, the higher the precision of docking. A negative docking score
corresponds to strong binding, and a less negative corresponds to weak binding of the
polymer with the docking molecule. From the VINA result, 3.3 kcal/mole is the best
binding score with lower bound limit of 0.267 Å and upper bound limit of 4.922 Å. The
results also indicate that hydrogen bonding contributes significantly to the interactions
between the polymer and the cross-linker.
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3.4. Fourier nTransform Infrared Spectroscopy (FTIR)

The FTIR spectrum of not cross-linked and of cross-linked hydrogels can be seen in
Figure 7. The spectrum shows a band of 2884 cm−1 due to O-H and N-H bending (both
overlapping in the same region). The band at 2556 cm−1 corresponds to the bending of the
OH group of the carboxylic acid group (BTC), which cannot be seen in the uncross-linked
chitosan hydrogel. In addition, weak C-H bending of the aromatic ring of BTC can be seen
in the cross-linked gels. The bands at 1357 cm−1 and 1272 cm−1 are due to O-H and C-N
bending vibrations. The band at 1429 cm−1 can be seen in both cross-linked and uncross-
linked gels. The strong absorption band at 1549 cm−1 corresponds to amide bonds of
chitosan. Another band at 1626 cm−1 can be due to amine N-H symmetrical vibration [74].
The hydrogels of concentrations 1–10 mM show greater absorption when compared to
other concentrations. The carbonyl stretches (C=O) in less concentrated hydrogels showed
more prominent peaks when compared to those having higher concentrations at 1706 cm−1

and further confirms the presence of BTC in the structure. The strong bending at 682, 741,
and 899 cm−1 is attributed to aromatic C-H bending, which became less intense at increased
concentrations. The C-O-C glycosidic linkage from the chitosan can be seen at 1065 cm−1.
The interaction between chitosan and BTC can also be proven from the presence of C-O-C
bend in the cross-linked signals. These interpretations prove effective cross-linking of
chitosan with BTC that takes place at the amino group of chitosan.
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3.5. Viscosity

The effect of the cross-linker on the polymer concentrations are listed in Table 1.
The values for the torque were recorded between 10 and 100%, and those for the

viscosity of the hydrogels were recorded at different shear rates (rpm). An increase in
shear rate makes the fluid layers slide over one another at high speed and influences the
viscosity of the material. The viscosity of all the formulations decreased with an increase
in shear rate which confirms the pseudoplastic behavior of the fluids. Pseudoplasticity is
a characteristic feature of shear-thinning fluids and is time-independent. Shear thinning
behavior of hydrogel systems are great for biomedical applications. The non-Newtonian
behavior is related to the structural reformation of molecules due to flow. High shear rates
can cause the breakdown of fluid structures leading to reduced viscosity. This property
influences the performance of the hydrogel during drug delivery via injection [75]. In
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addition, the viscosity of sample M1 is higher than other concentrations. The high viscosity
of formulations often affects the injectability and syringeability performance while injecting
the hydrogel [76]. Presumably, the viscosity data shows greater and more efficient cross-
linking at lower BTC concentrations as opposed to high concentrations.

Table 1. Viscosities of hydrogels with different concentrations (M1, M2, and M3).

Samples Viscosity 10 rpm Viscosity 20 rpm Viscosity 50 rpm Viscosity 60 rpm Viscosity 100 rpm

Torque
(%) cP Torque

(%) cP Torque
(%) cP Torque

(%) cP Torque
(%) cP

M1 11.4 135.6 13.5 81 14.7 43.5 17.5 21 21.3 12.7

M2 11.1 66.6 12.8 38 14 16.6 15.6 15.6 17 10.2

M3 10.2 57 10.5 32.4 13.3 16 14 14 17.4 10.4

3.6. Texture Analysis

Table 2 reports the results of texture analysis of the hydrogels at three different con-
centrations (M1, M2, and M3). The instrument can measure the forward and backward
extrusions and present the recorded forces (A and B) in response to the contraction and
retraction of the probe. Initially, the instrument was calibrated for force and height measure-
ment. The probe was programmed as per the optimized test conditions, and measurements
were taken.

Table 2. Texture properties of the hydrogel formulations under the optimized test conditions.

Force A1 (g) Area A1 (g*sec) Force B1 (g) Area B1 (g*sec)

Sample (Max. Compressing Force, Hardness) Cohesiveness Min. Retracting Force Adhesiveness

M1 7.201 6.717 1.200 1.466

M2 8.120 16.348 1.820 3.321

M3 6.810 6.073 1.000 2.142

During the test, the probe traveled at a speed of 2 mm/s downwards into the gel and
was then withdrawn. Gel parameters, including hardness, cohesiveness, and adhesiveness,
were evaluated using a standard force-time plot (as seen in Figure S7). The readings
were taken in triplicates. The variables from the table show retracting, compressing,
cohesiveness, and adhesiveness, which cumulatively determine the texture of the material.
Area A1 shows the cohesiveness of the gel, while area B1 shows the adhesiveness of the
hydrogel to the probe [61]. Cohesiveness is a feature where particles stick to each other and
influence the flow properties. An increase in cohesiveness causes a decrease in the flow
due to agglomeration of the gel molecules [77]. In Table 2, M2 shows high cohesiveness,
hence retarding the flow of the hydrogels. The adhesiveness of the gels was represented
by the retracting force B1. This is the work required to overcome the forces between the
surface of the gel and the probe [78]. The cohesiveness and adhesiveness of different
concentrations of gels were plotted against the area as shown in Figure 8. Though the
difference in adhesiveness is not significant, a slight increase is observed for M2, which
might be attributed to the higher ability of the gel to chemically interact with the probe.
The hardness of the gels was measured from the maximum compressing force of the gel
formulations. It gives the force required to deform the gels. The hydrogel’s hardness values
can be verified based on the area of the application. The hydrogel concentrations with low
compressing force showed less cohesiveness.
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Figure 8. The compressing and retracting forces of the three hydrogel formulations (M1, M2, and
M3). Results represent mean values ± SD. n = 3.

3.7. Oscillation Amplitude Strain Sweep Experiments

The oscillation amplitude strain tests provide information regarding the effect of BTC
and polymer concentration on the sample structures. The influence of stress amplitude
on the hydrogels can be seen in Figure 9. The tests were conducted under constant stress
and strain and help to determine the hydrogels’ viscoelastic properties. Strain sweep
tests confirmed the gel-like behavior since the data of all the samples showed the elastic
(storage) modulus G′ higher than the loss (viscous) modulus G′′ (as shown in the figures).
In addition, the flow properties of the gels can be determined from the complex modulus
(G*) and the phase angle (δ). The complex modulus determines the stiffness of the material.
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Figure 9. Amplitude strain sweep for hydrogels prepared with different concentrations of chitosan–
BTC. (See Supplementary Tables S2–S4).

The LVE region of the hydrogels can be seen in Figures S8–S10. This region implies
a stress range over which G′ is independent of applied shear stress. For evaluating the
mechanical strength of the hydrogels, the elastic modulus from the LVE region was com-
pared with the strain values. Hydrogels with less amount of chitosan (M3) have the elastic
modulus value of 77.15 Pa when compared to high G′ 135.7 Pa (M2) and medium G′ of
134.7 Pa (M1). The high level of polymer in the cross-linked network has given a stronger
hydrogel when compared to low levels of chitosan and BTC. From the above high and
medium G′ values, we can see little difference due to the comparable concentrations of the
polymer in both samples (M1 and M2). In case of M2, the G′ values decreased abruptly at a
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shear strain of 0.5%. This evidence suggests cross-linking of these hydrogels resulted in the
following observations: (1) an increase of elastic modulus of G′ that refers to the material
deformation, i.e., of the intermolecular networks in the gel structure; and (2) an increase in
shear stress is observed in M2 in the linear viscoelastic region.

The rheological data from the oscillation tests provided the calculated shear stress
and strain as seen in Table 3. In theory, the shear modulus is defined as the ratio of shear
stress to the shear strain. When the shear modulus of the material is higher than the other,
then the material is known to have high rigidity. The shear modulus of the hydrogels with
M2 was found to be higher than other samples. Therefore, the material is found to have
high rigidity.

Table 3. The calculated shear stress and strain results from within the LVE range.

Sample Shear Stress (Pa) Shear Strain Shear Modulus

M1 6.4297 × 10−2 4.7421 × 10−2 1.35587609

M2 2.033 × 10−1 1.4887 × 10−1 1.36562101

M3 2.5966 × 10−2 3.344 × 10−2 7.76495215 × 10−1

3.8. Frequency Strain Sweep Experiments

Frequency strain sweep experiments for the hydrogels were performed within the
LVE region to determine the frequency dependence. The distribution of frequencies in
Tables S5–S7 clearly shows the dispersion and association of particles in the hydrogel
structure. The stability of the cross-linked networks can be studied using these tests.
Figure 10 represents the graph plotted between the elastic modulus and the frequency. The
angular frequency of the test material was set as ranging between 0.1 and 10 rad/s. Both G′

and G′′ were frequency-dependent, which can be attributed to the viscoelastic properties of
the hydrogel network. At a high frequency of 10 Hz, the shear viscosity of M1 was 2.9 Pa s,
which increased with increasing concentrations of both polymer and cross-linker.

Pharmaceutics 2023, 15, x FOR PEER REVIEW 13 of 20 
 

 

Table 3. The calculated shear stress and strain results from within the LVE range. 

Sample Shear Stress (Pa) Shear Strain Shear Modulus 
M1 6.4297 × 10−2 4.7421 × 10−2 1.35587609  
M2 2.033 × 10−1 1.4887 × 10−1 1.36562101  
M3 2.5966 × 10−2 3.344 × 10−2 7.76495215 × 10−1 

3.8. Frequency Strain Sweep Experiments 
Frequency strain sweep experiments for the hydrogels were performed within the 

LVE region to determine the frequency dependence. The distribution of frequencies in 
Tables S5–S7 clearly shows the dispersion and association of particles in the hydrogel 
structure. The stability of the cross-linked networks can be studied using these tests. Fig-
ure 10 represents the graph plotted between the elastic modulus and the frequency. The 
angular frequency of the test material was set as ranging between 0.1 and 10 rad/s. Both 
G′ and G″ were frequency-dependent, which can be attributed to the viscoelastic proper-
ties of the hydrogel network. At a high frequency of 10 Hz, the shear viscosity of M1 was 
2.9 Pa s, which increased with increasing concentrations of both polymer and cross-linker.  

 
Figure 10. Frequency sweep (ω) and complex viscosity (η) of hydrogels at different concentrations. 
(See Supplementary Tables S5–S7). 

Interestingly, with an increase in complex viscosity, the angular frequency of the hy-
drogels decreased. This confirms that the hydrogels show a shear-thinning behavior, thus 
proving that the hydrogels prepared were pseudoplastic fluids. In addition, the elastic 
modulus G′ of the hydrogels was higher than the loss modulus G″ and thus confirms the 
behavior. 

3.9. Scanning Electron Microscopy 
The scanning electron microscopy (SEM) images of chitosan–BTC gels demonstrated 

the presence of interconnected pores between the gel networks as seen in Figure 11. The 
lyophilized gels have highly connected pores, which can allow the passage of nutrients 
and drugs to the site of action. The gels with concentrations M1, M2, and M3 have pore 
size ranging from 2.8–3.3 µm, 14–16 µm, and 5–18 µm, respectively. Here, it can be noted 
that hydrogels with low concentrations of BTC present smaller pore sizes when compared 
to higher concentrations. The higher the porosity, the higher the rate of drug release [79]. 

Figure 10. Frequency sweep (ω) and complex viscosity (η) of hydrogels at different concentrations.
(See Supplementary Tables S5–S7).

Interestingly, with an increase in complex viscosity, the angular frequency of the
hydrogels decreased. This confirms that the hydrogels show a shear-thinning behavior,
thus proving that the hydrogels prepared were pseudoplastic fluids. In addition, the elastic
modulus G′ of the hydrogels was higher than the loss modulus G′′ and thus confirms
the behavior.
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3.9. Scanning Electron Microscopy

The scanning electron microscopy (SEM) images of chitosan–BTC gels demonstrated
the presence of interconnected pores between the gel networks as seen in Figure 11. The
lyophilized gels have highly connected pores, which can allow the passage of nutrients
and drugs to the site of action. The gels with concentrations M1, M2, and M3 have pore
size ranging from 2.8–3.3 µm, 14–16 µm, and 5–18 µm, respectively. Here, it can be noted
that hydrogels with low concentrations of BTC present smaller pore sizes when compared
to higher concentrations. The higher the porosity, the higher the rate of drug release [79].
M1 with low BTC depicts long streaks of branched out polymer network, while M2 and
M3 with relatively high BTC appear to have formed more tortuous pores. So, from the
previous observations, the hydrogels with higher BTC concentrations were found suitable
for drug delivery applications.
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3.10. Drug Release Studies

Figure 12 shows the in vitro release behavior of the three samples (namely: M1, M2,
and M3) of BTC-cross-linked chitosan hydrogels loaded with 5-FU. The rate of drug release
from the hydrogels was noted to be more pronounced in the first 20 min, followed by
a more gradual release, amounting to an overall release between 35% and 50% within
the study period of 180 min [39,54]. The amino groups of chitosan are not protonated at
pH 7.4, resulting in the formation of physical networks in the hydrogels. These networks
are responsible for the controlled release of the drug in PBS medium as reported in the
literature [80]. In addition, the degree of cross-linking of the polymer influenced the release
capacity of the hydrogel matrix. In general, high levels of cross-linker improve drug loading
effectiveness, while slowing the rate at which entrapped drugs are released. Interestingly,
the concentrations of chitosan and BTC influenced the pattern of 5-FU release from the
hydrogel matrix. The drug release profiles of chitosan–BTC at 37 ◦C can be seen in Figure 12.
A higher concentration of BTC, which in turn results in a greater extent of cross-linking in
M2, caused a retarded drug release in the first 60 min. On the other hand, when chitosan
concentration was reduced from 1% to 0.5% (i.e., comparing M2 with M3), a ‘burst-effect’
in drug release was noted within the first 20 min. A lower amount of chitosan in the M3
hydrogel, yielding less cross-linking with BTC, may have enabled more pronounced drug
release. According to ANOVA, statistically significant differences in drug release were
observed between hydrogels with different chitosan/BTC ratios. In the case of M1 and
M2, the t-test (p = 0.21) indicates no significant difference in time required for drug release.
However, there is a significant difference in time for drug release between M2 and M3
(p = 0.007). Based on these studies, the prepared hydrogel can be used for drug delivery
systems and other biomedical applications.
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Figure 12. Release profile of 5-FU incorporated in chitosan–BTC hydrogels (M1, M2, and M3)
investigated in phosphate-buffered saline (PBS) medium, pH 7.4. Results represent mean values ± SD;
n = 3 (For M1 and M2: p > 0.05; M1 and M3: p < 0.05).

At pH 6.5, rapid release of the drug occurs from 0 to 5 min, and then the drug is
released gradually from 5 to 180 min (as seen in Figure 13). In addition, there is not a
significant difference in time for drug release between the gel concentrations (M1, M2, and
M3) at this pH.
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Figure 13. Release profile of 5-FU incorporated in chitosan–BTC hydrogels (M1, M2, and M3)
investigated in phosphate-buffered saline (PBS) medium, pH 6.5 Results represent mean values ± SD;
n = 3 (For M1 and M2: p < 0.05; M1 and M3: p < 0.05).

When comparing the 2 release profiles at different pH values, it is evident that at
pH = 7.4 there is a higher extent of drug (cumulative) release than at pH 6.5. This might
suggest that 5-FU is not released via erosion of the hydrogel, (i.e., the polymer is solubilized,
and the hydrogel is disassembled); 5-FU is rather released via diffusion which is favoured
in non-acidic environments.

4. Conclusions

The current research aimed to develop BTC-cross-linked chitosan hydrogels contain-
ing 5-FU for cancer therapy. Using different ratios of BTC/chitosan, flow curves of the
hydrogels revealed shear thinning behavior of the resulting hydrogels. With an increase
in the shear rate, there is a decline in the apparent viscosity, which is a characteristic
feature of shear-thinning fluids. Viscoelastic investigations of the hydrogels revealed the
elastic (G′) modulus values were higher than the viscous (G′′) values, hence confirming the
elastic behavior of all prepared hydrogels. Further oscillatory tests (strain and frequency
sweep) confirmed the stable hydrogels’ behavior since all exhibited a plateau in the range
of 0.1–10 Hz. Under physiological conditions, the gel behaviour can be tuned by changing
the cross-linker concentrations. The low G′ (77.15 Pa) and G′′ (8.711 Pa) values of M2
indicate poor mechanical strength when compared to other samples. Spectroscopic and
structural investigations of the formulated hydrogels (NMR, FTIR, and SEM) confirmed
the presence of glycosidic bonds signals in all the spectra. The cross-sectional freeze-dried
images exhibited porous, compact, and homogenous distribution of hydrogel networks.
This provides a scope for encapsulating drugs in the hydrogel matrix. The hydrogels
exhibited slow drug release in PBS (<50%) that provides a scope for sustained drug release.
Additionally, the release at slightly acidic pH showed a slower and more prolonged release
of the drug, which might be explained in light of the porous structure of the hydrogel
matrix, coupled with the ionization of chitosan in acidic pH environments. The drug release
also appeared to have a direct correlation with the extent of polymer cross-linking, thus
facilitating a sustained drug delivery. This is a desired characteristic of hydrogels which
tends to enhance the safety and efficacy of drug therapy.

Overall, the data from this study on the properties of hydrogels and their behavior
in vitro demonstrates a great potential for enhanced biological performance and thus
warrant further investigations.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics15041084/s1, Figure S1: 1H NMR spectra of chi-
tosan (i). Figure S2. 1H NMR spectra of BTC (iii). Figure S3. 1H NMR spectra of chitosan glucosamine
carboxylate salt (iv). Figure S4. IR spectra of M1 hydrogel. Figure S5. IR of M2 hydrogel. Figure S6.
IR spectra of M3 hydrogel. Figure S7. Force vs. time plot of chitosan–BTC hydrogels in three different
concentrations: M1, M2, and M3. Figure S8. Oscillation dynamics of elastic and viscous moduli of
chitosan cross-linked with BTC (M1 hydrogel). Figure S9. Oscillation dynamics of elastic and viscous
moduli of chitosan cross-linked with BTC (M2 hydrogel). Figure S10. Oscillation dynamics of elastic
and viscous moduli of chitosan cross-linked with BTC (M3 hydrogel). Table S1. Hydrogels composi-
tions. Table S2. Amplitude strain sweep for hydrogels with chitosan–BTC concentration 1–10 Mm
(sup-plementary material). Table S3. Amplitude strain sweep for hydrogels with chitosan–BTC con-
centration 1–50 mM (sup-plementary material). Table S4. Amplitude strain sweep for hydrogels with
chitosan–BTC concentration 0.5–50 Mm (supplementary material). Table S5. Frequency sweep for
hydrogels with chitosan–BTC concentration 1–10 mM (supple-mentary material). Table S6. Frequency
strain sweep for hydrogels with chitosan–BTC concentration 1–50 mM (supplementary material).
Table S7. Frequency strain sweep for hydrogels with chitosan–BTC concentration 0.5–50 mM (supple-
mentary material). Table S8. Frequency strain sweep for hydrogels with chitosan–BTC concentration
0.5–50 mM (supplementary material).
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Abstract: The purpose of this study was to determine corneal permeability and uptake in rabbit,
porcine, and bovine corneas for twenty-five drugs using an N-in-1 (cassette) approach and relate these
parameters to drug physicochemical properties and tissue thickness through quantitative structure
permeability relationships (QSPRs). A twenty-five-drug cassette containing β-blockers, NSAIDs, and
corticosteroids in solution at a micro-dose was exposed to the epithelial side of rabbit, porcine, or
bovine corneas mounted in a diffusion chamber, and the corneal drug permeability and tissue uptake
were monitored using an LC-MS/MS method. Data obtained were used to construct and evaluate
over 46,000 quantitative structure–permeability (QSPR) models using multiple linear regression, and
the best-fit models were cross-validated by Y-randomization. Drug permeability was generally higher
in rabbit cornea and comparable between bovine and porcine corneas. Permeability differences be-
tween species could be explained in part by differences in corneal thickness. Corneal uptake between
species correlated with a slope close to 1, indicating generally similar drug uptake per unit weight of
tissue. A high correlation was observed between bovine, porcine, and rabbit corneas for permeability
and between bovine and porcine corneas for uptake (R2 ≥ 0.94). MLR models indicated that drug char-
acteristics such as lipophilicity (LogD), heteroatom ratio (HR), nitrogen ratio (NR), hydrogen bond
acceptors (HBA), rotatable bonds (RB), index of refraction (IR), and tissue thickness (TT) are of great
influence on drug permeability and uptake. When data for all species along with thickness as a param-
eter was used in MLR, the best fit equation for permeability was Log (% transport/cm2· s) = 0.441
LogD − 8.29 IR + 8.357 NR − 0.279 HBA − 3.833 TT + 10.432 (R2 = 0.826), and the best-fit equa-
tion for uptake was Log (%/g) = 0.387 LogD + 4.442 HR + 0.105 RB − 0.303 HBA − 2.235 TT + 1.422
(R2 = 0.750). Thus, it is feasible to explain corneal drug delivery in three species using a single equation.

Keywords: β-blockers; NSAIDs; corticosteroids; drug delivery; ocular delivery; drug permeability;
QSPR; MLR

1. Introduction

Ophthalmic drug products can be administered by systemic, periocular, intraocular,
or topical routes [1,2]. The oral route, a noninvasive, systemic route, although convenient
for dosing, is not a viable option for most ophthalmic drugs due to hepatic first-pass
metabolism, extensive drug dilution in the blood, and the presence of blood–tissue barri-
ers that limit ocular drug bioavailability. The blood–aqueous barrier, which limits drug
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transport from the systemic circulation to the anterior chamber [3], is constituted by the
tight junctions of the ciliary non-pigmented epithelium and the endothelial layers of the
iris and the inner wall of Schlemm’s canal. The blood–retina barrier, which limits drug
transport from the systemic circulation to the retina [4], is constituted by the tight junc-
tions of retinal endothelial cells (inner blood–retinal barrier) and retinal pigment epithelial
cells (outer blood–retinal barrier). Both blood–tissue barriers are mainly imposed by tight
junctions, with the blood–retinal barrier being more formidable, similar to the blood–brain
barrier [4]. While the periocular and intraocular routes are invasive, the topical route allows
noninvasive dosing to the eye.

The topical ophthalmic route, wherein the drug product is dosed noninvasively to
the ocular surface, is widely used in treating eye diseases afflicting the anterior segment
of the eye. Eye drops are the most commonly used topical ophthalmic drug products [5].
Although the eye is a readily accessible organ and eye drops are widely used, topical ocular
drug delivery remains limited and challenging. This is due to a series of anatomical and
physiological barriers of the eye, which can be broadly categorized as static or permeability
barriers and dynamic or fluid flow barriers that limit drug delivery [6]. Static barriers for
topical drug delivery to the anterior segment include the cornea and conjunctiva, espe-
cially tight junctions containing epithelial layers in these tissues. Dynamic barriers include
blinking, nasolacrimal drainage, and blood and lymphatic flows. Additionally, metabolic
barriers of eye tissues, including cytochrome P450 systems, proteases, and nucleases, may
degrade topically applied drugs. The above barriers, in particular nasolacrimal drainage
and epithelial permeability barriers, contribute the most towards low bioavailability of
drugs to the anterior segment of the eye. In general, much less than 10% of the topically
applied drug reaches intraocular tissues from an eye drop [7–10], and the bioavailability is
predicted to be 1 to 5% for lipophilic drugs and less than 0.5% for hydrophilic drugs [11].
Currently, there are no FDA-approved eye drops to treat back-of-the-eye diseases due to
inadequate delivery [5].

After topical administration of an eye drop in the precorneal area, it tends to accu-
mulate in the conjunctival cul-de-sac and mix with the lacrimal fluid [3,4,12]. In the time
interval between the administration and its complete drainage into the nasal cavity, the
drop is expected to spread on the eye surface by the blinking movement [13]. The lacrimal
fluid is composed of an external lipidic layer, a middle aqueous layer, and an internal
mucin layer, and the components include electrolytes, lipids, proteins, and glycoproteins
that may interact with drugs. The tear turnover time is about 1 to 2 min [14], and after
this time, the majority of the drug administered can be lost through the nasal cavity or the
conjunctiva into the systemic circulation [15].

The cornea is the main static barrier for drug absorption into the aqueous humor
following topical administration. It is highly specialized, with three key regions: epithelium,
stroma, and endothelium, which are lipophilic, hydrophilic, and lipophilic, respectively.
The epithelium is composed of five layers of epithelial cells with tight junctions that form
an important barrier to avoid fluid loss and pathogen penetration into the eye. Due to
their highly lipophilic character, hydrophilic drugs show limited permeability across the
corneal epithelium. Through this layer, drugs can permeate passively either between the
cells via the paracellular pathway or through the cell or transcellular pathway. While the
paracellular pathway prefers small hydrophilic drugs, the transcellular pathway prefers
small lipophilic drugs. The corneal stroma is a highly hydrophilic layer that behaves like
a liquid with a viscosity of about 1.5 times that of water for the diffusion of dextrans,
allowing a permeability of dextrans as large as 34 nm [2]. Stroma is rate limiting for the
transport of lipophilic drugs [11,16,17]. The endothelium, constituted by a leaky monolayer
of cells, is less of a barrier than the epithelium. The corneal penetration of drugs is limited
to compounds with a molecular weight typically lower than 500 Da; the average molecular
weight of approved topical ophthalmic drugs is 392 Da, with a range of 111 to 1811 Da [18].

Aqueous solutions usually have the simplest manufacturing process and may result
in high tissue concentrations since the soluble drug is at a molecular level and typically
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near the solubility limit of the drug. Corneal permeability is known to depend on drug
properties such as lipophilicity, molecular size, charge, and shape [6,16,19–21] as well as
formulation composition [9,22]. Understanding the factors affecting corneal permeability is
expected to benefit the development of eye drops with enhanced bioavailability.

For the evaluation of corneal permeability of drugs, rabbit, porcine, and bovine
corneas have been investigated [23,24], with rabbit being [23,25] the most commonly
used animal model due to extensive ocular pharmacokinetic data availability [25]. The
work herein employed the simultaneous analysis of 25 drug compounds of three different
pharmacological classes using an innovative LC-MS/MS method to determine their tissue
permeability and develop a predictive QSPR relationship of drug permeability in bovine,
porcine, and rabbit corneas.

2. Materials and Methods
2.1. Chemicals

Alprenolol hydrochloride, atenolol, betaxolol hydrochloride, bromfenac sodium, cal-
cium chloride, difluprednate, formic acid, flupirtine maleate, D-glucose, dimethyl sulfoxide
(DMSO), HEPES (4-(2-hydroxyethyl)-1-piperazinethanesulfonic acid), indoprofen, keto-
profen, magnesium chloride, magnesium sulfate, mefenamic acid, methanol, metoprolol
tartrate, nadolol, naproxen, nepafenac, pindolol, prednisolone, propranolol hydrochloride,
sotalol hydrochloride, timolol maleate, tolmetin sodium salt dihydrate, and triamcinolone
were purchased from Sigma-Aldrich, St. Louis, MO, USA. Acetonitrile, hydrochloric acid,
potassium chloride, potassium phosphate dibasic, sodium chloride, and sodium phosphate
dibasic were purchased from Fisher Scientific, Pittsburgh, PA, USA. Amfenac sodium
monohydrate was purchased from VWR International LLC, Radnor, PA, USA. Sodium
bicarbonate was purchased from Mallinckrodt Inc., Dublin, Leinster, Ireland. Budesonide,
fluocinolone acetonide, and triamcinolone hexacetonide were purchased from Spectrum
Chemical, New Brunswick, NJ, USA. Dexamethasone was purchased from Sigma-Aldrich,
St. Louis, MO, USA, and Shanxi Jinjin Chemical Co., Ltd., Hejin, Shanxi, China. Oxprenolol
hydrochloride was purchased from MP Biomedicals, Santa Ana, CA, USA. Dexamethasone-
4,6,21,21-d4 was purchased from CDN Isotopes, QC, Canada. Flupirtine-d4 hydrochlo-
ride and timolol-d5 maleate were purchased from Santa Cruz Biotechnology, Santa Cruz,
CA, USA.

2.2. Dosing Solution Preparation

The dosing solution was prepared from a drug cassette stock solution containing
25 drugs dissolved in DMSO at a final concentration of 200 ng µL−1. To prepare the dosing
solution, 10 µL of the drug cassette stock solution was diluted to 10 mL in assay buffer
(NaCl 122.0 mM, NaHCO3 25.0 mM, MgSO4 1.2 mM, K2HPO4 0.4 mM, CaCl2 1.4 mM,
HEPES 10.0 mM and glucose 10.0 mM in water) (pH = 7.4) to achieve a final concentration
of 200 ng mL−1.

2.3. Tissue Preparation

Bovine and porcine corneas were collected from freshly excised eyes purchased from
local abattoirs (Elizabeth Locker Plant, Elizabeth, CO, USA). Freshly isolated rabbit corneas
were shipped overnight from Pel-Freez (Rogers, AR, USA). The eyes were immersed in
refrigerated HBSS solution during transport to the laboratory. The corneas were isolated
from the eyes and mounted in NaviCyte Vertical Ussing chambers (San Diego, CA, USA),
with their epithelial side facing the donor compartment.

2.4. Test Conditions

The dosing solution (1.5 mL) was placed in the donor side of the chambers, while
plain assay buffer (1.5 mL) was placed in the acceptor side of the chambers. Both solutions
and chambers were kept at 37 ◦C during the duration of the experiment (6 h). The aeration
of the medium was performed using 5% CO2 and 95% air with slow bubbling. At 15, 30, 60,
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120, 180, 240, 300, and 360 min, 50 µL samples were withdrawn from the acceptor side of
the chambers, with immediate replacement of the volume with fresh assay buffer. Aliquots
of the donor solution were also withdrawn at the end of the study from the donor side of
the chambers. All samples were spiked with the internal standard solution immediately
after collection.

2.5. Permeability Evaluation

The drug amount in the samples was quantified using LC-MS/MS, with sample data
corrected for acceptor solution replenishment. Drug amounts in all samples were normal-
ized as percent values of the initial amount of drug quantified in the dosing solution. The
permeability of the drugs was compared using the apparent permeability coefficient [26]
(Papp), given by Equation (1):

Papp =
(dm/dt) · V0

A · m0
(1)

where dm/dt is the derivative of the cumulative drug amount transported through the
tissue as a function of time, V0 is the volume on the acceptor side, A is the contact area of
the tissue with the solutions, and m0 is the initial drug amount in the donor solution.

Permeability can be related to diffusivity [26] (Equation (2)) as follows:

D =
Papp · h

k
(2)

where Papp is the apparent permeability coefficient, h is the tissue thickness, and k is the
partition coefficient of the drug between the tissue and dosing solution. Tissue thickness
was calculated from results reported in the literature by different groups for bovine, porcine,
and rabbit corneas (Table 1).

Table 1. Corneal thickness reported in the literature for each tissue tested.

Corneal Thickness (µm)

Bovine Porcine Rabbit

800 [27] 950 [28] 480 [28]
1530 [28] 1188 [29] 370 [27]
1015 [30] 955 [31] 381 [32]
1024 [33] 850 [34] 500 [35]
1160 [36] 851 [37] 422 [38]

1105.8 * 958.8 * 430.6 *
* Average value.

Drug flux [39] across the tissues was also used to compare tissue permeability (Equation (3)):

J =
dm/dt

A
(3)

where dm/dt is the derivative of the cumulative drug amount transported through the
tissue as a function of time, and A is the contact area of the tissue with the solutions.

2.6. Drug Extraction

To extract the drugs from the cornea, the method developed by Matter, Bourne, and
Kompella [40] was used. At the end of the experiment, the portion of the cornea exposed to
the donor and acceptor solutions was taken from the chambers and submitted to a liquid–
liquid extraction protocol before LC-MS/MS analysis. First, 50 ± 5 mg of each tissue was
placed into fresh tubes. Briefly, 100 µL of fresh PBS and 10 µL of the internal standard were
added to the tubes, and the content was homogenized using a glass-glass homogenizer.
The samples were subjected to three freeze–thaw cycles, using liquid nitrogen (−196 ◦C)
to freeze followed by room temperature thawing. Then, 300 µL of a solution of methanol
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and acetonitrile (2:1) was added to each tube, and after 30 min at room temperature, the
samples were vortexed for 10 min and sonicated for 5 min. Afterwards, the tubes were
centrifuged for 10 min, and the supernatant was collected into fresh tubes. The samples
were evaporated (Savant SpeedVac SC100, Holbrook, NY, USA) until the sample volumes
were less than 100 µL.

2.7. LC-MS/MS Analysis

For drug quantification, the method developed by Matter, Bourne, and Kompella [40]
was used. An AB Sciex Qtrap 4500/Shimadzu HPLC was used, and the mobile phase
consisted of a mixture of 0.1% formic acid in water (A) and 0.1% formic acid in 9:1 ace-
tonitrile:water (B). The gradient elution was performed at 40 ◦C as follows: 99.4% of
A (0–2 min), 94% of A (2.5 min), 47% of A (10.5 min), 6% of A (14 min), and 99.4% of A
(14.5–18 min) using a Phenomenex Kinetex column. In the MS detector, the following transi-
tions were monitored: 272.9/255 (sotalol), 267/190 (atenolol), 249/116 (pindolol), 309.9/254
(nadolol), 316.9/261 (timolol), 267.9/116 (metoprolol), 265.9/116 (oxprenolol), 304.9/196
(flupirtine), 395/375.1 (triamcinolone), 259.9/116 (propranolol), 249.9/116 (alprenolol),
308/116 (betaxolol), 361/343.1 (prednisolone), 254.8/238 (nepafenac), 393/373.2 (dexam-
ethasone), 281.9/236 (indoprofen), 256/210 (amfenac), 453/433.2 (fluocinolone acetonide),
257.8/119 (tolmetin), 254.9/209 (ketoprofen), 231/185.1 (naproxen), 431/413.1 (budes-
onide), 333.8/316 (bromfenac), 509.1/303.1 (difluprednate), 241.9/224 (mefenamic acid)
and 533.2/415.1 (triamcinolone hexacetonide). The equipment was operated at 500 ◦C with
a spray voltage of 5 k and curtain and ion source gas pressures of 45 and 50 psi, respectively,
along with an entrance and collision cell exit potential of 10 and 14 V, respectively.

2.8. Multiple Linear Regression (MLR) Modelling

LC-MS/MS quantification data were used to obtain predictive linear models of cumu-
lative transport, permeability, and drug uptake for each tissue. Multiple linear regressions
were performed using the least squares method with Microsoft Excel® Professional 2016.
The following molecular descriptors were calculated for each drug with ACDLabs® (version
2019) and used as independent variables (Supplementary Materials Table S1): molecular
weight, number of hydrogen bond donors, number of hydrogen bond acceptors, number of
hydrogen bond donors and acceptors, total polar surface area, number of rotatable bonds,
carbon ratio, nitrogen ratio, nitric oxide ratio, heteroatom ratio, halogen ratio, number of
rings, number of aromatic rings, number of 5 atom rings, number of non-aromatic 6 atom
rings, log(BCF), parachor, index of refraction, surface tension, density, polarizability, molar
volume, molecular volume, molar refractivity, LogS, LogP, and LogD at pH of 7.2, 7.3, 7.4,
7.5, and 7.6.

To select the best-fit models, all possible collinearity-free models with four, three, and
two independent variables were obtained, as described in Figure 1.

Only models presenting significant (p < 0.05) coefficients for all independent variables
were selected and evaluated by R2, adjusted R2, and F values.

Best-fit models for each of the three parameters evaluated were submitted to internal
cross-validation using the Q2 coefficient. Once the applicability domain of the models was
defined [41], the Q2 coefficient was obtained with Microsoft Excel® by sample splitting,
where ≈20% of the samples constituted the test set. The splitting was repeated 1000 times
for each model. The coefficient calculation followed the relationship [42] described by
Equation (4):

Q2 = 1 −
[
∑test

i=1
(
ŷi − yi)

2 ]/ntest[
∑tr

i=1(ŷi − ytr)
2
]
/ntr

(4)

where ntest and ntr refer to the number of samples in the test and training sets, respectively,
y represents the experimental value, ŷ represents the predicted value, and y represents the
average value.
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2.9. Bioavailability Estimation

Systemic and aqueous humor bioavailability values were calculated based on apparent
permeability coefficients measured in the porcine cornea in the present study and those
estimated for porcine conjunctiva. The conjunctival permeability was estimated using
regression models and equations developed for each drug class based on a correlation
of corneal and conjunctival permeability values reported in the literature [24,43]. In this
step, only experimental articles simultaneously reporting data from porcine cornea and
conjunctiva were considered.

Papp values through porcine cornea or conjunctiva were each used to calculate the clear-
ance through human tissues by multiplying the values with the human corneal (1.04 cm2)
or conjunctival (17.64 cm2) total surface areas, unlike a prior study reporting the follow-
ing equations, which used half of the conjunctival surface area [43]. From cornea and
conjunctiva, the clearance (µL min−1) into human aqueous humor and into human sys-
temic circulation were calculated, respectively. These values were then used to calculate
bioavailability using the following relationships [43]:

CLTopical = CLCornea + CLConjunctiva + QTear (5)

BAAqueous =
CLCornea
CLTopical

·100 (6)

BASystemic =
CLConjunctiva

CLTopical
·100 (7)

where CLTopical represents the total clearance through the ocular surface, CLCornea represents
the clearance through cornea, CLConjunctiva represents the clearance through conjunctiva,
QTear represents the human tear flow rate (1.2 µL min−1) and the associated clearance [44],
BAAqueous represents the dose bioavailability in aqueous humor, and BASystemic represents
the dose bioavailability in systemic circulation.
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2.10. Statistical Analysis

All the values are described as the mean ± standard deviation. Comparisons between
groups were performed using a one-way ANOVA with GraphPad Prism 5.04, considering
α = 0.05.

3. Results
3.1. Cumulative Transport and Permeability Coefficient

The values of cumulative transport found for the drugs evaluated are presented in
Figure 2.
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The β-blockers were the drug class that showed the largest extent of transport across
all corneas. For bovine cornea, the extent of transport was given as metoprolol, oxprenolol,
and alprenolol > betaxolol > timolol and propranolol > pindolol > atenolol, nadolol, and
sotalol. The drug extent of transport across porcine cornea was lower than that of bovine
cornea, with alprenolol, metoprolol, and oxprenolol > betaxolol and propranolol > tim-
olol and pindolol > sotalol, atenolol, and nadolol. Rabbit cornea showed a higher ex-
tent of β-blocker transport, with alprenolol > metoprolol, oxprenolol, propranolol, and
betaxolol > timolol > pindolol > sotalol, atenolol, and nadolol. No significant differences
were detected for sotalol, atenolol, or nadolol between the tissues, nor for pindolol between
bovine and porcine corneas.

For the steroids, the extent of transport through the bovine cornea was budesonide and
fluocinolone acetonide > dexamethasone and prednisolone > triamcinolone and difluprednate.
In porcine tissue, the rank order was budesonide and fluocinolone acetonide > triamcinolone,
dexamethasone, prednisolone, and difluprednate. In rabbit cornea, the extent of transport
was higher than that of bovine and porcine tissues, with the rank order being fluocinolone
acetonide and budesonide > triamcinolone, dexamethasone, and prednisolone > triamci-
nolone hexacetonide. No transport was detected for triamcinolone hexacetonide through
bovine or porcine corneas or for difluprednate through rabbit cornea. Bovine and porcine
corneas showed comparable results for all steroids. On the other hand, both tissues showed
significantly lower transport of dexamethasone, fluocinolone acetonide, prednisolone, and
budesonide than that observed in rabbit cornea.

In bovine cornea, the NSAIDs showed the extent of transport as nepafenac > flupir-
tine > mefenamic acid > indoprofen, tolmetin, ketoprofen, naproxen, and bromfenac.
Porcine cornea showed the extent of transport as nepafenac > flupirtine > indoprofen,
tolmetin, ketoprofen, naproxen, bromfenac, and mefenamic acid, with the overall extent
lower than half of that for bovine. Rabbit cornea showed a higher extent of transport than
that of bovine tissue, observed as nepafenac > flupirtine > indoprofen, tolmetin, ketoprofen,
naproxen, bromfenac, and mefenamic acid. Flupirtine and nepafenac transport through
porcine cornea was significantly lower than through bovine cornea, and both were lower
than those observed for rabbit cornea. Mefenamic acid transport was comparable between
bovine and porcine corneas but significantly lower than that observed for rabbit cornea.

Permeability coefficients for all drugs followed the same trends observed for cumula-
tive transport, including significant differences. Data are presented in Figure 2. Therefore,
differences between Papp of drugs will not be described here to avoid redundancy.

3.2. Tissue Uptake

The tissue uptake data is presented in Figure 2.
Besides cumulative transport, β-blockers showed high uptake by the tissues. In bovine

cornea, the amounts detected were higher for propranolol, alprenolol, and betaxolol > pin-
dolol, timolol, metoprolol, and oxprenolol > sotalol, atenolol, and nadolol. In porcine
and rabbit corneas, the extent of β-blocker uptake was propranolol > alprenolol and be-
taxolol > pindolol, timolol, metoprolol, and oxprenolol > sotalol, atenolol, and nadolol.
The extent of β-blocker uptake was comparable between bovine and porcine corneas but
significantly lower for propranolol, alprenolol, and betaxolol in rabbit cornea.

The extent of steroid uptake by bovine cornea was observed as budesonide > all
the other steroids. In porcine cornea, steroid uptake was observed as budesonide > flu-
ocinolone acetonide > triamcinolone, dexamethasone, prednisolone, difluprednate, and
triamcinolone hexacetonide. Rabbit cornea showed an overall higher extent of steroid
uptake, with budesonide > fluocinolone acetonide > triamcinolone, dexamethasone, and
prednisolone > triamcinolone hexacetonide. No tissue uptake was quantifiable for di-
fluprednate in rabbit cornea. Bovine and porcine corneas showed comparable extents of
steroid uptake. Rabbit cornea showed higher fluocinolone acetonide uptake than bovine
cornea and, on the other hand, lower budesonide uptake than bovine and porcine corneas.
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Regarding bovine cornea, the extent of uptake of NSAIDs was nepafenac and mefe-
namic acid > flupirtine and naproxen > indoprofen, tolmetin, ketoprofen, and bromfenac.
In porcine cornea, the extent of uptake of NSAIDs was in the order: mefenamic acid > flupir-
tine, nepafenac, and naproxen > indoprofen, tolmetin, ketoprofen, and bromfenac. Rabbit
cornea showed a higher extent of uptake for the NSAIDs, with naproxen and mefenamic
acid > nepafenac and bromfenac > flupirtine, indoprofen, tolmetin, and ketoprofen. Rabbit
cornea showed higher uptake of naproxen and bromfenac than porcine cornea, which in
turn showed higher uptake of naproxen and mefenamic acid than bovine cornea. Rabbit
cornea showed higher uptake compared to bovine cornea regarding indoprofen, ketoprofen,
naproxen, bromfenac, and mefenamic acid.

3.3. Correlation Plots

Various correlations were verified by R2 determination, with the graphs and results
presented in Figure 3a,b.
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Figure 3. (a) Inter-species correlation plots for cumulative transport, Papp, and tissue uptake.
(b) Within species correlations for Papp vs. cumulative transport, tissue uptake vs. cumulative
transport, and tissue uptake vs. Papp.

Bovine vs. porcine cornea showed a high correlation for cumulative transport (R2 = 0.9797),
Papp (R2 = 0.9789), and tissue uptake (R2 = 0.9370), where the first two bovine corneas
showed higher values and the last, lower values. When correlated to rabbit cornea, bovine
and porcine corneas showed a high correlation for cumulative transport (R2 = 0.9437
and 0.9492, respectively) and for Papp (R2 = 0.9467 and 0.9496, respectively), with both
measurements showing higher values in rabbit cornea. However, bovine and porcine
corneas showed weak or good correlation, respectively, with rabbit cornea for tissue uptake
(R2 = 0.5509 and 0.7064, respectively).

Tissue uptake did not show a high correlation with Papp or cumulative transport in
bovine (R2 = 0.5381 and 0.5209, respectively), porcine (R2 = 0.4844 and 0.4677, respec-
tively), or rabbit (R2 = 0.2437 and 0.2355, respectively) corneas. On the other hand, a
high correlation (R2 ≥ 0.9990) was observed between Papp and cumulative transport for
all tissues.

The permeability and tissue uptake also showed good correlation with LogD at pH
7.4, following sigmoidal relationships, which are presented in Figure 4.
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To compare the behavior of the sigmoidal curves, Table 2 presents LogD7.4 values at
half-maximum for each parameter:

Table 2. LogD7.4 at half-maximum of the sigmoidal curves obtained for permeability and tissue uptake.

Tissue Parameter LogD7.4 at Half-Maximum

β-Blockers NSAIDs Corticosteroids

Bovine Papp (cm s−1) −0.3521 0.5118 2.145
Tissue uptake (% g−1) 0.2783 0.5068 5.61

Porcine Papp (cm s−1) −0.3327 0.4692 2.202
Tissue uptake (% g−1) 1.093 0.3586 2.43

Rabbit Papp (cm s−1) −0.3578 0.6092 2.023
Tissue uptake (% g−1) 1.758 0.2055 2.204

3.4. MLR Modeling

The best-fit models obtained were ranked considering R2 and Q2 coefficients, and the
models with the best performance for each tissue are described in Table 3:

Table 3. Best-fit predictive models obtained for each tissue and each parameter evaluated.

Parameter Tissue Unit Coefficients R2 Q2

Permeability Bovine Flux (log % s−1/cm2)
(8.312) + (−0.236·HBA) + (7.254·NR) +
(−7.192·IR) + (0.348·LogD7.4) 0.87 0.735

Papp (log cm s−1)
(−5.84) + (−0.101·HBDA) + (0.141·RB) +
(3.994·NR) + (0.274·LogD7.4) 0.812 0.632

Porcine Flux (log % s−1/cm2)
(11.882) + (−0.319·HBA) + (10.175·NR) +
(−9.504·IR) + (0.503·LogD7.4) 0.857 0.704

Papp (log cm s−1)
(−24.374) + (−0.329·HBDA) + (8.346·Log MV) +
(14.591·NR) + (0.227·LogD7.4) 0.722 0.462

Rabbit Flux (log % s−1/cm2)
(10.143) + (−0.279·HBA) + (7.64·NR) +
(−8.174·IR) + (0.47·LogD7.4) 0.884 0.748

Papp (log cm s−1)
(−5.496) + (−0.061·HBDA) + (0.11·RB) +
(2.308·NR) + (0.245·LogD7.4) 0.781 0.537

Cumulative
transport Bovine Amount (%) (179.182) + (−2.468·HBA) + (81.565·NR) +

(−106.291·IR) + (3.247·LogD7.4) 0.764 0.529

Amount (%) (−6.868) + (2.251·RB) + (2.282·LogD7.4) 0.676 0.492

Porcine Amount (%) (142.4) + (−1.956·HBA) + (57.287·NR) +
(−84.66·IR) + (2.559·LogD7.4) 0.75 0.522

Amount (%) (−6.025) + (1.754·RB) + (1.857·LogD7.4) 0.691 0.5

Rabbit Amount (%) (253.788) + (−3.628·HBA) + (110.828·NR) +
(−149.001·IR) + (5.481·LogD7.4) 0.801 0.617

Amount (%) (−7.379) + (3.048·RB) + (4.057·LogD7.4) 0.675 0.493
Tissue
uptake Bovine Amount (% g−1)

(0.763) + (−0.293·HBA) + (0.145·RB) + (5.139·HR)
+ (0.426·LogD7.4) 0.863 0.69

Porcine Amount (% g−1)
(7.694) + (−2.834·Log MW) + (0.118·RB) +
(0.419·LogD7.4) 0.728 0.562

Rabbit Amount (% g−1)
(2.23) + (−0.146·HBDA) + (0.041·RB) +
(2.376·NR) + (0.216·LogD7.4) 0.807 0.657

HBA: hydrogen bond acceptors; HBDA: hyd. bond donors + acceptors; NR: N ratio; RB: rotatable bonds; HR:
heteroatom ratio; IR: index of refraction; LogD: LogD at pH = 7.4; Log MV: log molar volume; Log MW: log
molecular weight.

Corneal thickness was considered a parameter to include the structure of the tissue
as an x-variable in modeling. Results showed that considering the nature of the tissue
in regression caused the resulting models to present higher robustness, as presented in
Table 4.
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3.5. Bioavailability Estimation

The regression equations (Table 5) used to estimate Papp values through the conjunctiva
had high coefficients of determination for all drug classes, and the values for clearance
obtained are presented in Figure 5.
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The bioavailability values in aqueous humor and in systemic circulation are presented
in Figure 6. The magnitude is close to what is expected for ocular bioavailability, but
generally higher for conjunctiva based systemic bioavailability. The trends for different
drugs did not follow what is anticipated based on drug lipophilicity and literature reports,
consistent with the limitation of the bioavailability estimation methods in this study.
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Table 4. Best-fit predictive models obtained for each parameter evaluated, considering tissue thickness.

Parameter Unit Model R2 Q2

Flux −log %·s−1/cm2 (3.474) + (3.833·TT) + (0.138·HBDA) + (−0.135·RB) +
(−5.07·NR) + (−0.375·LogD) 0.781 0.719

Flux −log %·s−1/cm2 (−10.432) + (3.833·TT) + (0.279·HBA) + (−8.357·NR) +
(8.29·IR) + (−0.441·LogD) 0.826 0.780

Papp −log cm s−1 (5.41) + (7.257·TT) + (0.086·HBDA) + (−0.151·RB) +
(−3.872·NR) + (−0.315·LogD) 0.691 0.608

Papp −log cm s−1 (−9.001) + (7.256·TT) + (0.207·HBA) + (−7.687·NR) +
(8.548·IR) + (−0.374·LogD) 0.716 0.650
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Table 4. Cont.

Parameter Unit Model R2 Q2

Cumulative transport % (6.118) + (−84.079·TT) + (−1.383·HBA) + (2.093·RB) +
(25.45·NR) + (3.029·LogD) 0.700 0.610

Cumulative transport % (198.783) + (−84.079·TT) + (−2.685·HBA) + (83.227·NR) +
(−113.318·IR) + (3.763·LogD) 0.734 0.662

Tissue uptake log % g−1 (1.422) + (−2.235·TT) + (−0.303·HBA) + (0.105·RB) +
(4.442·HR) + (0.387·LogD) 0.750 0.684

Tissue uptake log % g−1 (1.853) + (−2.235·TT) + (−0.13·HBDA) + (0.097·RB) +
(2.615·NR) + (0.308·LogD) 0.748 0.678

TT: tissue thickness; HBA: hydrogen bond acceptors; HBDA: hyd. bond donors + acceptors; NR: N ratio;
RB: rotatable bonds; HR: heteroatom ratio; IR: index of refraction; LogD: LogD at pH = 7.4.

Table 5. Models used to estimate conjunctival Papp values for porcine cornea.

Drug Class R2 Model

β-blockers 0.934 PappConjunctiva = (10.141·PappCornea) + (−0.00000267)
NSAIDs 0.979 PappConjunctiva = (24.645·PappCornea) + (−0.00000633)

Corticosteroids 0.999 PappConjunctiva = (7.150·Papp
Cornea) + (0.00000136)

4. Discussion

Rabbit cornea has been widely used in ocular research, with the permeation behavior
of many drugs well characterized, as summarized by Prausnitz and Noonan [45]. However,
the porcine cornea holds important similarities with the human cornea, suggesting that it
might be a more appropriate model to assess drug permeation. Van den Berghe, Guillet,
and Compan [28] compared the central corneal thickness and number of layers of the
epithelium of porcine, human, bovine, and rabbit corneas and indicated that porcine and
human corneas are similar in this regard, while the bovine cornea is much thicker with
more epithelial cell layers, and rabbit cornea is thinner with a similar number of cell layers
in the corneal epithelium. Greiner et al. [46] suggested that human and porcine corneas had
more comparable phosphate metabolism, relative to rabbit [47]. Porcine and rabbit corneas
have significantly higher collagen fibrillar diameter, interfibrillar distance, and interlamellar
distance compared to human cornea, but the magnitudes are of a similar order [48]. The
presence of a Bowman’s layer in porcine cornea, previously an object of controversy among
specialists [49], has also been demonstrated in more recent studies [48,50], marking another
similarity with human, rabbit, and bovine corneas [51].

In this study, rabbit cornea showed higher transport and Papp values than bovine and
porcine corneas, which had values closer to each other. This finding might be related to the
lower thickness of the rabbit cornea, which can deliver drugs to the anterior chamber faster
than thicker tissues. For all tissues, permeability was higher for drugs with intermediate
lipophilicity, mostly β-blockers, flupirtine, and nepafenac. Permeability might also be
affected by drug ionization in the medium since charged molecules remain in the aqueous
medium to a greater degree. By observing data through this prism, we can notice that
the highest transported amounts were observed for drugs with a higher pKa, behaving
as weak bases that tend to be ionized at pH 7.4. For most drugs, the bovine and porcine
permeabilities were comparable. However, β-blockers, flupirtine, and nepafenac showed
higher permeability through the bovine cornea. Differences have been reported in the
conformation of collagen packaging between these two tissues, with porcine displaying
more regular, approximately orthogonal layers and bovine displaying more randomly
interwoven layers [52]. These differences might also have a role in the behavior of the
cornea as a barrier since regular packaging may provide higher fiber density to the tissue,
thereby increasing barrier capacity.

Tissue uptake behaved like cumulative transport, with the influence of the epithelium
layer more noticeable. The lipophilic character of this layer increases the retention of
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lipophilic drugs, which was the case for all species. It is possible to notice that bovine
and porcine corneas showed higher uptake of drugs with intermediate lipophilicity, while
rabbit cornea showed higher uptake of drugs with higher lipophilicity. Rabbit cornea
has a lower thickness than the other tissues, with this difference observed mainly for the
hydrophilic stroma. Therefore, it is possible that in rabbit cornea, the lipophilic character of
the epithelium is more prominent, thus favoring the uptake of lipophilic drugs per unit of
tissue weight. On the other hand, for bovine and porcine corneas, the stroma might have a
higher influence, allowing for the uptake of less lipophilic drugs.

A high correlation was found between Papp and cumulative transport for all species.
This correlation is expected since Papp is obtained from the slope of the cumulative transport
curve, and all cumulative transport data were normalized to the percent of the initial
amount. The same degree of correlation was not observed between cumulative transport or
Papp and tissue uptake, with weak to no correlation observed for all species, which indicates
the influence of different factors on these two phenomena.

When comparing species, a high correlation was also found for cumulative transport
and Papp between the species. A good to weak correlation was found between porcine or
bovine and rabbit for tissue uptake, although the uptake across species was similar based
on a slope close to 1. A high correlation was observed between bovine and porcine cornea
for this parameter. It is important to note that bovine and porcine corneas showed not
only a high correlation for the parameters measured but also that the correlation slopes
were close to 1, indicating that the values observed were of the same order. Generally, the
permeability differed between the species more than the tissue uptake, consistent with
differences in tissue thickness.

Papp and tissue uptake showed a good correlation with LogD7.4 (Figure 4), which was
the most relevant molecular descriptor indicated by modeling. The correlation followed a
sigmoidal relationship, also reported by some authors [17,53,54]. In this relationship, the
LogD7.4 value at half-maximum was taken as a comparison parameter (Table 2) and showed
that, for β-blockers and steroids, optimal LogD7.4 values for tissue permeation were lower
than those for uptake. NSAIDs, on the other hand, showed the opposite behavior of β-
blockers and steroids, with higher half-maximum LogD7.4 values for Papp than for tissue
uptake and higher maximum uptake for rabbit cornea. While permeability for the three
drug classes and uptake for NSAIDs appeared to reach a more definite maximum in all
species, tissue uptake of β-blockers in all species and corticosteroids in bovine cornea
appeared to have more room for accumulation with a further increase in LogD beyond
what was tested. The lack of saturation of corticosteroid uptake in the bovine eye might be
due to the greater number of epithelial cell layers in this species. In general, the highest
uptake and permeability were observed for β-blockers.

Data modeling using MLR provided models with a high degree (0.822 ≤ R ≤ 0.940)
of correlation for all parameters tested. For the permeability and cumulative transport
parameters, the best-fit models contained as x-variables the number of hydrogen bond
sites, the nitrogen atom ratio in the molecule, the number of rotatable bonds, the molar
volume, the index of refraction, and the LogD at a pH of 7.4. It is important to note that
for the permeability parameter, although the apparent permeability coefficient (Papp) was
calculated, better models were obtained with flux as the y-variable.

For permeability and cumulative transport models, the number of hydrogen bond
acceptor or donor sites is a variable frequently reported [55–57]. This parameter is directly
related to the degree of polarity of the molecule, and, therefore, these sites can limit to a
certain degree the permeation of a molecule through the barrier of the corneal epithelium,
which is strongly lipophilic.

The nitrogen atom ratio in the molecule can also be a factor of strong influence on
its permeability since these atoms can form polar groups in the molecule, participating
in the formation of hydrogen bonds. Furthermore, nitrogen atoms are often present in
these molecules as amine groups, which have a direct influence on the ionization state
of the molecules at the pH of the medium. The ionization of molecules is a determining
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factor for their permeability not only through the cornea but also through any biological
membrane [48].

The variable LogD at a pH of 7.4 was present in the most relevant models not only
for cumulative transport and permeability but also for tissue uptake, being identified as
the most relevant variable among those tested. Since LogD describes the octanol/water
partition coefficient at experimental pH, this variable combines the influence of molec-
ular structure and ionizable groups in its hydrophobicity, showing better experimental
applicability than LogP in this context.

The refractive index is defined as the ratio between the speed of light in each substance
and in a vacuum. The modification of the light speed when passing through a substance
is due to the interaction between the electric field of light and the electronic cloud of the
molecules. If the oscillation frequency of the incident light is like that of a particular atom,
group, or molecule, the greater the interaction between them, the greater the refraction of
light. Rocquefelte et al. [58] pointed out that the refractive index of a substance is closely
related to its mass density, electron density, and the presence of chromophore groups
and excitable electrons in the molecules. Several electron-dense groups are present in the
molecules studied and contribute to the refraction of light since, in addition to absorbing
radiation, these groups also enable greater attraction between drug molecules, such as
nitrogen and oxygen heteroatoms, amine, carboxyl, carbonyl, and hydroxyl groups, as well
as halogens.

Another factor that was shown to be relevant for the three tissues tested was the count
of rotatable bonds in the molecules. Rotatable bonds comprise any single bond, not in a ring,
bound to a nonterminal heavy (non-hydrogen and non-nitrogen) atom [59]. The influence
of this variable has been described by some authors as either limiting or contributing to
drug absorption, e.g., Veber et al. [59], Zakeri-Milani et al. [60], Iyer et al. [61], and Davis,
Gerry, and Tan [62]. Either way, the presence of rotatable bonds can lead to conformational
changes in the molecules, and these shape changes can determine the molecule’s ability to
pass through or be retained in densely packed barriers such as corneal epithelium [63].

Modeling results have indicated the influence of molar volume on permeability
through the cornea. This size-related descriptor has also been used [64,65] as a correc-
tion factor for permeability through other biological and artificial membranes, since size
may be a determinant property for permeability limited by porous structures.

Data modeling for the tissue uptake parameter showed the relevance of different
variables for the different tissues evaluated, although it is possible to highlight some
similarities between them. First, it is possible to verify the influence of the presence of polar
regions in the molecules, represented by the variables of hydrogen bond acceptor sites
for bovine and the sum of hydrogen bond donor and acceptor sites in the rabbit cornea,
as well as by the ratios of nitrogen and of heteroatoms in the molecules. The influence
of polarity is also represented by the variable LogD at pH 7.4 in all the models obtained.
Structural properties also had an influence on the uptake, as evidenced by the relevance of
rotatable bonds and molecular weight. It is important to notice that, regarding size-related
properties such as molar volume and molecular weight, the latter might account better for
the presence of oxygen and nitrogen atoms since these atoms might increase the molecular
weight without significantly altering the molar volume [66].

Bioavailability assessment represents a crucial step in drug feasibility evaluation.
When considering ocular drug delivery, bioavailability is restricted by barriers present in
the eye. For topical drug delivery to the anterior chamber, three main barriers may be
considered: blinking and tear fluid drainage, cornea, and conjunctiva, each presenting
unique absorption-limiting characteristics.

The conjunctival epithelium is composed of 2 to 3 stratified cell layers bound by tight
junctions, but different from corneal epithelium, conjunctiva presents a higher density of
pores ranging from 4.9 to 3.0 nm in diameter, thus permitting the paracellular absorption of
hydrophilic and large molecules, according to Lawrence and Miller [67]. These structural
properties make the conjunctiva more permeable than the cornea for many drug classes.
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However, the permeability properties of the conjunctiva depend on isolation and tissue
mounting techniques, with poor isolation techniques resulting in the loss of integrity of the
conjunctival barrier and the associated trans-tissue electrical resistance [68]. Thus, in vitro
studies are inherently limited. Although a precise prediction of the in vivo pharmacokinet-
ics of a drug will remain elusive, some useful information can be gathered from in vitro
permeability data. Assuming that conjunctival permeability predominantly accounts for
systemic availability while corneal permeability contributes predominantly to aqueous
humor bioavailability, we estimated the bioavailability for various drugs in this study. Our
estimates indicated that overall bioavailability in aqueous humor after corneal absorption
would be limited, with values ranging from 0.00 to 1.13%. The range observed is related
to corneal barrier properties and perm-selectivity, which allow restricted and differential
permeability to different compounds. Low aqueous humor bioavailability is expected for
most drugs administered topically due to corneal barrier properties discussed previously in
this article. It is apparent that systemic availability did not follow the previously reported
trend. A limitation of the present approach is that blink-induced rapid tear drainage was
not considered. Additionally, nasal absorption contributes 50% or more to the systemic
absorption of β-blockers [15]. Thus, nasal permeability and blink-induced drainage rates
should be factored in to better estimate the systemic as well as topical bioavailability of
ophthalmic drugs. Further, most literature-reported permeabilities for the conjunctiva may
be overestimates due to improper tissue isolation, magnifying the conjunctival clearance of
drugs estimated in this study.

For β-blockers, diffusion and partition coefficients in the conjunctiva are reportedly
higher than in the cornea [69]. Results indicated that systemic bioavailability would be
more than 96% for β-blockers, except for sotalol, atenolol, and nadolol, hydrophilic β-
blockers, which would be more susceptible to tear drainage but less permeable. This result
agrees with the ones by Lee, Kompella, and Lee [15], in which the authors describe lower
systemic bioavailability for hydrophilic β-blockers such as atenolol (41%). The authors
also determined that nasal drainage contributes more to systemic absorption than the
conjunctival pathway for systemic absorption. Corticosteroids, however, being predomi-
nantly lipophilic, showed possibly more limited conjunctival absorption than β-blockers,
reflected mainly in triamcinolone, difluprednate, and triamcinolone hexacetonide. It is
important to note that in rabbit conjunctival epithelial cells, the presence of p-glycoprotein
efflux pumps was reported, which might hinder the absorption of lipophilic drugs [70].
Such mechanisms are described also for human and rabbit corneas [71] and might also be
present in porcine cornea, thus explaining the lower slope observed for this drug class in
the model obtained (Table 5). NSAIDs, on the other hand, would benefit from the presence
of a sodium-dependent monocarboxylate transport process in the mucosal side of the
conjunctiva [72], which would facilitate absorption. The influence of this mechanism might
be reflected in the high model slope and bioavailability values found for this drug class,
with ketoprofen being the only NSAID with an estimated systemic bioavailability lower
than 80%.

5. Conclusions

Ex vivo corneal models for drug permeability are relevant in the preclinical stages of
drug evaluation to identify drug candidates or formulations with superior permeability
and to predict drug bioavailability in vivo. Different species have been used to evaluate
the permeation of drugs through the cornea, including rabbit, porcine, and bovine. The
present study compared the permeability of twenty-five drugs across the corneas of these
three species and developed predictive equations as well as interspecies correlations for
drug permeability and tissue uptake. This study established a single equation to predict
corneal drug delivery in multiple species based on tissue thickness and drug properties
such as lipophilicity and polar intermolecular interactions. Such equations help explain
species differences in drug permeability and delivery.
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A high correlation was observed between bovine, porcine, and rabbit corneas for
permeability, with the permeability being comparable for bovine and porcine eyes and
higher for the rabbit cornea. Permeability differences between species could be explained
in part by differences in corneal thickness. Although tissue uptakes in all three species
were similar, a high correlation was observed for tissue uptake between bovine and porcine
corneas. The correlations between the properties observed in bovine and porcine corneas
indicate that bovine cornea is acceptable for drug or formulation screening since it can
provide data like porcine tissues, which are reportedly similar to human corneal tissue.

Estimation of drug bioavailability using ex vivo data indicated that topical absorption
into aqueous humor would be limited for all drugs considered, with most of the dose being
absorbed into the systemic circulation. Although the order of magnitude of bioavailability
in aqueous humor may be comparable to literature-reported values, the trends may not be
as reported. There is room to improve bioavailability predictions.

Bovine cornea has significantly higher thickness [36] than porcine and rabbit corneas,
with more cell layers in the epithelium [28]. Stroma is also responsible for the higher
thickness of bovine cornea [33]. Bovine cornea was established as a model for ocular
irritancy by Gautheron et al. in 1992 [73], and in 1994 [74], it was assessed as a model for
permeability by the same group. However, since then, bovine cornea has been used mainly
for the evaluation of ocular irritancy. Thus, this work presents an important contribution to
the literature since it evaluated bovine corneal permeability and the uptake of several drugs.

Future studies will evaluate in vivo delivery of the cassette, the effect of the cassette
on barrier integrity, and enhance mathematical models to predict in vivo delivery based on
in vitro delivery.
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Abstract: Since its introduction to the market in the 1970s, ketoprofen has been widely used due to
its high efficacy in moderate pain management. However, its poor solubility and ulcer side effects
have diminished its popularity. This study prepared forms of ketoprofen modified with three basic
excipients: tris, L-lysine, and L-arginine, and investigated their ability to improve water solubility
and reduce ulcerogenic potential. The complexation/salt formation of ketoprofen and the basic
excipients was prepared using physical mixing and coprecipitation methods. The prepared mixtures
were studied for solubility, docking, dissolution, differential scanning calorimetry (DSC), Fourier
transform infrared spectroscopy (FTIR), in vivo evaluation for efficacy (the writhing test), and safety
(ulcerogenic liability). Phase solubility diagrams were constructed, and a linear solubility (AL type)
curve was obtained with tris. Docking studies suggested a possible salt formation with L-arginine
using Hirshfeld surface analysis. The order of enhancement of solubility and dissolution rates was as
follows: L-arginine > L-lysine > tris. In vivo analgesic evaluation indicated a significant enhancement
of the onset of action of analgesic activities for the three basic excipients. However, safety and gastric
protection indicated that both ketoprofen arginine and ketoprofen lysine salts were more favorable
than ketoprofen tris.

Keywords: ketoprofen; L-arginine; L-lysine; tris; basic amino acids; writhing; gastric ulcer

1. Introduction

An estimated 40% of commercially available drugs and up to 90% of newly discov-
ered drug candidates have poor water solubility [1,2]. As a result, the development of
solubilization techniques, as well as the search for new hydrotropes and potential water-
soluble excipients to enhance the solubility and dissolution rates of poorly soluble drugs,
has been an ongoing endeavor for formulation scientists [3,4]. Ketoprofen (Figure 1) is a
non-steroidal anti-inflammatory drug (NSAID) that was discovered in 1968 [5]. It is the
most commonly prescribed NSAID for various acute and chronic pain conditions, such
as moderate to severe dental pain and osteoarthritis [5]. Ketoprofen is sold worldwide
under different brand names, including as Orudis® capsules in the USA and as the over-the-
counter (OTC) medication Ketofan® (25 mg immediate-release tablets and 50 mg capsules)
on the Egyptian market. However, poor water solubility and dissolution rates of ketoprofen
have resulted in erratic drug absorption and inconsistent bioavailability, especially in the
first part of the gastrointestinal tract. As a weak acid, the solubility of ketoprofen in the
acidic gastric fluid is minimal [6,7].
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Numerous solubilization techniques have been employed to improve solubility and
dissolution rates of different water-insoluble drugs. These techniques include particle size
reduction, solid dispersion, complexation, salt formation, cocrystallization, and nanoparti-
cle encapsulation [8–10]. In addition, many water-soluble excipients have been used to im-
prove the solubility and bioavailability of poorly soluble drugs. These include water-soluble
macromolecules and hydrophilic polymers, such as polysaccharides, polyvinylpyrrolidone,
polyethylene glycol, and cyclodextrins [10]. While these excipients have successfully en-
hanced the solubility of many drugs, their solubilizing capacity can be limited and require
that they be used in large amounts, which can raise toxicological and regulatory con-
cerns [3,10]. Low-molecular-weight excipients, such as urea and sugars, have also been
extensively investigated. However, their solubilizing capacity is limited due to both their
chemical neutrality and their lack of sufficient binding sites and ionizable groups [11].

In recent years, there has been a growing interest in investigating and utilizing amino
acids due to their safety and tolerability. Amino acids are classified as GRAS (Generally
Recognized as Safe) and are used as dietary supplements [4]. In addition, amino acids
have been successfully used to solubilize both ionizable and non-ionizable drugs. They
are small molecules with diverse chemical structures, and can be broadly classified into
mainly amphoteric (e.g., glycine and alanine), acidic (e.g., aspartic acid and glutamic acid),
or basic (e.g., arginine and lysine) amino acids (Figure 1). Additional side chains, such as
hydroxyl and sulfhydryl groups, can boost their solubilizing capacity [4,12].

Ketoprofen-L-lysine can exist in salt or cocrystal forms, depending on the preparation
method. Both forms have enhanced dissolution characteristics, but the bitterness scores for
these two forms of ketoprofen-L-lysine were higher than that of the parent drug [13]. In an-
other study, ketoprofen–tromethamine was prepared by a coprecipitation method, resulting
in a new crystalline state with significantly enhanced solubility and dissolution rates [14].

Tromethamine (also known as tris aminomethane) is a basic excipient and a widely
used buffering agent in biochemistry and protein assays. Tris has been used to form
water-soluble salts from weak acids such as ketorolac and nimesulide [15].

This study explored the impact of three basic excipients (lysine, arginine, and
tromethamine, or tris) with different basicity and pKa values (Figure 1) on the solubility,
dissolution rates, and analgesic efficacy of ketoprofen, as well as ulcer side effects. The aim
was to rank and showcase any particular advantages of these basic excipients in improving
the biopharmaceutical properties and safety profile of the NSAID drug ketoprofen.

The specific objectives of the study included the formation of solid dispersions and
physical mixtures, the construction of phase solubility diagrams, thermal and dissolution
studies, spectral and docking analysis, analgesic evaluation using the writhing test in mice,
gastric ulcer liability, and histopathological examination.

2. Materials and Methods
2.1. Materials

Ketoprofen was provided by Pharco Pharmaceuticals (Alexandria, Egypt). L-arginine
was purchased from Fluka AG (Buchs, Switzerland). L-lysine, tris, and sodium lauryl
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sulfate were obtained from Sigma-Aldrich (London, UK), and Ketofan® capsules were
supplied by Amrya Pharmaceuticals (Amrya, Alexandria, Egypt). Empty hard gelatin
capsules of size 0 were purchased from Isolab Laborgeräte (GmbH, Am Dillhof, Germany).

2.2. Preparation of Ketoprofen-Excipients Physical and Dispersed Mixtures
2.2.1. Physical Mixtures

Ketoprofen-L-lysine, L-arginine, and tris physical mixtures (PM) were prepared sepa-
rately by weighing an equivalent molar weight in milligrams. The drug-excipient mixture
was then thoroughly mixed in a porcelain dish for 2–3 min using a spatula and sieved
through a 125-µm sieve.

2.2.2. Coprecipitated Mixtures of Ketoprofen:L-lysine, Ketoprofen:L-arginine,
and Ketoprofen:tris

To prepare coprecipitated mixtures of ketoprofen with L-lysine, L-arginine, and tris,
specific weights (in mg) equivalent to the molecular weight of ketoprofen were dissolved
in 20 mL of methanol. Accurate weights (in mg) equivalent to the molecular weights of the
basic amino acids (L-lysine and L-arginine) and tris were dissolved individually in 10 mL
of distilled water. The methanolic solution of ketoprofen and the aqueous solutions of the
basic excipients were mixed in a porcelain dish with a 100-mL capacity. The porcelain dish
was placed on a hot plate stirrer (LabTech, Daihan, Korea), adjusted to 80 ◦C, and left until
complete evaporation. The resulting powder was ground in a mortar and pestle and passed
through a 125 µm sieve.

2.3. Equilibrium Solubility Studies

Excess amounts of ketoprofen were added to various solutions containing different
concentrations of the basic excipients (0, 0.1, 0.2, 0.4, 0.5, 1, 2, and 3% w/v) of L-arginine,
L-lysine, and tris. These mixtures were placed in a thermostatic shaking water bath (Shel
Lab water bath, Sheldon Cornelius, OR, USA) at 37 ◦C ± 0.5 ◦C, rotating at a speed of
120 strokes per minute. The samples were left for 48 h to attain equilibrium; aliquots (4 mL)
were withdrawn, filtered, and measured spectrophotometrically at λmax = 260 nm using
a UV-visible spectrophotometer (JENWAY-Model 6305, Chelmsford, UK). The solubility
data (µg/mL) were obtained from the standard calibration curve with acceptable linearity
(R2 = 0.9955). The solubility constant (K) was calculated from the slope of the phase solubil-
ity diagram obtained from the regression line of solubility (µg/mL) versus concentration
(mM) plots [9,15], as shown in the following equation:

K =
Slope

Intercept ∗ (1 − slope)
(1)

2.4. Differential Scanning Calorimetry (DSC) and Fourier Transfer Infrared Spectroscopy (FTIR)

Samples of ketoprofen, arginine, lysine, tris, physical mixtures (PM), and coprecipi-
tated mixtures were weighed (2–4 mg) and placed in aluminum pans. The DSC Mettler
Toledo Star System (Mettler Toledo, Zürich, Switzerland) was used to gradually increase
the temperature from 30 to 300 ◦C at a rate of 10 ◦C/min, calibrated with an indium
standard, and using nitrogen as a purging gas. A Thermo Scientific Nicole IS 10 FTIR
spectrophotometer (Waltham, MA, USA) was used to compress potassium bromide sam-
ples into discs using a 10-ton hydraulic press. The samples were scanned 16 times from
400 to 4000 cm−1, and data were collected using Omnic software from Thermo Scientific in
Waltham, MA, USA.

2.5. In Vitro Dissolution

In vitro dissolution studies were conducted on two dissolution media. The first
dissolution medium consisted of simulated gastric fluid (pH 1.2, 900 mL) containing 1%
w/w sodium lauryl sulfate (SLS) for the first two hours. Then, in the same flask, the pH
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of the medium was increased to 6.8 using dibasic sodium phosphate for an additional
three hours to simulate intestinal fluid. The dissolution media were agitated using USP
apparatus 2 at 50 rpm and a temperature of 37 ◦C. Ketoprofen powder, PM, and Coppt
dispersed mixtures weighing 20 mg (or equivalent to 20 mg of ketoprofen) were filled into
hard gelatin capsules of size 0 (Isolab Laborgeräte, GmbH, Am Dillhof, Germany), placed
in dissolution sinkers, and transferred to dissolution flasks. A 5 mL sample was withdrawn
at specified intervals and replaced with another 5 mL of fresh dissolution medium. The
samples were analyzed spectrophotometrically, as previously described in Section 2.3.

2.6. Molecular Docking

Molecular docking studies were performed with the Molecular Operating Environ-
ment (MOE) 2014.09 software (Chemical Computing Group, Montreal, QC, Canada) to
predict the stability and possible orientation of various bases on the surface of ketoprofen.
The 3D structure of ketoprofen was constructed using the builder interface, and its energy
was minimized to an RMSD (root mean square deviation) gradient of 0.01 kcal/mol using
the QuickPrep tool in the MOE software. Similarly, the 3D structures of arginine, lysine,
and tromethamine were built using the MOE builder, and their energies were minimized.
The three bases were docked onto the surface of ketoprofen using an induced-fit docking
protocol with the Tri-angle Matcher method and dG scoring system for pose ranking. After
a visual assessment of the resultant docking poses, those with the highest stability and
lowest binding free energy values were selected and reported.

2.7. In Vivo Studies
2.7.1. Writhing Assay

Mice weighing between 25 and 30 g were used in the experiment. The ability of
ketoprofen and the prepared coprecipitated mixtures of ketoprofen with the three basic ex-
cipients (tris, L-lysine, and L-arginine) to inhibit acetic acid-induced writhing was assessed
as previously described [11]. The mice were divided into five groups, as outlined in Table 1.
A dose of 50 mg/kg or its equivalent was dispersed in an aqueous solution containing
0.25% carboxymethyl cellulose (CMC) to make the tested solutions (2 mg/mL). An accurate
sample (0.5 mL) of the tested solutions was administered orally through a gastric tube.
After the dose was administered, 30 µL of diluted acetic acid solution (0.6% v/v) was
injected intraperitoneally into the animals. Induced writhes were counted for 20 min.

Table 1. Different groups and treatments received in the writhing assay.

Group Treatment

I Solution of 0.25% CMC (Untreated)

II Ketoprofen (K) suspended in 0.25% CMC

III K:tris dispersed in 0.25% CMC

IV K:L-lysine dispersed in 0.25% CMC

V K:L-arginine dispersed in 0.25% CMC

2.7.2. Indomethacin-Induced Ulcer

Male albino rats were fasted for 24 h and given access to water. They were divided
into six groups of five rats each. The positive control group received a single oral dose of
indomethacin (30 mg/kg) through a gastric tube, while the control group received saline.
The remaining four groups were given a single oral dose of 50 mg/kg of ketoprofen or
its equivalent in K:tris, K:lysine, and K:arginine Coppt mixtures. Four hours after dosing,
the animals were sacrificed, and their stomachs were dissected, flushed with saline, and
opened for inspection of ulcer formation [16].

The ulcers were counted and quantified by pinning the stomach on a piece of flat
cork and scoring the ulcers using a dissecting microscope. The area of mucosal damage
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(ulcer) was expressed as a percentage of the total surface area of the mucosal surface of
the stomach [16].

2.8. Histopathological Documentation

The dissected stomachs from the control and treated groups were fixed in 10% formalin-
buffered saline for several days, dehydrated, embedded in paraffin blocks, and then
sectioned into 5 µm-thick slices. As previously reported, the final sections were stained
with H&E stain for microscopic examination and imaging [17,18]. The aggregation of
polysaccharides was visualized using periodic acid Schiff (PAS) staining [19].

3. Results and Discussion
3.1. Solubility Studies

The results of the equilibrium solubility of ketoprofen in the presence of increasing
concentrations (w/v %) of the three basic excipients (L-lysine, L-arginine, and tris) are shown
in Figure 2A. Phase solubility curves of ketoprofen with the three basic excipients were
constructed (Figure 2B–D) to determine solubility type. The three basic excipients, tris,
L-lysine, and L-arginine, at a concentration of 3% w/v, significantly (p < 0.05) improved the
solubility of ketoprofen by 4, 4.65, and 6.8-fold, respectively. Arginine showed superior
solubilization capacity compared to the other two basic excipients (Figure 2A). This solubil-
ity enhancement can be attributed to the electrostatic interaction and alkalinizing effects
of the stagnant diffusion layer around dissolved particles of the basic excipients in the
solvent, which increased the ionization of the weak acid drug [20]. Arginine (pKa = 12.48)
is the strongest basic excipient compared to tris (pKa = 8) and lysine (pKa = 10). Hence,
the diffusion layer becomes more alkaline and more ionization occurs, favoring the sol-
ubilization of the weak acid ketoprofen. Figure 2B-D shows the phase solubility curves
(solubility (mM) against concentrations (mM) of the basic excipients). Tris obtained solely a
linear relationship (AL). In contrast, nonlinear relationships were observed with arginine
and lysine.
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Similarly, the solubility of ketoprofen in the prepared physical mixtures (PM) and
coprecipitated ketoprofen with tris, L-lysine, and L-arginine was enhanced (Figure 3).
Ketoprofen’s solubility increased significantly (p < 0.05), and this increase depended on the
type of excipient and the preparation method of the solid dispersion. For example, copre-
cipitated dispersed mixtures demonstrate superior enhancement in solubility compared to
physical mixtures. Coprecipitated mixtures generate drug particles with less particle size
due to the solvent effect, in addition to generating more intimate contact and interactions
with the basic excipients; hence, higher solubility can be achieved [1].
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3.2. FTIR and DSC Studies

FTIR spectroscopy and DSC thermal analysis were used to detect possible physico-
chemical interactions between ketoprofen and the three basic excipients under investigation.
Figure 4A shows the FTIR spectra of ketoprofen, the three basic excipients, and their physi-
cal and coprecipitated mixtures. Specific IR absorption bands of pure ketoprofen detected
at 1610 cm−1 and 1684 cm−1 were due to stretching of the ketone group and the car-
boxylic carbonyl group (C=O), respectively [14]. The characteristic peaks at their assigned
wavenumbers were simply additive to the FTIR spectra of the three basic excipients, indi-
cating that no observable physicochemical interactions could be identified with the physical
mixtures. In contrast, the vibrational bands of the keto and carbonyl groups of ketoprofen
were broadened and shifted for ketoprofen and tris, ketoprofen and L-lysine, and ketopro-
fen and L-arginine, suggesting hydrogen bonding formation and electrostatic interactions
with the basic/cationic excipients [21]. Similarly, DSC analysis revealed the complete
disappearance of ketoprofen melting from both physical and coprecipitated ketoprofen
mixtures with L-lysine and tris. This indicated the presence of both physicochemical and
electrostatic attraction. In contrast, a weak melting transition was found in K:L-arginine PM,
but a complete disappearance of K melting was observed in the coprecipitated mixtures.
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Figure 4. (A) FTIR spectra and (B) DSC thermograms of ketoprofen (K), basic excipients (tris, lysine,
and arginine), physical mixtures (PM), and coprecipitated dispersed mixtures (Coppt).

3.3. Dissolution Studies

For drugs with poor solubility, determined dissolution rates are both a regulatory
requirement and essential for distinguishing newly developed formulations. The disso-
lution medium should mimic physiological fluids and conditions [22]. To determine the
exact amount of ketoprofen used for the in vitro dissolution study under sink conditions,
equilibrium solubility was measured in different simulated gastric fluids (0.1 M HCl) con-
taining three different concentrations (0.1%, 0.5%, and 1% w/v) of sodium lauryl sulfate
as a surfactant. Sodium lauryl sulfate is an anionic surfactant that was selected because
it mimics the anionic natural surfactants/bile salts in gastric fluid. To both prevent the
surface flotation of drug particles and simulate in vivo performance, it is crucial to wet the
dispersed particles prior to dissolution. The surface tension of gastric fluid is considerably
lower than that of water, suggesting the presence of surfactants in this region [23]. Ketopro-
fen solubility was 75, 127.5, 150, and 190 µg/mL for HCl solutions containing SLS of 0.1%,
0.5%, and 1% w/v, respectively. Therefore, an acid dissolution medium with 1% SLS was
selected to ensure sink conditions.

This study adopted both acidic gastric conditions and a physiological pH of 6.8 to
simulate intestinal pH. The first two hours of dissolution were studied at an acidic pH
because the solubility of ketoprofen (a weakly acidic drug with a pKa of 4.4) was very low
(0.1 mg/mL), the pH was significantly lower than the pKa of ketoprofen, and the drug was
available in a unionized form. In contrast, the solubility of the drug at pH 6.8 (where the
drug predominantly exists in ionized forms) was evaluated to determine the capacity of
the three basic excipients to improve the dissolution rate under gastric conditions.

Figure 5 shows the dissolution profiles of ketoprofen from the prepared physical and
dispersed mixtures, and Table 2 presents three dissolution parameters: the time required
for the dissolution of 50% of ketoprofen (T50%) and relative dissolution rates at 60 min
and 300 min (RDR60 and RDR300, respectively). Slow and incomplete dissolution was
recorded for ketoprofen powder over 300 min, with only 50% of the drug dissolving
in 240 min. In contrast, Ketofan® capsules showed nearly doubled RDR60 and RDR300
dissolution parameters. Similarly, physical mixtures of ketoprofen with the three basic
excipients enhanced the dissolution parameters by 1.26 to 1.74-fold and shortened the T50%
value to 120 and 180 min, respectively, compared to the T50% of 240 min recorded for
ketoprofen powder.
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Figure 5. Profiles of in vitro dissolution of ketoprofen powder, commercial capsules, and physical
and dispersed mixtures with lysine, arginine, and tris. For the first two hours, simulated gastric fluid
(pH = 1.2) was employed, and for the remaining three hours, simulated intestinal fluid (pH = 6.8)
was used.

Table 2. Dissolution parameters were measured for ketoprofen, commercial capsules, and ketoprofen
with respect to excipient mixtures. * T50% denotes the time required for 50% of the initial amount to
be dissolved; ** and *** denote relative dissolution rates of 60 and 300 min, respectively.

Formulation T50% (min) * RDR60 ** RDR300 ***

Ketoprofen powder 240 - -

Ketofan capsule 120 2 1.75

K:tris PM 180 1.28 1.26

K:tris Coppt 120 1.6 1.8

K:lysine PM 120 1.6 1.5

K:lysine Coppt 60 2.08 1.92

K:arginine PM 120 1.74 1.74

K:arginine Coppt 30 2.68 2.07

Compared to physical mixtures, superior dissolution rates were recorded for copre-
cipitated mixtures. For example, K:tris, K:lysine, and K:arginine coprecipitates recorded
T50% of 120, 60, and 30 min, respectively, compared to 180, 120, and 120 min estimated
for K:tris, K:lysine, and K:arginine physical mixtures, respectively. These results indicated
that the preparation technique of the dispersed mixtures made a marked difference in
dissolution rates.

Furthermore, L-arginine and L-lysine appear superior to tris in terms of their capacity
to improve the in vitro dissolution rates of ketoprofen. L-arginine (pKa = 12.48) is the
strongest base compared to the other two basic excipients, L-lysine (pKa = 10.79) and
tris (pKa = 7.8). The stronger the base, the faster the in vitro dissolution rate can be
recorded. This is due to the faster alkalinization of the diffusion layer surrounding the drug
particles, as well as the increasing ionization of the acidic drug in this diffusion layer [20].
Additionally, these results correlate well with the solubility studies that demonstrated the
following order: L-arginine > L-lysine > tris.

3.4. Molecular Docking

Several methods could be utilized to establish the ability of the three basic excipients
to form a salt with ketoprofen. Fundamentally, the difference in acid dissociation constants
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(pKa (base)–pKa (acid)) for ketoprofen and the three basic excipients is widely used to
predict the possibility of cosolvation experiments producing a cocrystal or a salt. A pKa
difference greater than 3 suggests a salt formation, while values less than 0 suggest that
cocrystal is the predominant form [24–27]. An acidic pKa of 4.39–4.45 [28] for the propionic
acid proton of ketoprofen gives a difference of 8, 6.4, and 3.4 with arginine, lysine, and
tromethamine, respectively (Figure 1). This supports the previous findings of salt formation
between ketoprofen and the three bases.

Additionally, Hirshfeld surface analysis, a tool for visualizing crystal structure interac-
tions (Spackman & Jayatilaka, 2009), of ketoprofen crystals revealed that carboxylic oxygens
are the most likely sites for interactions in ketoprofen (shown red areas in Figure 6A). The
same conclusion was reached with theoretical docking of the three bases on the surface of
ketoprofen using MOE software, suggesting the construction of small stable complexes, as
shown in Figure 6B. In the case of arginine, the complexes created showed the proximity
of the basic guanidine NH2 with the highest pKa to the carboxylic group. The stability
of such complexes, and their observed proximity, may favor the potential proton transfer
between the ketoprofen acidic group and the guanidine amino group of arginine in a salt
formation process. Recently, the salt formation between ketoprofen and tromethamine
was confirmed [14]. A salt formation between ketoprofen and lysine was also described,
substantiating our assumptions [13].
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upon docking arginine onto the ketoprofen surface.

3.5. In Vivo Studies
3.5.1. Writhing Assay

A writhing assay was employed to assess the onset of analgesic activities of the drug
alone and the coprecipitated drug mixtures with three basic excipients (tris, L-lysine, and
L-arginine) within 20 min. In the current study, both the number of writhes and percentage
(%) of writhing inhibition were recorded for the untreated, ketoprofen-, K:tris Coppt-, K:L-
lysine Coppt-, and K:L-arginine-treated groups, as illustrated in Figure 7A,B. The number
of writhes for the ketoprofen-treated group decreased from 46 to 32, with 30% inhibition.
In contrast, the numbers of writhes recorded for the K:tris, K:L-lysine, and K:L-arginine
coprecipitated mixture groups were 3, 8, and 10, respectively, with percentage inhibitions
of 91%, 82%, and 78%, respectively. These findings suggest that these basic excipients
have promising potential to quickly enhance analgesic activity when compared to the drug
alone. This is due to their improved solubility and in vitro dissolution rates. Notably, it is
worth mentioning that this in vivo study did not significantly correspond with previously
mentioned in vitro dissolution studies, where L-arginine showed superior potential for
enhancing both solubility and dissolution rates.
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ketoprofen with respect to the three basic excipient coprecipitated mixtures.

K:tris Coppt demonstrated statistically significant inhibition in the number of writhes
compared to both K:L-lysine and K:L-arginine Coppt, while the latter two showed signifi-
cant reductions in the number of writhes (8 and 10, respectively) and percentage inhibition
(82% and 79%, respectively). However, no statistically significant differences (p > 0.05) were
identified for either L-arginine or L-lysine in reducing the number of writhes. Similar re-
sults were reported elsewhere for the NSAID drug nimesulide [15]. Nimesulide tris Coppt
outperformed the amorphous mixture of nimesulide and PVP K30 in terms of analgesic
activity and time to onset of action [15].

In another study, the ketoprofen lysine salt demonstrated a more rapid and complete
absorption than the acid form of ketoprofen. Peak plasma concentration for the ketoprofen
lysine salt was attained in 15 min, compared to 60 min for the acid form [29]. Additionally,
it was reported that the ketoprofen lysine salt demonstrated analgesic activity two times
stronger than ketoprofen, as well as a higher LD50 [30].

The writhing assay was also used to assess the onset of analgesic activity of nimesulide,
a poorly soluble drug. Nimesulide alone inhibited writhing by approximately 22%. In
comparison, the more water-soluble form of the drug prepared in an inclusion complex
with β-cyclodextrin in a ratio of 1:4 showed a percentage inhibition of 54.5% at 20 min [31].
The nimesulide-tris complex showed a superior reduction in the number of writhes com-
pared to the nimesulide-polyvinylpyrrolidone (PVP) K30 and nimesulide-polyethylene
glycol 4000 complexes [15]. Several reports have indicated that, in addition to improving
the solubility of poorly soluble drugs, tris can act as a permeability enhancer and alter
membrane permeability [32–34].

3.5.2. Indomethacin-Induced Ulcer

NSAIDs cause gastric toxicity, including gastric ulcers. Indomethacin, a commonly
used NSAID, is often used as a model drug for inducing gastric ulcers in rats due to its
high ulcerogenic index [16,35]. Indomethacin is a potent inhibitor of prostaglandin and
can cause significant damage to the gastric mucosa [36]. This study aimed to determine if
coprecipitated mixtures of ketoprofen and three basic excipients, which improved solubility
and bioavailability, could reduce the gastrointestinal side effects of ketoprofen.

Figure 8 shows stomachs pinned on corkboards to emphasize the location and number
of ulcers in the negative and positive (indomethacin) groups, as well as the groups treated
with ketoprofen and coprecipitated mixtures of ketoprofen and basic excipients. The
indomethacin-treated group (the positive control) had the highest number of ulcers, with
nine ulcers recorded. The number of ulcers in the ketoprofen group was reduced to about
one-third of that of the indomethacin group, as indomethacin is more potent at causing
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gastric ulcers [36]. There were no statistically significant (p > 0.05) differences in the number
of ulcers between the K:tris and ketoprofen groups.
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Interestingly, the K:lysine and K:arginine coprecipitated mixtures produced signif-
icantly fewer ulcers than ketoprofen alone. These results are consistent with recent re-
ports [5]. Ketoprofen lysine salt has been shown to reduce ulcer side effects compared
to the acidic form of ketoprofen [37]. This is likely due to the residual amino groups
of L-lysine and L-arginine, which act as carbonyl scavengers; they also offer protection
against oxidative damage to the gastric mucosa by providing indirect antioxidant effects
and increasing the levels of glutathione S-transferase P at the cellular level in the gastric mu-
cosa [5]. Additionally, L-lysine and L-arginine have been reported to both enhance mucosal
integrity and have gastroprotective effects through nitric oxide (NO) donation [37,38].

3.5.3. Histopathological Studies

Figures 9a–e and 10a–e display histopathological documentation of gastric tissues
for the control, ketoprofen, ketoprofen:tris coprecipitate, ketoprofen:lysine coprecipitate,
and ketoprofen:arginine coprecipitate at low magnification (x100) and high magnification
(x400) lenses. The normal control group exhibited intact mucosa (double-headed arrow),
healthy surface epithelium (thin black arrow), intact normal gastric glands (white arrows),
and normal submucosa (Figure 9a). At higher magnification, the normal control group
showed healthy surface epithelium with normal integrity (thin black arrow) and intact
normal gastric glands (white arrows) (Figure 10a). In contrast, the ketoprofen-treated group
exhibited gastric mucosa (double-headed white arrow) with sporadic superficial degerma-
tion and desquamation of the surface epithelium (red arrows). Additionally, degenerative
changes and shrinkage of the gastric glands (thick black arrows) were observed (Figure 9b).
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Figure 10b shows superficial degermation and desquamation of the surface epithelium (red
dotted arrows). Furthermore, degenerative changes and shrinkage of gastric glands (thick
black arrows) were recorded for the ketoprofen-treated group (Figure 10b).

Figure 9. Histological sections from rat stomachs: (a) control group, (b) ketoprofen-treated group,
(c-1, c-2) ketoprofen:tris Coppt, (d) ketoprofen:L-lysine Coppt, and (e) ketoprofen:arginine Coppt
stained by H&E and photographed at low power x 100 (bar = 200 µm) and x 400 (bar = 50 µm).
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Figure 10. Histological sections from rat stomachs: (a) control, (b) ketoprofen-treated group,
(c-1, c-2) ketoprofen:tris Coppt, (d) ketoprofen:L-lysine Coppt, and (e) ketoprofen:arginine Coppt
stained by H&E and photographed at high power x 400 (bar = 50 µm).

Figure 9c-1,-2 shows gastric mucosa (double-headed white arrow) with ulcerated
regions (red arrows) and slight degeneration of glands (thick black arrow) in the K:tris-
treated group. Ulcerated surface epithelium (red dotted arrows) with slight degeneration
and atrophy of gastric glands (thick black arrow) was recorded for the same group and
detected at higher magnification in Figure 10c-1,-2.

Figure 9d shows normal, intact mucosa (double-headed arrow), maintained surface
epithelial integrity (black arrows), and gastric glands (white arrows) for the K:lysine group.
Maintained surface epithelial integrity (black arrows) and intact gastric glands (white
arrows) were recorded at higher magnification (Figure 10d).

Figure 9e shows intact, healthy mucosa and possible protection against ketoprofen-
induced superficial ulceration (black arrows) for the K:arginine group. In Figure 10e, intact,
healthy mucosal surfaces (black arrows) and normal gastric glands (white arrows) were
recorded at higher magnification.
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These findings correlate significantly with the ulcer indices shown in Table 3, and, in
addition to their enhanced solubilization for ketoprofen, confirm the gastroprotective effect
and safety benefits of the two basic amino acids L-lysine and L-arginine.

Table 3. Ulcerogenic potential (number of ulcers) and ulcer indices for the positive control (in-
domethacin), ketoprofen (K), K:lysine, K:arginine:K:tris coprecipitated mixtures.

Test Substance Ulcer Number Ulcer Index

Control 0 ± 0.0 0

Indomethacin 8.66 ± 0.88 a 7.8 a

Ketoprofen 3.33 ± 0.66 a,b 3.59 a,b

Ketoprofen:tris 2.00 ± 0.0 b 1.1 a,b,c

Ketoprofen:lysine 1.0 ± 0.33 b,c 0.55 a,b,c

Ketoprofen:arginine 0.53.00 ± 0.17 b 0.33 a,b,c

The data are presented as the mean ± SD of six animals. A one-way ANOVA test followed by a Tukey–Kramer
post hoc test was used for multiple comparisons. a Denotes a significant difference from the control group
(p < 0.05). b Represents a significant difference from the indomethacin group (p < 0.05). c Indicates a significant
difference from the ketoprofen group (p < 0.05).

4. Conclusions

This study highlighted the role of three basic excipients (tris, L-lysine, and L-arginine)
as potential solubilizers, as well as their capacity to form salts with the non-steroidal anti-
inflammatory drug ketoprofen. The three basic excipients were superior in potentiating
and advancing analgesic activities due to both their penetration-enhancing activities and
their enhanced solubility and dissolution rates of the weak acid drug. However, only
L-arginine and L-lysine demonstrated gastric protection against ketoprofen-induced ulcers
and erosion of the gastric mucosa. This study recommends L-arginine and L-lysine as
promising agents for promoting the analgesic and safety profiles of classical NSAIDs.
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Abstract: Alzheimer’s disease (AD) is a devastating illness with limited therapeutic interventions.
The aim of this study is to investigate the pathophysiological mechanisms underlying AD and explore
the potential neuroprotective effects of cocoa, either alone or in combination with other nutraceu-
ticals, in an animal model of aluminum-induced AD. Rats were divided into nine groups: control,
aluminum chloride (AlCl3) alone, AlCl3 with cocoa alone, AlCl3 with vinpocetine (VIN), AlCl3 with
epigallocatechin-3-gallate (EGCG), AlCl3 with coenzyme Q10 (CoQ10), AlCl3 with wheatgrass (WG),
AlCl3 with vitamin (Vit) B complex, and AlCl3 with a combination of Vit C, Vit E, and selenium
(Se). The animals were treated for five weeks, and we assessed behavioral, histopathological, and
biochemical changes, focusing on oxidative stress, inflammation, Wnt/GSK-3β/β-catenin signaling,
ER stress, autophagy, and apoptosis. AlCl3 administration induced oxidative stress, as evidenced
by elevated levels of malondialdehyde (MDA) and downregulation of cellular antioxidants (Nrf2,
HO-1, SOD, and TAC). AlCl3 also upregulated inflammatory biomarkers (TNF-α and IL-1β) and
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GSK-3β, leading to increased tau phosphorylation, decreased brain-derived neurotrophic factor
(BDNF) expression, and downregulation of the Wnt/β-catenin pathway. Furthermore, AlCl3 inten-
sified C/EBP, p-PERK, GRP-78, and CHOP, indicating sustained ER stress, and decreased Beclin-1
and anti-apoptotic B-cell lymphoma 2 (Bcl-2) expressions. These alterations contributed to the ob-
served behavioral and histological changes in the AlCl3-induced AD model. Administration of cocoa,
either alone or in combination with other nutraceuticals, particularly VIN or EGCG, demonstrated
remarkable amelioration of all assessed parameters. The combination of cocoa with nutraceuticals
attenuated the AD-mediated deterioration by modulating interrelated pathophysiological pathways,
including inflammation, antioxidant responses, GSK-3β-Wnt/β-catenin signaling, ER stress, and
apoptosis. These findings provide insights into the intricate pathogenesis of AD and highlight the
neuroprotective effects of nutraceuticals through multiple signaling pathways.

Keywords: Alzheimer’s disease; GSK-3β-Wnt/β-catenin; PERK/CHOP/Bcl-2; oxidative stress;
cocoa; vinpocetine

1. Introduction

Alzheimer’s is a complex neurological disorder that is progressive. Aβ and tau protein
tangles are the key features of AD, found mainly in the entorhinal cortex and hippocampus.
The accumulation of Aβ results in impaired cell communication, leading to cell apoptosis.
Additionally, an imbalance between Aβ production and clearance strongly correlates with
the formation of tau protein tangles [1]. Exposure to aluminum metal is considered the
most hazardous risk factor for the etiology of AD [2].

Mounting scientific evidence has firmly linked the onset of AD pathology to oxidative
stress. Oxidative stress induces both Aβ accumulation and tau protein phosphorylation,
contributing to the pathogenesis of AD [1]. Nuclear factor-erythroid 2-related factor 2
(Nrf2) (Nrf2) reduces oxidative stress by controlling antioxidant proteins such as heme
oxygenase-1 (HO-1), decreasing inflammation, and stopping Aβ and tau phosphorylation,
which enhances cognitive abilities, learning, and memory. Conversely, a reduction in the
transcription factor Nrf2 levels has been observed in AD. Oxidative stress can lead to
Nrf2 downregulation and neuroinflammation. Oxidative stress, inflammation, and Nrf2
transcriptional regulation are intertwined. Hence, this highlights that Nrf2 has emerged as
a promising novel pharmacological target in the management of AD [3].

It has linked oxidative stress to histopathological changes in AD that increase glycogen
synthase kinase-3 beta (GSK-3β) activity. The elevation of GSK-3β leads to the upregulation
of phosphorylated tau protein and the dysregulation of wingless-related integration site
(Wnt)/β-catenin signaling. Wnt/β-catenin signaling regulates neurogenesis, synaptic
plasticity, and Aβ-induced apoptosis [4].

Additionally, endoplasmic reticulum (ER) stress plays a significant role in the patho-
genesis of neurodegenerative disorders, including AD. It triggered the expression of C/EBP
homologous protein (CHOP), a pro-apoptotic protein, leading to neuronal cell death. ER,
stress also impaired autophagy by deregulating the autophagy protein Beclin-1 level. Im-
paired autophagy has also been found to contribute to the pathological buildup of tau
deposition in AD. Clearing abnormal protein aggregation is essential to preventing AD
because of its ability to cause neuronal degeneration [5]. Modulating Beclin-1 and Bcl-2
connections regulates autophagy [6].

AD poses a daunting challenge as it lacks any effective therapeutic interventions.
Medications can reduce symptoms and slow disease progression, but there may be limited
effectiveness and possible side effects with long-term use. However, recent research
has identified a promising approach for modifying the overall course of AD by using
herbal medicine and nutraceuticals. Notably, herbal medicine and nutraceuticals are safe,
affordable, and widely accessible. They offer a diverse range of medical benefits, including
powerful antioxidant and anti-inflammatory properties and the ability to inhibit cell death.
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These features provide a firm foundation for neuroprotection, ultimately leading to a
decline in AD symptoms and an enhancement in overall quality of life [7].

Cocoa is the mature fruit of the cocoa tree (Theobroma cacao L.), which possesses potent
antioxidants, anti-inflammatory, anti-proliferative, and neuroprotective activities. Cocoa
flavonoids are protective against minor cognitive impairment and dementia in AD [8]. Vin-
pocetine (VIN) is an artificial derivative of the vinca alkaloid. It improves brain metabolism
and elevates cognitive power. Therefore, it is used in stroke and other cerebrovascular
disorders [9]. EGCG, the principal component of green tea, has been studied for its ability to
treat inflammation and neurodegeneration [10]. It is well known for its ability to scavenge
the free radicals and for its antioxidant and anti-apoptotic properties [9]. Wheatgrass (WG),
an early grass of the wheat plant (Triticumaestivum), also possesses potent antioxidant effects
because of its abundant chlorophyll, vitamins (A, C, and E), bioflavonoids, and mineral
nutrients [11]. Another naturally occurring molecule that resembles a vitamin is coenzyme
Q10 (CoQ10), which controls mitochondrial oxidative phosphorylation and, consequently,
ATP synthesis [12]. CoQ10 has a potent protective effect against experimental cerebral
ischemia/reperfusion injury [13] and AD [14]. In addition, the vitamin B complex group, a
combination of eight water-soluble vitamins, has displayed potent protective effects against
neurodegenerative diseases such as AD [15]. Clinically, Vit B complex is used to improve
neurodegeneration [16]. Moreover, the combination therapy of vitamin C (Vit C), vitamin E
(Vit E), and Selenium (Se) acts synergistically to provide valuable antioxidant protection
against free radical-triggered cell membrane lipid peroxidation [17]. It has been previously
stated that Se, Vit E, and Vit C activities are interconnected. Furthermore, deficiencies in
these nutrients can cause various neurodegenerative diseases [18].

Our study builds upon previous research and aims to unravel the complex pathophys-
iological mechanisms involved in AD. Specifically, we sought to investigate the potential
neuroprotective impact of cocoa, either alone or in combination with other nutraceuticals
such as VIN, CoQ10, EGCG, WG, a combination of Vit E, Vit C, and Se, or the Vit B com-
plex, using an animal model of aluminum-induced AD. Unlike prior investigations that
only examined isolated compounds without comprehensive evaluations of behavioral and
histopathological outcomes, our study provides a more comprehensive understanding of
both the potential neuroprotective properties of these compounds and the additive effects
that may arise from their combination. By evaluating critical pathways involved in AD,
including oxidative stress, antioxidants, inflammation, ER stress, autophagy, Wnt3/β-
Catenin/GSK-3β, and apoptosis, we can better grasp the underlying pathogenesis of the
disease. Additionally, we explore how these nutraceuticals impact the pathways to yield
neuroprotective effects.

Overall, our study offers valuable insights into the multifaceted pathogenesis of
AD and highlights the potential of various nutraceuticals to exert neuroprotective effects
through multiple signaling pathways. These findings could guide the development of
novel therapeutic approaches for the treatment and prevention of AD.

2. Materials and Methods
2.1. Ethical Approval

The Animal Care and Use committee of the Faculty of Pharmacy, Al-Azhar University,
reviewed and accepted the study protocol with ethical approval number 218/2021. The
research complies with the ARRIVE criteria and follows the guidelines outlined in the
“Guide for Care and Use of Laboratory Animals”, published by the National Institutes of
Health (NIH Publications No. 8023, revised 1978).

2.2. Materials
2.2.1. Drugs and Chemicals

Aluminum chloride hydrated (product number: 237078), cocoa extract blend (product
number: W584649), CoQ10 (product number: C9538), EGCG (product number: PHL89656),
Se (product number: GF59784575), and VIN (product number: V6383) were purchased
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from Sigma Chemical Co. (St. Louis, MO, USA). Wheatgrass powder was provided by
Bioglan Super Foods (Surrey, England, UK). Before oral administration, the WG solution
was prepared by suspending it in 1% tween in normal saline. The chemical constituents
of WG were previously identified and analyzed in our previous work [19]. To prepare
VIN, it was dissolved in distilled water. CoQ10 was dissolved in a 1% aqueous solution of
Tween 80. Vit B complex, Vit E, and Vit C were obtained from Kahira Pharmaceutical and
Chemicals Ind. Co., Cairo, Egypt. Fresh vitamin E was dissolved in corn oil, and vitamin B
complex and vitamin C were dissolved in distilled water. All chemicals used were of the
best commercially accessible quality.

2.2.2. Animals

Adult male albino rats (n = 90) weighing between 320 and 340 g were provided by
Nile Co. for Pharmaceuticals and Chemical Industries, Cairo, Egypt. The rats were pur-
chased and accommodated in cages with three to four rats each under standard laboratory
conditions (automatically controlled temperature of 25 ◦C, humidity, ventilation, and 12-h
light/dark cycle). One hour preceding each experiment, rats were taken to experimental
locations for acclimatization after food and water were removed from their cages. All
studies occurred between the hours of 9 a.m. and 2 p.m.

2.3. Methods
2.3.1. Experimental Design

The animals were divided into nine groups (n = 10) and injected daily with either saline
for control (group 1) or AlCl3 (70 mg/kg i.p.) for AD model groups for five weeks [20]. The
first AD group served as the model control (group 2). While the other groups were adminis-
tered AlCl3 orally with cocoa (24 mg/kg, group 3) [21], either alone or in combination with
EGCG (10 mg/kg, i.p.; Group 4) [22], VIN (20 mg/kg, group 5) [23], CoQ10 (200 mg/kg,
group 6) [24], and WG (100 mg/kg, group 7) [19]. Vit B complex (0.2 mg/kg, group 8) [25]
was also administered, as was a combination (group 9) of Vit E (100 mg/kg) [26], Vit C
(400 mg/kg) [27], and Se (1 mg/kg) [26].

All treatments were administered by gastric gavage, except for AlCl3 and EGCG. Four
behavioral experiments were performed: The Y-maze, conditioned avoidance, Morris water
maze, and swimming tests. Rats were sacrificed 24 h following the final test, and the brain
tissues were then removed and subjected to ice-cold saline washing.

2.3.2. Behavioral Tests
Y Maze Test

After five weeks, the rats were assessed using the Y maze test to measure spatial
working memory, evaluating spontaneous alternation behavior expressed as a percentage
and calculated as previously described [28]. The Y maze used in this study was made of
black wood and comprised three arms (35 cm long, 25 cm high, and 10 cm wide) with an
equilateral triangular central area. During an 8-minute session, the rats had unrestricted
access to the maze, starting with one arm. They typically alternated visits between the
three arms, as they preferred to explore the arm that had not been recently visited. Effective
alternation required the rats to use working memory, maintaining a running list of the
arms they had most recently visited and updating it frequently. An entry into an arm was
considered when the rat’s rear paws were entirely inside the arm. An alteration occurred
when the animal selected an arm different from the one it had previously visited. Although
returning to the first arm was considered an error, it was, in fact, the correct answer. To
determine the percentage of alternation, the total number of arm entries and their order
were recorded, with the arms labeled as A, B, or C. Spontaneous alternation behavior was
defined as entrance into all three arms on sequential choices. For example, if the rat made
subsequent arm entrances A-C-B-C-A-B-C-A-C-A-B-C-A, it would have completed thirteen
arm entrances, eight of which were actual alternations. Cognitive behavior and working
memory were calculated as follows:
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% Alternations = (Number of actual alterations made/Total number of arm entries − 2) × 100.

The number of maximal spontaneous alternation behaviors was the total number of
arm entries minus two [29].

Conditioned Avoidance Test (CA)

The conditioned avoidance (CA) test was utilized to assess learning and memory after
AD induction [30]. Garofalo et al. adopted an adjusted version of the test to evaluate the
impact of treatment strategies on learning capacity post-AD induction. The parameters of
the CA test were modified, and its application was expanded to assess learning capacity
and memory consolidation under highly stressful circumstances.

The device used for the test consists of five interconnected compartments, with four
of them equipped with electrified stainless-steel grid floors used to deliver a shock (un-
conditioned stimulus; 50 volts, 25 pulses/second). The fifth chamber has a glass floor,
representing a safe zone. The training involved pairing an auditory stimulus (an electric
bell and a conditioned stimulus) for five seconds with an additional 5 s of foot shock. The
number of attempts made by each rat to avoid the electric shock and move to the safety
area within five seconds of the conditioned stimulus was recorded on the first and second
training days, demonstrating their capacity for learning and short-term memory recall.

Morris Water Maze Test

Spatial learning and memory were investigated using the Morris water maze test [31].
Tap water was poured into a circular water tank measuring 150 cm in diameter and 60 cm
in height to a depth of 30 cm (25 ± 2 ◦C), and non-toxic white paint was added to make the
water translucent. The pool was virtually divided into four equal quadrants (east, west,
north, and south). An escape platform measuring 10 cm in diameter was buried 2 cm
beneath the water’s surface at a fixed location in the center of one quadrant. During the
trial, the platform remained in the same quadrant. A video monitoring camera above the
pool captured the rodents’ swimming path. Each rat was placed into the water with its
back towards the pool wall from a specific location in each quadrant and allowed to swim
to the platform. Four trials were performed in each of the training sessions given to the
rats each day for three consecutive days. The animals had a maximum of 60 s to locate
the hidden platform before being allowed to rest on it for 20 s before the start of the next
trial. If it took more than 60 s to find the platform, the rat was placed gently on it and given
20 s to rest. The escape latency, or the time taken to locate the platform, was noted. On the
fourth day, a probe test was conducted by removing the platform and allowing the rats to
swim freely for 60 s. The time spent in the designated quadrant was recorded.

Swimming Test

The swimming test was conducted using specific and customized methods [32]. The
experiment was performed in a glass tank filled with water and maintained at a controlled
temperature of 26 ± 2 ◦C. One end of the glass tank had a ramp, and the swimming activity
began from the opposite side. Each rat was positioned in the tank and given three minutes
to reach the ramp using its forepaws. Scores were assigned based on the rats’ behavior:
rats that reached the ramp directly received a score of 4, rats that deviated to the right or
left before reaching the ramp received a score of 3, rats that deviated in both right and left
directions before reaching the ramp received a score of 2, and rats that deviated in various
directions away from the ramp before reaching it received a score of 1.

2.3.3. Tissue Sampling and Preparation

Rats were euthanized 24 h after the last behavioral test, and their brain tissues were
then excised and carefully cleaned in isotonic saline. Four brains per group were fixed in
10% neutral buffered formalin overnight for histopathological investigations. Each of the
remaining six brains was divided into two parts. The first part was homogenized instantly
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to produce a 10% homogenate (w/v) using an ice-cold medium containing 50 mM Tris-HCl
(pH 7.4) and 300 mM sucrose [33]. For biochemical assays, the homogenate was centrifuged
at 1800× g for 10 min at 4 ◦C, and the supernatant was then stored at −20 ◦C. The second
part was reserved at −80 ◦C to be used in real-time PCR analysis.

2.3.4. Histopathological Examination of Brain Tissue

After being fixed in 10% formalin for 24 h, samples of brain tissue were rinsed with
water and serially diluted with alcohol to cause dehydration. The specimens were divided
into 4 µm thick segments using a microtome after being immersed in paraffin. The tissue
samples were then gathered on glass slides, deparaffinized, and stained with hematoxylin
and eosin to perform a routine histological inspection under a light microscope [34].

2.3.5. Biochemical Measurements
Fluorometric Technique

After the rats were euthanized, levels of brain monoamines were immediately mea-
sured, as alterations in the substance’s level might occur in a matter of minutes. Fluoromet-
ric assays of dopamine (DA), norepinephrine (NA), and serotonin (5-HT) were estimated
in brain tissue homogenate according to the Ciarlone method [35].

Colorimetric Technique

The extent of lipid peroxidation in brain homogenate was measured colorimetrically
by assessing malondialdehyde (MDA) using the thiobarbituric acid method (Chemie
Gmbh, Steinheim, Germany). Nishilimi methods were used to measure the superoxide
dismutase (SOD) enzyme activity based on its ability to reduce the nitro blue tetrazolium
dye [36]. Lastly, the antioxidants’ reactions with exogenously provided hydrogen peroxide
(H2O2) were used for total antioxidant capacity (TAC) assessment. The residual H2O2
was estimated colorimetrically by the enzymatic reaction involving the alteration of 3,5-
dichloro-2-hydroxybenzene sulphonate to a colored product.

ELISA Technique

Levels of Aβ, brain-derived neurotrophic factor (BDNF), 78 KDa glucose-regulated
protein (GRP-78), phosphorylated PKR-like ER kinase (p-PERK)—C/EBP homologous pro-
tein (p-PERK/CHOP), and Beclin-1 were measured in brain tissue homogenate using ELISA
kits (catalog numbers MBS702915, MBS494147, MBS807895, MBS251116, MBS3808179, and
MBS901662, respectively) provided by My BioSource, Inc., San Diego, USA. Ray Biotech
ELISA kits (product numbers ELR-IL1b and RTA00) were used to estimate interleukin-1β
(IL-1β) and tumor necrosis factor alpha (TNF-α) levels in brain tissue homogenate, respec-
tively. Rat β-catenin ELISA Kit (K3383, Biovision Inc.) and Wnt Family Member 3A (Wnt3a)
(orb555678, Biorbyt Ltd., Cambridge, UK) were used to assess their brain concentrations
according to the manufacturer’s guidelines. ACHE activity was detected by the ELISA
kit (MAK119) provided by Sigma-Aldrich Co. (St. Louis, MO, USA). The quantitative
sandwich ELISA method was used consistently with the manufacturer’s instructions.

Real-Time Quantitative Polymerase Chain Reaction

The mRNA levels of Nrf2, HO-1, GSK-3β, and Bcl-2 were assessed using real-time
quantitative polymerase chain reaction (RT-qPCR) with the Applied Biosystems Step One
Plus apparatus. Total RNA was extracted following the manufacturer’s recommendations
using the Qiagen tissue extraction kit (Qiagen, Germantown, MD, USA). The isolated
mRNA was reverse-transcribed with a sense rapid cDNA synthesis kit (CAT No. BIO-
65053) and then amplified using the Maxima SYBR Green qPCR kit (Fermentas, Hanover,
MD, USA). The mRNA levels were detected using the ABI Prism 7500 sequence detector
system (Applied Biosystems, Foster City, CA, USA). The results were normalized to β-actin
expression using the 2−∆∆CT method to calculate the relative expression of the target genes
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Nrf2, HO-1, GSK-3β, Bcl-2, and β-actin. The primer sequences for the PCR amplification
are shown in Table 1.

Table 1. The sequences of primers employed in real-time RT-PCR analysis.

Gene Primer Sequence Accession Number Product Size (bp) Annealing Temp. (◦C)

Nrf2 F: 5′-CTCTCTGGAGACGGCCATGACT-3′

R: 5′-CTGGGCTGGGGACAGTGGTAGT-3′ NM_031789 149 bp 68.4

HO-1 F: 5′-CACCAGCCACACAGCACTAC-3′

R: 5′-CACCCACCCCTCAAAAGACA-3′ NM_012580 1043 bp 65.3

GSK-3β
F: 5′-AGCCTATATCCATTCCTTGG-3′

R: 5′-CCTCGGACCAGCTGCTTT-3′ NM_032080 701 bp 59.1

Bcl-2 F: 5′-GGATGACTTCTCTCGTCGCTAC-3′

R: 5′-TGACATCTCCCTGTTGACGCT-3′ NM_016993 199 bp 64.9

β-actin F: 5′-CCGTAAAGACCTCTATGCCA-3′

R: 5′-AAGAAAGGGTGTAAAACGCA-3′ NM_031144 299 bp 61.8

2.4. Statistical Analysis

The one-way ANOVA was employed for multiple comparisons, followed by the Tukey-
Kramer test for post-hoc analysis. Results are presented as mean ± SEM, with p < 0.05
considered statistically significant. Statistical analysis was conducted using GraphPad
Prism software (version 8, ISI®, San Diego, CA, USA), and the graphs were generated using
the same software.

3. Results

In this study, we conducted a comprehensive investigation, including seven different
normal control groups of rats, each receiving a distinct intervention in addition to the
previously studied groups. These interventions involved cocoa alone, a combination of
cocoa with EGCG, VIN, WG, CoQ10, and the Vit B complex, or a combination of Vit E, Vit C,
and Se. However, despite the variety of interventions, none of the seven groups showed any
significant differences in the measured parameters or histopathological findings compared
to the normal control group. For the sake of clarity and simplicity in presenting the data,
we did not include these findings in the final research paper.

3.1. Behavioral Tests
3.1.1. Y-Maze Test (Percent of Spontaneous Alterations; Assessment of Reference Memory)

As displayed in Figure 1A, the AD group exhibited a substantial but significant
reduction (approximately 23%) in the percentage of continuous alternations when compared
to the control group. Treatment with cocoa significantly increased, by approximately 8.5%,
the percent of spontaneous alternations when compared to the AD group. Conversely, the
influence of the combination of cocoa with VIN, or a mixture of Vit E, C, and Se, revealed
the maximum improvement in the percent of spontaneous alterations by 1.2-fold compared
to the cocoa-treated group.

3.1.2. Conditioned Avoidance Test (CA) (Assessment of Acquired or Learned Response)

As shown in Figure 1B, the AD group displayed a 5-fold increase on the first day
compared to the control group, proving very low short-term memory, and no improvement
on the second day relative to the control group. Treatment with cocoa caused a diminution
in the number of trials on the first day by 38% related to the AD group. The combination
of cocoa and VIN exhibited a maximum further reduction in the number of trials by 65%
compared to the cocoa-administered group.
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Figure 1. Effect of Cocoa Alone and in Combination with VIN or Other Nutraceuticals on Behavioral
Tests in AlCl3-induced AD. EGCG; Epigallocatechin-3-gallate, VIN; vinpocetine, WG; Wheatgrass,
Q10; coenzyme Q10, Vit; vitamin. (A) Effect of treatments on both the locomotor activity and the
% spontaneous alternations in the Y-maze model. (B) Influence of interventions on the number
of attempts to pass the conditioned avoidance test on the first and second days without receiving
an electric shock. (C) Influence of treatments on the escape latency in Morris water maze test.
(D) Effect of treatments on the residence time in target quadrant in Morris water maze test (E) Effect
of treatments on the swimming score direction. Results are established as mean ± SEM, n = 6. The
significance level at p < 0.05). a indicates significant difference from the control group, b indicates
significant difference from AD group, and c indicates significant difference from (AD + Cocoa) group.
AD; Alzheimer’s disease.

As revealed in Figure 1C, the average latency over the 4 days of training trials increased
by 2.2-fold in the AD group compared to the control animals. Management with cocoa
resulted in a 34% decrease in escape latency relative to the AD group. The combination
of cocoa and either EGCG or VIN exhibited the maximum reversal effect on the spatial
memory impairment by 46% and 47%, respectively, relative to the cocoa-treated group.

Figure 1D displayed a 66.5% reduction in the residence time in the AD group relative
to the control group, signifying a strong impairment of memory induced by AlCl3. The
cocoa administration increased the residence time by nearly 2.3 times more than the AD
group, which markedly enhanced this subpar performance. The combination of cocoa and
either EGCG, VIN, or the mixture of Vit E, Vit C, and Se offered the maximum protection
and prolonged residence time (2.8, 2.7, and 2.8-fold, respectively) associated with the
cocoa-treated AD group. 3.1.4 Swimming test (ST) (used to reflect cognitive function).

Figure 1E revealed that the AlCl3-induced AD group reduced its swimming score
direction by 70% compared to the control group. Treatment with cocoa improved the
swimming score by 2.6-fold compared with the AD group. Interestingly, co-treatment
with cocoa and either EGCG or VIN significantly elevated (3-fold) the swimming score
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direction compared with the cocoa-treated AD group (adding 60% over the protective effect
of cocoa treatment).

3.2. Biochemical Measurements
3.2.1. The Effect of Cocoa Alone and in Combination with VIN or Other Nutraceuticals on
Oxidative Stress and Antioxidant Biomarkers in Brain Tissues in AlCl3-Induced AD

As depicted in Figure 2A–C, the administration of AlCl3 significantly reduced the
mRNA expression levels of antioxidant Nrf2 and HO-1, as well as the activity of SOD, by
91.6%, 90.5%, and 75%, respectively, compared to the control group. In contrast, treatment
with cocoa showed a 4-, 3-, and 2-fold increase in the mRNA expression levels of Nrf2 and
HO-1 and the SOD activity, respectively, relative to the AD group.

Notably, co-administration of cocoa with either EGCG or VIN resulted in the most
substantial elevation in the mRNA expression levels of both Nrf2 (by 7.6- and 9.6-fold) and
HO-1 (by 6.6- and 8.4-fold), as well as the activity of SOD (by 4.7- and 3.6-fold), compared
to the AD group. Furthermore, the SOD activity in the cocoa combination with EGCG, VIN,
and WG did not show significant differences from the normal group.

Figure 2D demonstrates that the AD group exhibited a significantly reduced TAC
(total antioxidant capacity) level of 59.6% compared to the control group. However, ad-
ministration of cocoa mitigated the AlCl3 effect, leading to a 1.6-fold increase in TAC level
compared to the controls. Co-administration of cocoa with either EGCG or VIN exhibited
the highest elevation in TAC level by 2.4-fold compared to the AD group. Additionally,
the TAC levels in all cocoa combination groups were not significantly different from the
normal controls.

As shown in Figure 2E, the administration of AlCl3 resulted in a 14-fold increase
in the MDA (malondialdehyde) level compared to the control group. However, cocoa
supplementation was able to reverse the AlCl3 effects by reducing the MDA level by
90% compared to the control group. Furthermore, co-administration of cocoa with either
EGCG, VIN, or WG exhibited a significant maximum reduction in the MDA level by 96%,
95.5%, and 94.4%, respectively, compared to the AD group. The MDA levels also returned
to normal in the cocoa treatment and the combination of cocoa with VIN, WG, and Vit
B complex.

3.2.2. Effect of Cocoa Alone and in Combination with VIN or Other Nutraceuticals on the
Inflammatory Biomarkers in Brain Tissues

Figure 3A,B exhibited that the levels of IL-1β and TNF-α were considerably aug-
mented in the brain by 4-fold, 14-fold correspondingly in the AD group versus the control
group. Treatment with cocoa diminished the AlCl3 mediated inflammatory responses
and diminished IL-1β and TNF-α levels significantly by 34% and 46% correspondingly
relative to the AD group. Interestingly, co-administration of cocoa with either EGCG, VIN,
or WG offered the best downregulation effect on the IL-1β level by 67%, 64.7%, and 57%
respectively compared with the AD group. While co-administration of cocoa with either
EGCG or VIN could restore the TNF-α brain level and decrease it by 74.5% and 72.8%
compared with the AD group.

3.2.3. Effect of Cocoa Alone and in Combination with VIN or Other Nutraceuticals on
GSK-3β/BDNF and Wnt/β-catenin Pathways in AlCl3-Induced AD

As shown in Figure 4A,B, the AD group exhibited a significant 12-fold and 11-fold
increase in Aβ content and GSK-3β expression levels, respectively, compared to the control
group. Treatment with cocoa considerably reduced Aβ content by 70.6% and GSK-3β
expression level by 31% compared to the AD group. Interestingly, the combinations
of cocoa with either EGCG or VIN further reduced the Aβ levels by 87.6% and 88.7%,
respectively, compared to the AD group. Moreover, co-treatment with cocoa and either
EGCG or VIN maximally decreased the AlCl3-induced GSK-3β expression by 62% and
68.8%, respectively.
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level. Results are proved as mean ± SEM, n = 6. The significant level at p < 0.05. a indicates significant 
difference from the control group, b indicates significant difference from AD group, and c indicates 
significant difference from (AD + Cocoa) group. AD: Alzheimer’s disease; Nrf2: erythroid-2 related 
factor 2; HO-1: Heme oxygenase-1; SOD: Superoxide dismutase; TAC: Total antioxidant capacity; 
MDA: Malondialdehyde. 

Figure 2. Effect of Cocoa Alone and in Combination with VIN or Other Nutraceuticals on
the Oxidative Stress Biomarkers and Antioxidants in Brain Tissue in AlCl3-induced AD. EGCG;
Epigallocatechin-3-gallate, VIN; vinpocetine, WG; Wheatgrass, Q10; coenzyme Q10, Vit; vitamin.
(A) Nrf2 gene expression level, (B) HO-1 gene expression level, (C) SOD level, (D) TAC level, and
(E) MDA level. Results are proved as mean ± SEM, n = 6. The significant level at p < 0.05. a indicates
significant difference from the control group, b indicates significant difference from AD group, and
c indicates significant difference from (AD + Cocoa) group. AD: Alzheimer’s disease; Nrf2: erythroid-
2 related factor 2; HO-1: Heme oxygenase-1; SOD: Superoxide dismutase; TAC: Total antioxidant
capacity; MDA: Malondialdehyde.
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Figure 3. Effect of Cocoa Alone and in Combination with VIN or Other Nutraceuticals on the Brain
Inflammatory Mediators. EGCG; Epigallocatechin-3-gallate, VIN; vinpocetine, WG; Wheatgrass,
Q10; coenzyme Q10, Vit; vitamin. (A) IL-1β level, (B) TNF-α level. Results are established as
mean ± SEM, n = 6. The significant level at p < 0.05. a indicates significant difference from the
control group, b indicates significant difference from AD group, and c indicates significant difference
from (AD + Cocoa) group. AD: Alzheimer’s disease; IL-1β: Interlukin-1β; TNF-α: Tumor necrosis
factor alpha.

Figure 4C,D demonstrate that administration of AlCl3 resulted in a 7.6-fold and 3.6-
fold decrease in Wnt3a and β-catenin levels, respectively, compared to the control group.
Treating the rats with cocoa significantly elevated the Wnt3a and β-catenin levels by 20%
and 17.5%, respectively, compared to the controls. Co-treatment of cocoa with either
EGCG or VIN restored the Wnt3a level in the brain, showing an elevation of 42% and 34%,
respectively, compared to the AD group. Similarly, co-treatment with cocoa and either
EGCG or VIN augmented the cocoa effect, increasing the β-catenin protein level by 29%
and 33%, respectively, compared to the AD group.

As revealed in Figure 4E, the BDNF content was significantly reduced in the AD group
by 37.6% compared to the control group. However, treatment with cocoa significantly
increased the BDNF content by 1.7-fold compared to the AD group. Interestingly, combina-
tions of cocoa with either EGCG or VIN restored the basal level of BDNF content, showing
a 32.8% and 32.7% increase in BDNF content, respectively, compared to the AD group,
resulting in maximum cognitive enhancement.

3.2.4. Effect of Cocoa Alone and in Combination with VIN or Other Nutraceuticals on ER
Stress, Autophagy, and Apoptotic Markers in AlCl3-Induced AD

As shown in Figure 5A–C, there was a significant elevation in the levels of p-PERK,
GRP-78, and CHOP by 99-fold, 390-fold, and 66-fold, respectively, in the AD group com-
pared to the control group. Treatment with cocoa decreased the elevated levels of p-PERK,
GRP-78, and CHOP by 25%, 25%, and 34%, respectively, compared to the controls. More-
over, co-treatment with cocoa and either EGCG or VIN further augmented the cocoa’s
effect, reducing the p-PERK level by 60% and 80%, respectively, compared to the AD group.
Additionally, co-administration with cocoa and either EGCG or VIN improved the cocoa’s
influence, decreasing the GRP-78 level by 75% and 79%, respectively, relative to the AD
group. Furthermore, the co-treatment with cocoa and either EGCG or VIN enhanced the
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cocoa effect, reducing the CHOP level by 68% and 80%, respectively, compared to the
AD group.
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Figure 5. Effect of Cocoa Alone and in Combination with VIN or Other Nutraceuticals on (A) p-PERK
level (B) GRP-78 level (C) CHOP level (D) Beclin-1 (E) Bcl-2 level, in AlCl3-induced AD. EGCG;
Epigallocatechin-3-gallate, VIN; vinpocetine, WG; Wheatgrass, Q10; coenzyme Q10, Vit; vitamin.
Results are demonstrated as mean ± SEM, n = 6. The significant level at p < 0.05. a indicates
significant difference from the control group, b indicates significant difference from AD group,
c indicates significant difference from (AD + Cocoa) group. AD: Alzheimer’s disease; GRP-78: 78 KDa
glucose-regulated protein; p-PERK: phosphorylated PERK; CHOP: C/EBP homologous protein.
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Figure 5D,E displayed a substantial decline in the levels of Beclin-1 and the relative
gene expression of Bcl-2 by 98% and 92%, respectively, in the AD group compared to the
control group. Treatment with cocoa elevated the levels of Beclin-1 and Bcl-2 relative gene
expression by 8.9-fold and 9-fold, respectively, compared to the control group. Moreover,
co-treatment with cocoa and either EGCG or VIN further augmented the cocoa effect by
enhancing the Beclin-1 level by 43-fold and 38-fold, respectively, relative to the AD group.
Similarly, co-treatment with cocoa and either EGCG or VIN augmented the cocoa effect
and elevated Bcl-2 relative gene expression by 11-fold compared to the AD group.

3.2.5. Effect of Cocoa Alone and in Combination with VIN or Other Nutraceuticals on the
Brain Neurotransmitters; Monoamines and ACHE Activity in AlCl3-Induced AD

Figure 6A,B show that the AD group had significantly reduced levels of DA and NE
by 67.7% and 65%, respectively, compared to the control group. Administration of cocoa
caused a 2-fold and 1.8-fold elevation in dopamine and norepinephrine levels, respectively,
relative to the AD group. Consistent with previous results, co-administration of cocoa with
either EGCG or VIN displayed the highest increase (2.8- and 3-fold rise) in the DA level
compared to the AD group. Moreover, co-administration of cocoa with EGCG, VIN, or WG
effectively restored the basal level of NE and caused a 2.5-, 2.5-, and 2.4-fold increase in its
level, respectively, compared to the AD group.
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Figure 6. Effect of Cocoa Alone and in Combination with VIN or Other Nutraceuticals on the Brain
Monoamine Parameters and ACHE Activity in AlCl3-induced AD. Results of (A) Dopamine level,
(B) Norepinephrine level, (C) Serotonin level, (D) ACHE activity. Results are established as a mean
± SEM, n = 6. The significant level at p < 0.05. a indicates significant difference from the control
group, b indicates significant difference from AD group, and c indicates significant difference from
(AD + cocoa) group. AD: Alzheimer’s disease; EGCG: Epigallocatechin-3-gallate; VIN: vinpocetine;
WG: Wheatgrass, Q10: coenzyme Q10; Vit: vitamin.
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Figure 6C shows the changes in the cerebral level of serotonin. Treatment with
AlCl3 revealed a substantial reduction in the level of serotonin by 66% compared to the
controls. However, management with cocoa significantly elevated serotonin levels by
2.3-fold compared to the control group. The maximum restoration effect for the serotonin
level was observed after treatment with cocoa with either EGCG or VIN, resulting in a 3.6-
and 4.2-fold increase in serotonin level, respectively, compared to the AD group.

As displayed in Figure 6D, the administration of AlCl3 (70 mg/kg) in the AD group
significantly increased the activity of ACHE by 3.7-fold compared to the controls. However,
treatment with cocoa decreased the ACHE activity by 57.7% relative to the AD group.
Interestingly, co-treatment of cocoa with VIN exhibited a maximum further reduction in
the ACHE activity of 77.5% compared to the AD group.

3.3. Histopathological Alterations of Brain Tissue in Different Regions

As depicted in Figure 7, the picture of brain tissue segments of rodents stained by H&E
stain (magnification 40×) exhibited that in the controls, there was no histopathological
change, and the normal histological structure of the neurons was exhibited in the cere-
bral cortex, subiculum, and fascia dentata in the hippocampus, striatum, and cerebellum
regions (Inserts a1, a2, a3, a4, a5). Meanwhile, in the AD group, nuclear pyknosis and
degeneration were observed in the cerebral cortex, subiculum, and fascia dentata in the
hippocampus, besides multiple large-size focal eosinophilic plagues with damage to the
neurons detected in the striatum area. Yet, there was no histopathological modification
recorded in cerebellum areas (Inserts b1, b2, b3, b4, b5). While in the AD group treated with
cocoa, nuclear pyknosis and degeneration were detected in a few neurons of the cerebral
cortex and subiculum and fascia dentata of the hippocampus. In addition, no histopatho-
logical change and the normal histological structure of the neurons were established in the
striatum and cerebellum (Inserts c1, c2, c3, c4, c5). In the AD group managed with cocoa
and EGCG, nuclear pyknosis and deterioration were distinguished in all neurons of the
cerebral cortex. There was no histopathological change in the subiculum, fascia dentata,
or hilus of the hippocampus, striatum, or the cerebellum (Inserts d1, d2, d3, d4, d5). In
the AD group that received cocoa and VIN, there was no histopathological change in the
cerebral cortex, subiculum, or fascia dentata of the hippocampus or cerebellum. Focal
small-size eosinophilic plagues’ creation with loss in most of the neurons was recorded
in the striatum (Inserts e1, e2, e3, e4, e5). In the AD group treated with cocoa and WG,
there was no histopathological modification in the hippocampus’s subiculum and cerebel-
lum, but nuclear pyknosis and damage were detected in all the neurons of the cerebral
cortex and fascia dentata of the hippocampus. Besides, focal small-size eosinophilic plague
formation with nuclear pyknosis in most of the neurons was verified in the striatum area
(Inserts f1, f2, f3, f4, f5). In the AD group that received both cocoa and Q10, there was no
histopathological modification, as in the cerebral cortex, subiculum of the hippocampus,
or cerebellum. Some neurons displayed nuclear pyknosis and degeneration in the fascia
dentata of the hippocampus, and there were a few focal eosinophilic small-size plagues
produced with nuclear pyknosis in some neurons in the striatum (Inserts g1, g2, g3, g4,
g5). In the AD management with both cocoa and the Vit B complex group, there was no
histopathological change in the striatum and the cerebellum. However, there was nuclear
pyknosis and degeneration in a few neurons of the cerebral cortex, subiculum, and fascia
dentata of the hippocampus (Inserts h1, h2, h3, h4, h5). In the AD group administered
with cocoa and a mixture of Vit E, Vit C, and Se, there was no histopathological variation
in the cerebral cortex, subiculum of the hippocampus, striatum, or cerebellum. Yet, most
of the neurons displayed nuclear pyknosis and deterioration in the fascia dentata of the
hippocampus (Inserts i1, i2, i3, i4, i5).
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grass, Q10; coenzyme Q10, Vit; vitamin. (a1–a5): control group, (b1–b5): AD group, (c1–c5): AD + 
cocoa group, (d1–d5): AD+cocoa+EGCG group, (e1–e5): AD + cocoa + VIN group, (f1–f5): AD + 
cocoa + WG group, (g1–g5): AD + cocoa + CoQ10 group, (h1–h5): AD + cocoa + Vit B complex 
group, and (i1–i5): AD + cocoa + VitE + VitC + Se group. The blue arrow shows no histopathological 
modification, the orange arrow displays nuclear pyknosis and degeneration, and the black arrow 
shows focal eosinophilic plagues, the Scare bar was 25μm. 

4. Discussion 
AD is a complex neurodegenerative illness characterized by a progressive deterio-

ration in cognitive abilities, including memory, thinking, and learning. Unfortunately, 

Figure 7. Photomicrographs of brain sections (cerebral cortex, subiculum, and fascia dentata in
hippocampus, striatum, and cerebellum areas) stained by hematoxylin and eosin (magnification 40×).
AD; Alzheimer disease, EGCG; Epigallocatechin-3-gallate, VIN; vinpocetine, WG; Wheatgrass, Q10;
coenzyme Q10, Vit; vitamin. (a1–a5): control group, (b1–b5): AD group, (c1–c5): AD + cocoa group,
(d1–d5): AD+cocoa+EGCG group, (e1–e5): AD + cocoa + VIN group, (f1–f5): AD + cocoa + WG
group, (g1–g5): AD + cocoa + CoQ10 group, (h1–h5): AD + cocoa + Vit B complex group, and (i1–i5):
AD + cocoa + VitE + VitC + Se group. The blue arrow shows no histopathological modification,
the orange arrow displays nuclear pyknosis and degeneration, and the black arrow shows focal
eosinophilic plagues, the Scare bar was 25µm.
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As revealed in Table 2, the maximum neuroprotective effect with the least scores was
the AD group treated with cocoa either with EGCG or VIN.

Table 2. The cerebral cortex and hippocampus histopathological score.

Groups’
Histopathology

C
ontrol

A
D

G
roup

AD-Treated.

with

Cocoa

The AD-Induced Group Treated with a
Combination of Cocoa with

EG
C

G

V
IN

W
G

C
oQ

10

V
itB

C
om

plex

V
itE

+
V

itC
+

SeHistopathological Changes Brain Region

Nuclear pyknosis and
degeneration in the neuronal cells
of the of

cerebral cortex - +++ + + - + - + -

the subiculum - +++ + - - - - + -

the fascia dentate of
the hippocampus - +++ - - + + + + +

Focal eosinophilic plagues in of the striatum - +++ - - + + + - -

Atrophy in the neuronal cells the cerebellum - - - - - - - - -

AD; Alzheimer disease, EGCG; Epigallocatechin-3-gallate, VIN; vinpocetine, WG; Wheatgrass, Q10; coenzyme
Q10, Vit; vitamin. Severe: +++; Mild: +; Nil: -.

4. Discussion

AD is a complex neurodegenerative illness characterized by a progressive deterioration
in cognitive abilities, including memory, thinking, and learning. Unfortunately, aluminum
(Al), which is widely present in our environment and food sources, poses a significant threat
to human health and is considered a potential risk factor for AD [2]. As there is currently
no definitive therapy for AD, there is an urgent need for innovative treatment strategies
that can halt or reverse the devastating effects of the disease. In this context, natural
products, especially those derived from plants, offer a promising avenue for developing
safe, effective, and affordable therapies for AD. With their unique chemical structures
and diverse pharmacological activities, natural products represent a promising frontier
in the search for new approaches to AD therapeutics [7]. Thus, our study aims to deeply
understand the pathophysiological mechanisms of AD and to assess and compare the
protective benefits of cocoa, either individually or in combination with other nutraceuticals.
These nutraceuticals have already demonstrated their neuroprotective effects in prior
studies or their significance in ameliorating AD symptoms, particularly in AlCl3-induced
AD. While previous studies have focused on the individual influences of these compounds,
our current research aims to provide a more comprehensive understanding of their potential
combination of neuroprotective effects.

The outcomes of this study unequivocally establish that chronic daily administration
of AlCl3 at a dose of 70 mg/kg i.p. for five weeks results in significant neurobehavioral,
neurohistopathological, and neurochemical alterations. However, administering cocoa
alone or in combination with EGCG, VIN, WG, Q10, the Vit B complex, and a mixture of
Vit E, Vit C, and Se was found to be highly effective in providing robust protection against
the risks of AD by reversing the adverse effects. These findings have exciting implications
for the possible use of these natural compounds in the development of new therapeutic
interventions for neurodegenerative illnesses.

In our behavioral study, a significant decline in learning ability and cognitive function
was identified, evidenced by an increase in the number of avoidance attempts in the
CA test and a decrease in spontaneous alternation in the Y-Maze test among the AD
group compared to the control group. These findings suggest a deterioration of learning
capability and spatial memory. The declining performance observed in the Morris water
maze test supports this. Specifically, the increased escape latency and reduced residence
time in the target quadrant among the AD group indicate deficits in learning, memory,
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and cognitive abilities induced by AlCl3 intoxication. Our results are consistent with the
prior research conducted by Gu et al. (2009) [37], who also reported significant spatial
working memory deficits using the Y-maze among individuals with AD. Additionally, our
findings are supported by previous studies that have established behavioral alterations
in AlCl3-treated rats [38,39]. Administering cocoa alone or in combination with other
nutraceuticals resulted in a significant improvement in learning and cognitive function
in AlCl3-induced AD. In line with our results, previous studies suggested a significant
neuromodulator and neuroprotective influence of cocoa flavonoids and their potential
for executive ability, behavior, and mental and emotional functions [40]. In addition, the
VIN has a neuroprotective influence and can improve learning and memory impairments
caused by prolonged cerebral hypoperfusion [9]. EGCG also prevented poor behavioral
outcomes associated with AD in rats [19]. Previous studies have revealed that continuous
supplementation with Q10, Se, and vitamins (B complex, E, and C) can improve mood and
neurotransmitter activity [41].

The observed alterations in behavior in this study were remarkably linked to mod-
ifications in underlying histopathological and biochemical parameters. Notably, AD is
characterized by severe deterioration of neuronal and synaptic architecture, resulting in the
production of Aβ plaques, followed by the buildup of hyperphosphorylated tau protein
neurofibrillary tangles in the brain. The extracellular buildup of Aβ and intracellular
hyperphosphorylation of the tau protein are the primary culprits of neurons’ degeneration.
Soluble Aβ oligomers can also accelerate the onset of tau hyperphosphorylation, leading to
impaired plasticity of hippocampal synapses and ultimately causing memory dysfunction
(Kitagishi et al., 2014) [42]. The progressive buildup of pathological substances, induced
by a complex cascade of events, ultimately results in a critical loss of fundamental cholin-
ergic, synaptic, and cognitive functions, which are the hallmarks of AD [43]. Therefore,
understanding the intricate interplay between these processes and identifying effective
interventions is a pivotal research pursuit with the potential to improve the devastating
impact of these debilitating conditions on affected individuals.

AlCl3 induces neuronal oxidative stress [2], resulting in increased expression of free
radicals, reactive oxygen species (ROS), and reactive nitrogen species (RNS) [43]. Therefore,
oxidative stress triggers destruction in the cellular proteins and nucleic acids, besides
lipid peroxidation and raised levels of MDA, a robust biomarker of oxidative stress in
the brain [44]. Whereas the Nrf2 transcription factors serve as a critical activators of
antioxidant enzymes such as superoxide dismutase-1 (SOD1), HO-1, and CAT to mitigate
oxidative stress. Nrf2 also effectively suppresses inflammation mediated by microglia
and boosts mitochondrial function. In AD, the Nrf2 pathway undergoes downregulation
within the hippocampal neurons because of oxidative stress, leading to a marked reduction
in crucial antioxidant enzymes (HO-1, CAT, and SOD1) and a consequent reduction in
overall TAC [45,46]. The empirical data corroborate our findings with high consistency
and accuracy. However, our drug regimens revealed remarkable antioxidant capabilities,
effectively mitigating chronic AlCl3-induced oxidative stress. Markedly, co-administration
of cocoa with VIN or EGCG emerged as the most efficacious treatment in our study against
AD. Cocoa flavonoids are known for their potent antioxidant activity [47]. In the same
scenario, VIN and EGCG have antioxidant potential [48,49]. Similarly, Vit B, Se, and Vit E
supplementation decreased oxidative stress markers such as MDA [50]. The combination
of Vit E and C is valuable and highly synergistic since Vit C can reactivate Vit E back to its
reduced form, making it available as an antioxidant again and protecting the membrane
from oxidative stress [51].

The accumulation of ROS and concomitant downregulation of Nrf2 play a crucial
role in initiating a cascade of inflammation followed by apoptosis, leading to devastating
brain injury in AD [52]. TNF-α has been directly linked to Aβ production in AD, while
IL-1β has emerged as one of the most prominent cytokines overexpressed during the initial
phase of AD pathogenesis [53]. Subsequently, this inflammation contributes to synapse
loss, neuronal damage, and AD development [46]. In the present study, our observations
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have confirmed the activation of pro-inflammatory cytokines, especially TNF-α and IL-1β,
in response to the administration of aluminum chloride, inducing the pathogenesis of
AD. On the other side, cocoa with VIN or EGCG had the most potent anti-inflammatory
effect against AlCl3-induced inflammation by reducing TNF-α and IL-1β, among other
treatments in this work. Like our results, cocoa exhibited anti-inflammatory activity by
reducing inflammatory TNF-α in alcohol-induced liver toxicity models in rats [53]. In
addition, it was reported previously that VIN and WG inhibited Aβ-induced toxicity by
inhibiting TNF-α and IL-1β [54]. Prior research has revealed that EGCG can mitigate
amyloid β-induced toxicity by modulating the activity of TNF-α [55]. Earlier studies
exhibited the anti-inflammatory activity of coenzyme Q10 in cerebral ischemia [13], the Vit
B complex in wound healing [56], and the combination of Vit E, Vit C, and Se in randomized
clinical trials of arthritis [57].

In addition, TNF-α directly contributes to the production of Aβ proteins in AD, which
are crucial hallmarks of the disease and play a meaningful role in its progression [52].
In our study, a noticeable increase was observed in the dementia marker Aβ in the AD
group, which was consistent with prior research [58]. Combined therapy showed better
protection against AlCl3 than cocoa alone. This combination resulted in a noteworthy
decline in Aβ production. In line with our findings, previous research has shown that cocoa
powder administration can reduce Aβ oligomerization [8]. Regarding VIN, its various
mechanisms of action are hypothesized to be beneficial in AD [59]. Similarly, EGCG [60]
and CoQ10 [61] have been found to reduce Aβ formation in AD transgenic mice. Another
study using an in vitro AD model established that Se nanoparticles inhibited Aβ fiber
formation [62]. Furthermore, deficiency in vitamins (B complex, E, and C) has been linked
to AD patients [63].

The PI3K/AKT/GSK-3β pathway helps promote cell growth and prevent death. This
pathway has significant implications for the pathogenesis of various neurological illnesses,
including AD. Importantly, it drives the hyperphosphorylation of tau protein, which is a
defining hallmark of AD. GSK-3β is the most extensively investigated kinase involved in
tau hyperphosphorylation. Furthermore, GSK-3β regulates the neuronal stress response
and influences the expression of critical neuropeptides, such as BDNF. These neuropeptides
play a vital role in long-term memory and synaptic plasticity. CNS neurons rely on BDNF
for survival and differentiation, and its expression is used to measure neurodegenerative
changes [64].

GSK-3β is a fascinating multifunctional kinase that is activated by Aβ in AD. It af-
fected multiple signaling pathways, including proinflammatory and proapoptotic [65],
and has a critical role in regulating the Wnt/β-catenin pathways. Wnt signaling is an
autocrine pathway that has a vital role in brain progress. The elimination of the Wnt3a
ligand leads to the disappearance of the hippocampus, underscoring the importance of this
pathway in neuronal health [66]. Decreased Wnt activity can intensify the vulnerability
of neuronal cells to oxidative insult. Recent research highlights the role of Wnt/β-catenin
signaling in inhibiting the production of Aβ and hyperphosphorylation of tau protein in
the brain. Consequently, it is involved in the learning and memory processes. Significantly,
this pathway is suppressed in the brains of those with AD, pointing towards a potential
therapeutic target to mitigate disease progression [66]. GSK-3β is a crucial enzyme respon-
sible for phosphorylating and degrading β-catenin, inhibiting the expression of β-catenin
target genes. It has been revealed that the triggering of GSK-3β impedes the Nrf2/HO-1
signaling pathway by augmenting Nrf2 degradation and promoting nuclear factor-κB
(NF-kβ) activation, inciting neuroinflammation [67]. Regarding this, it has been established
that GSK-3β blockade lowers oxidative injury in a variety of neuronal types [68].

In line with previous findings, our study also revealed the accumulation of Aβ, which
triggers the expression of GSK-3β. This leads to the phosphorylation of β-catenin, causing
its diminution and the inactivation of Wnt/β-catenin signaling in AD [69]. Consequently,
the elevation of GSK-3β reduces the levels of BDNF in the hippocampus, leading to
the inhibition of neurogenesis in the brain. Lower BDNF levels have been associated
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with quicker cognitive decline, poor memory performance, and learning difficulties in
AD, as well as other behavioral disturbances in the AD group [70]. However, all our
treatment regimens, particularly cocoa alone or in combination with VIN or EGCG, showed
improvements in neurogenesis by decreasing GSK-3β activity and consequently activating
Wnt/β-catenin signaling, along with increasing BDNF levels. These results align with a
previous study that showed cocoa powder’s neuroprotective effects by modulating BDNF
in an in vitro human AD model [71]. These results align with an early study that showed
cocoa powder’s neuroprotective effects by modulating BDNF in an in vitro human AD
model [64]. Similarly, EGCG has been shown to improve functional outcomes after spinal
cord injury by targeting BDNF and reducing the level of GSK-3β [72].

Deposition of Aβ and tau proteins triggers ER stress, which can trigger the initiation
and progression of the disease [73]. The Unfolded Protein Response (UPR) is a crucial
cellular defense mechanism that acts in response to ER stress. PERK regulates the UPR
pathway with two other sensor proteins, all of which are inactive under normal GRP-78
conditions. In ER stress, the releasing of GRP-78 triggers the UPR cascade by dimerization
and autophosphorylation of PERK and IRE1α. This also leads to the regulated intramem-
brane proteolysis of activating transcription factor 6 (ATF6). Once active, ATF6 translocated
into the nucleus, where it attached to the promoters of many UPR-associated genes, includ-
ing CHOP [74]. Once activated, CHOP can elicit a cascade of deleterious effects, which
can trigger oxidative damage and ROS, augmented levels of Aβ, interference with iron
homeostasis, stimulation of inflammation, DNA damage, and ultimately cell death [75].

ER stress increases the level of GSK-3β and subsequently leads to tau phosphorylation.
Excessive ER stress can also impair autophagy, which eliminates damaged or misfolded
proteins and cellular organelles resulting from oxidative stress [74]. Thus, autophagy
plays a crucial role in cell survival regulation. The essential gene Beclin-1 is involved in
regulating autophagy and guides the translocation of other autophagy-associated proteins
to the autophagosomes. It is vital for neurodegenerative diseases with protein buildup. De-
pletion of Beclin-1 has been shown to speed up Aβ aggregation and neurodegeneration [76].
A groundbreaking study by Ho and colleagues showed heightened phosphorylation of
p-PERK and GRP-78 in the hippocampal region, suggesting continuous ER stress and
ineffective UPR. Maladaptive UPR and sustained ER stress can cause impaired autophagy,
severe neuroinflammation, and neuron apoptosis, exacerbating the pathophysiology of
AD [74]. Elevated GSK-3β and decreased Beclin-1 cause apoptosis and the loss of dopamin-
ergic neurons [74,75]. Additionally, IL-1β has a pivotal role in inducing mitochondrial
apoptosis [77]. AD patients with senile plaques in their brains have been observed to
exhibit increased caspase activity and changes in levels of apoptosis-related proteins of
the Bcl-2 family. Notably, the Bcl-2 protein family serves a crucial function in the intricate
interplay between autophagy and apoptosis [75].

In compliance with the previously mentioned mechanism, our results showed an
accumulation of Aβ protein leads to ER stress, as proven by elevated levels of ER stress
biomarkers, including GRP-78, p-PERK, and CHOP. Consequently, tau phosphorylation
increased, elevated GSK-3β levels, and sustained ER stress, which impairs autophagy and
reduces Beclin-1 levels. Furthermore, prolonged ER stress induces neural cell death, or
apoptosis. The attenuation of the Bcl-2 protein, a key anti-apoptotic regulator, facilitates
this process. Additionally, the upregulation of CHOP stimulates apoptosis. In addition,
GSK-3β and IL-1β expression cause neural cell death by accelerating apoptosis.

While cocoa alone or in combination with EGCG, VIN, WG, CoQ10, a complex of
Vitamin B, or a mixture of Vitamin E, C, and Se exhibited potential for alleviating Al-induced
AD, our findings are consistent with preceding research. Cocoa has been shown to improve
ER stress levels and prevent apoptosis by elevating the level of anti-apoptotic Bcl-2 [78].
EGCG has diminished ER stress in AD by decreasing GRP-78 and CHOP, regulating
autophagy by elevating Beclin-1, and inhibiting neural apoptosis [79]. CoQ10 has also been
revealed to improve ER stress, modulate autophagy, and prevent apoptosis [80]. WG can
protect against oxidative stress and apoptosis [81]. Vitamin B supplementation has been
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shown to restore autophagic flux, lessen ER stress, and repair lysosomal dysfunction caused
by hyperhomocysteinemia [82]. Besides, it inhibits DNA damage and neural apoptosis [83].
In addition, it diminishes the apoptosis of cells in the rat hippocampus after polyvinyl
chloride exposure [84]. Vitamin C is also useful in modulating oxidative stress, autophagy,
and apoptosis in bone marrow stromal cells [85]. Finally, selenium deficiency induces
inflammation, autophagy, ER stress, apoptosis, and contraction abnormalities by altering
the intestinal flora in the intestinal smooth muscle of mice [86]. These results provide
a compelling argument for exploring nutritional interventions to combat AD and other
disorders associated with ER stress, impaired autophagy, and apoptosis. The central
objective of our investigation was to explore the efficacy of nutritional interventions in
ameliorating the deleterious effects of AD, with a particular emphasis on the role of cocoa,
either alone or in combination with other nutrients, in fostering a potentiating effect that
mitigates the advancement of the disease.

Our study revealed a significant reduction in brain monoamines, suggesting neuro-
logical damage in AD patients. Previous research has already shown that AD leads to a
decline in noradrenergic and serotonergic neurons in the brain, contributing to various
behavioral abnormalities [32]. Consistent with these findings, our results show that be-
havioral disturbances in the AD group are associated with a significant reduction in these
monoamines. Notably, our study highlights the potential of cocoa combined with VIN or
EGCG to restore reduced monoamine levels effectively, suggesting these nutraceuticals as
agents for neuroprotection. Specifically, VIN has been shown to prevent the decrease in the
biosynthesis rate of norepinephrine and serotonin [87]. While EGCG [88], Se supplemen-
tations, and CoQ10 [89] have been found to prevent the oxidative deamination reaction
of amine neurotransmitters. Additionally, previous studies have reported that vitamins C
and E can protect against AD in rat models by modulating brain monoamine levels [90].
Furthermore, the observed increase in BDNF levels and decrease in Aβ levels reported in
all treatments may be partially attributed to the elevation of brain monoamines [91]. These
findings collectively underscore the role of monoamines in apoptosis-related neurological
damage in AD. They also suggest that the consumption of cocoa with VIN or EGCG, along
with vitamins C and E, holds potential as neuroprotective interventions by enhancing
monoamine levels, promoting BDNF synthesis, and reducing Aβ levels.

The investigation found a notable increase in ACHE activity after AlCl3 exposure. This
observation is in harmony with earlier reports suggesting that Al exposure induces an in-
crease in ACHE activity and consequent pathological deterioration in AD etiology [92]. The
capability of Al to perturb the blood-brain barrier and modulate cholinergic neurotransmis-
sion is posited as the underlying mechanism for these outcomes. This dysregulation may
indicate lysosomal malfunctioning, which could worsen the toxic effects of Aβ [93]. These
findings warrant further exploration to unravel the intricacies of the pathophysiology of AD.
In the present investigation, all treatments elicited a decline in ACHE activity compared to
the AD group, with the combination of cocoa and either VIN or EGCG conferring superior
neuroprotection. Data on the effect of cocoa on ACHE is limited, so this study provides the
first documentation of cocoa’s potential neuroprotective effects against ACHE in AD. Prior
research has established VIN’s ability to attenuate ACHE activity and improve cholinergic
function by augmenting acetylcholine levels [9]. Similarly, both EGCG [94] and Q10 [95]
administration have been found to mitigate elevated ACHE in streptozotocin-induced
dementia models. Moreover, Vit E has been shown to modulate ACHE activity in various
brain regions [96]. In the context of Aβ peptide-induced enhancement of ACHE activity,
oxidative stress is posited as the underlying mechanism, with Vit E and C successfully
abrogating this effect [97,98].

The histopathology analyses confirmed the behavioral and biochemical changes.
Nuclear degeneration and pyknosis were found in the cerebral cortex, subiculum, and
fascia dentata. These outcomes agree with earlier studies by Abu-Elfotuh et al. and
Hamdan et al. [54]. The present study unveils the promising neuroprotective effects of
cocoa-based nutraceuticals, either alone or in combination with other dietary supple-
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ments, in mitigating the underlying histopathological deterioration. Our study results
provide compelling evidence for the potential amelioration effects of the nutraceuticals
under investigation, highlighting their therapeutic implications for neurodegenerative
disorders. Moreover, our findings suggest that the combination of these compounds
potentiates their neuroprotective effects, further emphasizing their potential as a viable
treatment option. These promising outcomes pave the way for the development of novel
therapeutic strategies that harness the synergistic benefits of these compounds in treating
neurodegenerative disorders.

5. Conclusions

Our study provides a comprehensive understanding of the complex pathophysiology
underlying Alzheimer’s disease, highlighting the interactions between different signaling
pathways. By our investigation, we demonstrate the fundamental role of oxidative stress
in triggering diminished cellular antioxidants, Aβ and tau protein accumulation, and
stimulation of inflammation, sustained ER stress, autophagy, and apoptosis, mediated by
pathways such as Wnt/GSK-3β/β-catenin. These alterations lead to neural degeneration,
reduced monoamine levels, and changes in brain barrier function and ACHE activity, all of
which contribute to the behavioral and histological changes observed in AD.

Our study also highlights the potential of cocoa, either alone or in combination with
other nutraceuticals, to ameliorate these biochemical, behavioral, and histological alter-
ations associated with AD, offering a promising avenue for therapeutic intervention to
slow cognitive decline. Moreover, the combined intervention of cocoa with VIN or EGCG
offers a superior therapeutic effect on behavioral, biochemical, and histological parameters,
providing further evidence for the potential of these interventions in the management
of Alzheimer’s disease. Further cellular studies are warranted to explore the synergistic
effects of these combinations in various experimental systems.
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Abstract: This study aimed at developing the microwave-treated, physically cross-linked polymer
blend film, optimizing the microwave treatment time, and testing for physicochemical attributes
and wound healing potential in diabetic animals. Microwave-treated and untreated films were
prepared by the solution casting method and characterized for various attributes required by a
wound healing platform. The optimized formulation was tested for skin regeneration potential
in the diabetes-induced open-incision animal model. The results indicated that the optimized
polymer film formulation (MB-3) has significantly enhanced physicochemical properties such as high
moisture adsorption (154.6 ± 4.23%), decreased the water vapor transmission rate (WVTR) value of
(53.0 ± 2.8 g/m2/h) and water vapor permeability (WVP) value (1.74 ± 0.08 g mm/h/m2), delayed
erosion (18.69 ± 4.74%), high water uptake, smooth and homogenous surface morphology, higher
tensile strength (56.84 ± 1.19 MPa), and increased glass transition temperature and enthalpy (through
polymer hydrophilic functional groups depicting efficient cross-linking). The in vivo data on day
16 of post-wounding indicated that the wound healing occurred faster with significantly increased
percent re-epithelialization and enhanced collagen deposition with optimized MB-3 film application
compared with the untreated group. The study concluded that the microwave-treated polymer
blend films have sufficiently enhanced physical properties, making them an effective candidate for
ameliorating the diabetic wound healing process and hastening skin tissue regeneration.

Keywords: polymeric film; diabetes mellitus; skin regeneration; wound healing; sodium alginate;
sodium carboxy methyl cellulose; microwave; cross-linking

1. Introduction

Skin tissue regeneration following wounds (trauma, severe burns, venous stasis,
decubitus/pressure, and diabetic ulcers) has been a challenging task for biomedical sci-
entists, especially the aesthetic outcome [1,2], and a great deal of attention has been con-
centrated on the research and development of polymer films as wound dressings and
drug delivery systems [3,4]. The diabetic wound has been a primary health concern where
the normal wound healing process is delayed due to a persistently high blood glucose
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level, high oxidative stress, and a compromised immune system [5], which makes it im-
perative to develop scaffolds with properties inculcated that are required by ideal wound
dressing materials [1,6].

Wound healing is a cascade of related molecular events that work jointly to reinstate
cellular function and tissue integrity [7]. These events efficiently take place in normal,
healthy human beings. Still, in certain conditions, such as poor nourishment or diseases
such as diabetes, these events are impeded, resulting in chronic or hard-to-heal wounds [8],
which are often complicated by secondary bacterial infection, thus not only prolonging
the treatment period but also increasing the treatment cost to the patient. Hence adequate
blood supply to the wound area, hygiene, the absence of necrotic scraps, sufficient moisture
balance, avoidance of microbial infection, and good exudate management are key factors
to ensure speedy recovery of the damaged skin tissue [9].

Polymeric films have long been used as a cost-effective strategy to hasten skin tis-
sue regeneration following damage. Hence, various polymers have been used for the
purpose, such as cellulose [10], sodium carboxymethyl cellulose [11,12], chitosan [13,14],
sodium alginate [3,15,16], gelatin [17], collagen [18], agar [19], pectin [20], dextran [21],
carrageenan [22], and hyaluronic acid [23]. The lone use of polymer for film dressing
has always been devoid of properties required of an ideal wound healing platform [24],
such as efficient moisture adsorption, prevention of trans-epidermal water loss, efficient
gaseous exchange between the wound bed and external environment with controlled pore
size preventing bacterial infiltration [25,26], enhanced mechanical properties, and delayed
degradation [24]. These demerits can be overcome by cross-linking the polymeric films,
which not only results in a mechanically strong film but also enables modification of one or
more physicochemical properties of the film such as tensile strength, strain, higher tem-
perature performance, cell-matrix interactions, gas permeation reduction, shape memory
retention, and resistance to enzymatic and chemical degradation [27].

Crosslinking is described as the generation of physical or chemical linkage between
polymer chains, which is generally an easy way to amend the biological, degradation, and
mechanical properties of the polymer [28]. This is regarded to happen through functional
groups by the generation of additional linkages through either chemical (covalent) or
physical bond formation (hydrogen bonds, electrostatic interactions, and/or Vander Waal’s
forces, etc.) [29]. The majority of materials that undergo no treatment do not hold the
required degradation and mechanical properties of the engineered platform; consequently,
there is a severe demand to augment those properties by use of smaller molecules named
“crosslinking agents” or “crosslinkers” [24]. The prime objective of crosslinking is to en-
hance the biomechanical properties of the scaffold by creating a compact network in a
polymer matrix [30–32]. Ionic cross-linking has been mainly used for this purpose [33,34]
by using compounds such as glutaraldehyde, formaldehyde, epoxy compounds, and di-
aldehyde. It is regarded as a highly versatile method [31]. However, chemical cross-linking
is an extremely flexible technique to improve the mechanical properties of polymers, thus
offering improved mechanical stability compared with physically cross-linked polymers.
Still, these cross-linking compounds are frequently toxic, exhibit undesirable effects, may
exert toxic reactions that result in cytotoxicity, can induce unwanted reactions with the
scaffold surface, and are not environmentally responsive [24,35,36]. Thus, their complete
removal from the reaction mixture makes it prone to induce necrosis in the wound [37,38].

To address the demerits associated with the use of chemical cross-linkers, physical
methods of crosslinking were introduced, such as ultraviolet irradiation [39], electron beam
irradiation [31], exposing the polymers to X-rays [40], alpha-rays [41], gamma-rays [42,43],
and microwaves [44,45]. In physical cross-linking, polymers may be efficiently cross-
linked without using any exogenous crosslinking agent, thus reducing the hazard of
chemical adulteration or chemically raised harmfulness [35]. Due to the absence of chemical
crosslinking agents, biomedical safety is the primary benefit of a physical crosslink, evading
possible cytotoxicity from unreacted chemical crosslinkers [46]. Physical crosslinking is
through physical interactions such as crystallization, protein interaction, hydrogen bonding,
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hydrophilic/hydrophobic interaction, stereocomplex formation/complexation, and ionic
interactions, which help keep the polymer chains together [36,47].

Microwaves are electromagnetic waves characterized by frequency in the range of
300 MHz to 300 GHz [38] and have long been used for polymerization reactions [48], for
the synthesis of an extensive range of polymers [49], for the development of hydrogel
scaffolds [50], for the fabrication of hydrogel [51] and nanoparticle gel [52], for improving
the mechanical properties of the polymer [53], for polymer modification and composite
film formulation [54,55], and for polymeric films [56,57]. Microwave interacts with polar
functional groups in a volumetric manner, thereby initiating polymer cross-linking through
their polar moieties, with the added merits of excluding the use of catalysts or additives
to start the reaction and simplicity of irradiation methods; the crosslinking point may
be controlled effortlessly by differing the dose of irradiation [36]. Multiple studies have
been performed to evaluate the role of the microwave as a crosslinker which significantly
enhanced the physicochemical attributes of the resultant product such as titanium dioxide
nanoparticles containing cross-linked chitosan hydrogel scaffold [50], microwave-aided
bioactive chitosan scaffold containing gold nanoparticles [58], poly acrylic acid, polyvinyl
alcohol, polyacrylamide, hydroxyl ethyl cellulose and polymethyl vinyl-ether-alt-maleic
anhydride cross-linked hydrogels without the use of monomers [51], chitosan/polyvinyl
alcohol silver nanoparticles gel [52], poly-lactic acid and poly-glycolic acid blend [53],
microcrystalline corn-straw cellulose cross-linked film [55], hydroxy propyl methyl cellu-
lose and poly(vinylpyrrolidone) composite films [45], and polyvinyl alcohol and tartaric
acid films [56].

Sodium alginate (SA) is a water-solvable hydrocolloid that is obtained from brown sea-
weed and is composed of (1–4)-linked -d-mannuronic acid and -l-guluronic acid units [59].
The significant abilities of this polymer, such as biocompatibility, non-toxicity, reproducibil-
ity, and biodegradation, have directed its usage in several fields, including pharmaceutical
additives, tissue engineering materials, food, and biology or enzyme carriers [60]. It has
also been investigated for its wound-healing potentials, such as the development of bio-
compatible povidone-iodine-containing sodium alginate film for enhancement of ulcer
healing [16], sodium alginate and gelatin hydrogels as wound dressings [19], and the forma-
tion of PVA-sodium alginate hydrogel membrane containing bFGF-entrapped microspheres
for enhanced wound healing [61].

Sodium Carboxymethyl cellulose (NaCMC), a biopolymer, is one of the derivatives
of cellulose that is developed by substituting the hydroxyl group (-OH) with the car-
boxymethyl (-COOH2CH-) group, where both units are linked to each other by β 1 and 4
glycosidic linkages [62,63]. It possesses excellent swelling and water-absorbing properties [64]
and is biologically inert and biocompatible [65,66]. It also finds widespread applications
in reduction, flocculation, detergents, paper, textiles, food, and drug formulation [67]. It
also has the added merit of being safe, non-toxic, and non-sensitizing, and hence also finds
applications in food, cosmetic, pharmaceutical, and biomedical applications, as well as
wound management [68,69]. It also possesses excellent film-forming properties [70] and
has been widely studied for wound-healing applications [62,68,71–73].

Both sodium alginate and Na-CMC have been extensively studied from the perspective
of wound healing [16,25,62,74–76], but their sole use has been associated with demerits
such as high water vapor transmission [77,78], fast erosion due to high hydrophilicity [79],
low absorbability [78,80], permeability to bacteria [81], low gaseous exchange between the
wound bed and external environment [82,83], and poor mechanical strength [84–87], which
necessitates the development of their blends [79].

This project aimed to develop physically cross-linked sodium alginate and NaCMC
films through microwave treatment, analyze them for physicochemical attributes, and
perform in vivo testing in diabetes-induced animal models for rapid healing following
open incision wound infliction. Blended sodium alginate/NaCMC films have been ex-
plored as prospective combinations that can be physically crosslinked using the mi-
crowave. Their combination was optimized by varying the microwave treatment time
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while keeping the concentration of both polymers constant. The optimized combination
was tested for its ability to regenerate skin tissue in diabetic animals following open incision
wound infliction.

2. Materials and Methods
2.1. Materials

Polysorbate 80 (tween-80, purity ~99%), disodium hydrogen orthophosphate (purity ~99%),
sodium chloride (purity ~99%), sodium carboxymethyl cellulose (Na-CMC, purity ~99%,
molecular weight 262.19 g/mol, high viscosity:1500–3000 centipoise of 1% solution in water
at 25 ◦C), and monobasic potassium phosphate (purity ~98%) were procured from Sigma-
Aldrich (St. Louis, MO, USA), while hydrochloric acid (purity ~35%) was purchased from
Merck, Darmstat, Germany. Sodium alginate (purity ~99%, molecular weight 216.12 g/mol,
viscosity: 15–25 centipoise of 1% solution in water) was bought from Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China. Polyethylene glycol-400 (PEG-400, purity ~99%)
and glycerol (purity ~99%) were kindly provided by Bio-Labs (Islamabad, Pakistan). All
chemicals were used without any further processing or purification.

2.2. Methods
2.2.1. Film Formulation

Bi-polymeric blended films composed of sodium alginate and Na-CMC were devel-
oped by solution casting technique as described earlier [33]. Briefly, sodium alginate and
Na-CMC were separately dissolved in enough deionized water to prepare (2% w/w) so-
lutions. Both solutions were then added with glycerol (2% w/w), tween 80 (0.1% w/w)
and PEG-400 (0.05% w/w) and thoroughly mixed to ensure homogeneity. Both polymer
solutions were mixed in a ratio of 60:40 (60 parts sodium alginate and 40 parts Na-CMC)
and subjected to microwave treatment for different time intervals (1 and 3 min) at fixed
power of 500 watts and a fixed frequency of 2450 MHz, utilizing a commercially available
microwave oven (LG, MS2022D, Beijing, China). Following microwave treatment, a total of
50 g of bubble-free polymer mixture was transferred into petri dishes (Ø 34.30 mm) and
dried in a convection oven (SH SCIENTIFIC, Model: SH- DO-100NG, Sejong, Korea) at
40 ◦C for 72 h or until complete dryness.

The dried polymeric films were detached from petri dishes and kept in a desiccator
until they were subjected to several physicochemical characterization tests. The untreated
blend films were developed similarly for comparison. The formulation ingredients and
microwave treatment conditions are depicted in Table 1.

Table 1. Composition of modified blended sodium alginate and sodium CMC film formulations.

Formulations
Microwave
Treatment
Time (min)

Sodium
Alginate
(w/w) g

Na-CMC
(w/w) g

Tween 80
(w/w) G

PEG-400
(w/w) G

Glycerol
(w/w) g

Water
(w/w) G

Untreated blend (UB) — 2 2 0.1 0.05 2 93.85

MB-1 1 2 2 0.1 0.05 2 93.85

MB-3 3 2 2 0.1 0.05 2 93.85

2.2.2. Moisture Adsorption

An already-reported method [88] was used to determine moisture adsorption. Con-
cisely, the film was sliced into 2.5 × 3 cm pieces and accurately weighed. The film pieces
were dehydrated in a desiccator with anhydrous calcium sulfate (CaSO4) at virtual relative
humidity (RH) of 0% for 48 h. Following complete desiccation, the dried film pieces were
weighed again and incubated again with a saturated solution of potassium sulfate in a
desiccator at 25 ± 2 ◦C with relative humidity maintained at 97 ± 2% for an additional 48 h
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to allow the films to become fully hydrated and were weighed again. The percent (%)
moisture adsorption was determined using the following equation.

MA (%) = (Wt − Wi)/Wi × 100 (1)

Wt = Final weight after rehydration, and Wi = Initial weight after dehydration.
The test was repeated three times and results were averaged with ± standard deviation.

2.2.3. Water Vapor Transmission Rate (WVTR) and Water Vapor Permeability (WVP)

The water vapor transmission rate (WVTR) through the polymeric film was assessed
by the ASTM method with some modifications using a plastic bottle with its mouth area
determined [89]. The film was cut in size according to the mouth of the bottle. The bottle
was filled with a 30 mL saturated potassium chloride solution, and the film was tied onto
its mouth with an adhesive. The whole system was initially weighed and then placed in a
desiccator containing calcium chloride at room temperature with RH maintained at 1.5%.
The system’s weight was determined hourly for up to 8 h. The loss in weight is considered
equal to the amount of water transmitted across the film, which was absorbed by desiccant
material (CaCl2). The thickness of the films was determined using a micrometer screw
gauge. The values were placed in equations to determine the WVT, which was estimated
by dividing the slope of a linear regression of weight loss vs. time by film area, and the WVP
(gm/m2 s Pa) was determined by using an equation.

WVTR =
Slope

Film area
(2)

The slope is the slope of the graph calculated from the weight loss vs. time curve, and
the film area was 0.000903 m2.

WVP =
WVTR × T

∆P
(3)

T is the mean film thickness (mm) and ∆P is the partial water vapor pressure difference
(mmHg) through two sides of the film sample (the partial vapor pressure of water at 25 ◦C
= 23.73 mmHg).

The experiment was repeated three times, and results averaged with ± SD.

2.2.4. Erosion and Water Uptake

Briefly, film pieces were cut, each having a 3 × 2.5 cm dimension. Then dry film
pieces were weighed and placed in 20 mL PBS of pH 7.4 in a petri dish. After that, it was
incubated at 37 ± 3 ◦C in a convection oven (SH SCIENTIFIC, Model: SH- DO-100NG,
Sejong-si, Republic of Korea). The film pieces were taken from the petri dish at a specific
time interval (every 5 min), blotted dry, and weighed again. The same was repeated for
the entire incubation time of over 20 min. After 20 min, the buffer solution was discarded,
and the same film pieces were dried in an oven at 40 ± 2 ◦C for 5 days. After 5 days, the
oven-dried weight was taken, and the following relations were used to calculate percent
erosion (E%) and percent water uptake (WU%). The test was executed in triplicate, and the
results were averaged with standard deviation.

E (%) =
Wi − Wt(d)

Wi
× 100 (4)

WU (%) =
Wt − Wt(d)

Wt(d)
× 100 (5)

Wi = weight of film before immersion, Wt (d) = dry weight of film taken at time t, and
Wt = wet weight of film at time t.
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2.2.5. Morphology

Scanning electron microscopy was used to analyze the film’s surface morphology
using an ultra-high-resolution field-emission scanning electron microscope (UHR-FESEM,
MERLIN/344999-9001-030, Zeiss, Aalen, Germany). Each film was sliced into a 3 × 3 mm
piece, which was then attached to a stub via double-sided adhesive carbon tape. The
samples were then placed in the microscope chamber after being subjected to a 5-min
gold sputter coating procedure (QUORUM Sputter Coater Q150R S, Quorum, Lewes, UK),
followed by SEM examination at a 10-KV accelerating voltage. Using the smartTiff tool, the
photographs of corresponding parts were taken at magnification powers of 100, 500, 1000,
2000, and 3000× [34].

2.2.6. Tensile Strength

Using a universal testing device (Testometrics, Rochdale, UK), the polymeric films’
ultimate tensile strength was assessed at 25 ± 1 ◦C. The polymeric film’s tensile strength
was measured employing a texture analyzer after being trimmed into rectangular-shaped
strips. For each film sample, three rectangular-shaped strips of 7.5 cm in length and 3.5 cm
in width were trimmed, and they were then fastened between the machine’s grips. The
initial grip distance was set to 50 mm, and the crosshead speed was set to 5 mm/min. The
sample was pulled with a 50 N load [34]. The most significant breaking force was noted.
The results were averaged across three replicated tests.

2.2.7. Differential Scanning Calorimetry (DSC)

The films’ thermal characteristics were assessed using differential scanning calorimetry
(DSC; PerkinElmer Thermal Analysis, USA) [89]. A 5–7 mg film sample was taken in the
sample pan. The reference pan was left empty. Melting transition temperatures (T) of
various films were recorded while continuously purging with N2 gas with a 40 mL/min
flow rate and a heating scan rate of 10 ◦C/min from 0–400 ◦C. Each film peak’s transi-
tion temperature and enthalpy (∆H) values were calculated in triplicate, and the results
were averaged.

2.2.8. Vibrational Spectroscopic Analysis

An ATR-FTIR spectrophotometer (UATR TWO, Perkin Elmer, Beaconsfield, UK) [89]
captured the dried polymeric films’ distinctive peaks. Each film was laid on the diamond
crystal’s surface and secured to guarantee close contact and great sensitivity. All samples
were scanned with a 2 min acquisition time spanning the 400 to 4000 cm−1 wavenumber
range. Results were averaged after three analyses of each sample.

2.2.9. In Vivo Wound Healing

Healthy male Sprague–Dawley rats with a weight range of 200–250 g were procured
and acclimatized/adjusted for 14 days with an easy approach to water and food at a
temperature of 19 to 23 ◦C with a 12-h dark-light cycle. Before the diabetes induction,
the rats abstained from eating for 24 h with free access to water. They were weighed,
and their fasting blood sugar levels were determined using a glucometer (CodeFree,
SD Biosensor, Korea). A single dose of freshly prepared streptozotocin solution was
intraperitoneally injected in rats at a dosage of 50 mg/kg body weight of the animal. The
blood sugar levels of the animals were monitored starting on day 3 of the streptozotocin
injection [90], and rats were considered people with diabetes when their blood sugar levels were
>250 mg/dL [91]. Following the diabetes induction, the diabetic rats were divided ran-
domly into two groups (n = 8 for each group), i.e., untreated and polymeric film groups.
The rats were anesthetized by I/P injection of a mixture of xylazine (10 mg/kg) and
ketamine (100 mg/kg), and the back hair of the rats was shaved. An open incision wound
was inflicted on a mid-dorsal thoracic section of the rats with the help of sterilized forceps
and surgical scissors. Following the infliction of the wound, the treatments were applied
to the injured part, covered with sterile gauze, and adhered with 3M adhesive tape. The
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untreated group received only the gauze application, while the polymeric film group re-
ceived only the (3 × 3 dimensional) film piece. The treatments were applied daily until
complete wound healing was observed. The institutional Ethical Review Board approved
the animal study protocol, vide reference number: 502/QEC/GU, dated: 29 March 2019,
Gomal University Pakistan.

The photographs of wounds were taken by a Canon D5200 camera (Tokyo, Japan)
on days 0, 3, 7, 14, and 16 post-administration to record the surface morphology of the
wound. The wound size was investigated by Image J software (version 1.53K, US National
Institutes of Health, Bethesda, MD, USA). The % re-epithelization was then estimated using
the following relation.

Re − epithelialization (%) =
Wound size at time 0 − Wound size at time t

Wound size at time 0
× 100 (6)

2.2.10. Physicochemical Characterization of Skin Samples
Thermal Analysis

To estimate changes produced in the lipid and protein regions of skin with film
treatment compared with the control group, the skin samples with wounds were also exposed
to thermal analysis employing DSC (Perkin Elmer, Thermal Analysis, Boston, MA, USA).
In a nutshell, a precisely measured 3 mg of full-thickness skin-containing wound was
trimmed/cut with great care and enclosed in a standard aluminum pan before being
subjected to thermal analysis at temperatures ranging between 30–180 ◦C at a heating rate
of 10 ◦C/min, under constant pulses of nitrogen gas at a 40 mL/min flow rate. For the
lipidic and protein regions, the melting temperature and enthalpy were noted. Results
were averaged after at least three separate analyses of each sample.

Tensile Strength

The tensile strength of the excised skin samples was measured after they were cut into
strips of 5 cm in length and 2.5 cm in width (Testometric M-500, Rochdale, UK). The strips
were fastened between the lower and upper jaws of the tensiometer and perpendicularly
pulled/strained with loads of 30 kg at test speeds of 5 mm/s and 10 mm/s, respectively.
The greatest power necessary to rupture the skin sample and the breaking point were noted.
Test of every skin specimen was performed thrice, and results were averaged.

Vibrational Spectroscopy

ATR-FTIR (UATR TWO, Perkin Elmer, Buckinghamshire, UK) was used to record
the vibrational spectra of the dermal layer of skin samples from treated and untreated
animal groups with a resolution of 16 cm−1 and acquisition/exposure duration of 2 min.
The corresponding ATR-FTIR spectra were compared to determine the degree of collagen
deposition. The amide-I and amide-II absorbances, which come from the skin’s protein
composition, were measured for this purpose. The degree of collagen deposition was
estimated using this unique technique that compared the absorbance of the treatment group
with the control group. The results from three analyses of each sample were averaged.

Histology

Animals were killed by cervical dislocation when needed, and the skin-containing
wound was surgically removed, cleaned with normal saline, and stored at −20 ◦C until
further usage. Histological testing was conducted on the newly repaired skin tissue that
covered the incision. The stored skin samples were thawed at room temperature for 3 h, then
fixed in a 10% aqueous solution of formalin for three days at ambient temperatures. The
skin samples were then prepped by cutting, washing with regular saline, and dehydrating
in ethanol. The samples of desiccated skin were cleaned with xylene before being fixed
in paraffin wax. Using a microtome (HM-340E, Microm Inc., Boise, ID, USA), 5 µm thick
sections were created. They were then processed separately by Masson’s trichrome and
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H&E (hematoxylin and eosin) stains. The slides were observed, and relevant portions were
photographed employing an inverted microscope equipped with a camera (HDCCE—X5N).

2.3. Statistical Analysis

At a minimum, three data replicates were used to calculate the mean and standard
deviation. The significance level was established at p < 0.05, and the analysis of variance
(ANOVA) followed by post hoc analysis or a Student’s t-test was employed for analysis.

3. Results and Discussion
3.1. Moisture Adsorption

An ideal wound-healing platform requires a hydrophilic extracellular matrix that can
remove wound exudate and keep the wound bed moist for rapid regeneration [79,92,93].
To check a material’s capacity to hold sufficient moisture in the wound bed, various
methods, such as water contact angle and water retention, can be used [9]. The moisture
adsorption test results indicated that the percentage moisture adsorption of blended films
ranged from 131 ± 6.6% to 154.6 ± 4.23%. The moisture adsorption ability was found to
increase significantly with an increase in microwave treatment time, as shown in Figure 1.
The increase in water adsorption ability of polymer blend film following microwave
treatment can be attributed to free OH functional groups shifting to the surface area,
thereby promoting the water attacking ability of the film [94].
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Figure 1. Percentage moisture adsorption of blended film formulations.

Furthermore, microwave treatment is envisaged to increase the crosslinking density
between the polymers and other film ingredients such as glycerol, which has been re-
ported to immobilize between polymer chains, resulting in increased water absorbency
and enhanced water moisture adsorption ability of the film [88]. Microwaves are po-
larphilic electromagnetic waves that interact with a polymer’s polar regions in a volumetric
manner [95]. Following microwave treatment, the polar functional groups of sodium
alginate and sodium carboxymethyl cellulose (i.e., OH, amide-I, and amide-II) may in-
teract via hydrogen bonding [96], forming a compact structure. Moreover, the strong
interlinks between the polymer chains cause the polymer fibers to arrange themselves
in a uniform/even manner during drying, resulting in voids forming between polymer
chains and leading to distinct pore sizes throughout the polymer matrix [97]. Reduced
pore size renders maximum moisture absorption at the wound surface [98]. It may de-
crease the penetration of bacteria into the wound bed, thus preventing complications in
the wound [99].
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3.2. Water Vapor Transmission Rate (WVTR) and Water Vapor Permeability (WVP)

The WVTR of a wound healing platform determines its efficiency in reducing the
transepidermal water loss and facilitating the easy exchange of oxygen and carbon dioxide
between the wound bed and external environment [100], which is inversely proportional to
a wound dressing’s ability to retain moisture, implying that a dressing having a low WVTR
will be capable of retaining more moisture at the wound surface since dry wounds take
longer time to heal [101]. The results of WVTR are shown in Figure 2a, where though the
difference between all formulations was insignificant (Student’s t-test, p > 0.05), microwave-
treated blends tend to have lower WVTR compared with the UB formulation, where MB-3
was found to have significantly lower WVTR compared with UB (Table 2). Similarly,
the WVP was highest for UB compared with MB-1 and MB-3 (Figure 2b). More water
prevention ability by microwave-treated films could be attributed to specifically engineered
pore size due to the arrangement of polymer layers/fibers in a specific geometric manner,
probably allowing gaseous passage (O2 and CO2) through but preventing water molecules
passage due to large molecular size [89], which was reported earlier to be due to the
initiation of strong interactions between the film moieties following microwave treatment,
probably in the form of strong hydrogen bonds [94]. Additionally, microwave irradiation of
polymers is also reported to enhance the inter-polymer cross-linking, resulting in enhanced
intermolecular forces that arrange the polymers into a better orientation [57]. Furthermore,
this phenomenon is envisaged to prevent bacterial infiltration, thereby reducing the chances
of secondary bacterial infection by opportunistic bacteria [102].
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Table 2. WVTR and WVP along with standard deviation of blend films.

Sodium Alginate and NaCMC Blend Films

Formulation WVTR (g/m2/h) WVP (g mm/h/m2) The Thickness of the Film (mm)

UB 60.7 ± 6.2 2.00 ± 0.24 0.78 ± 0.01

MB-1 57.5 ± 7.7 1.93 ± 0.51 0.80 ± 0.01

MB-3 53.0 ± 2.8 1.74 ± 0.08 5.12 ± 0.03

3.3. Erosion and Water Uptake

The water uptake capacity regulates the film formulation’s swelling, degradability,
functionality, and stability [103], which are governed by pH, type, and ions at the wound
bed. Delayed erosion and high water uptake are deemed favorable from the perspective
of skin regeneration, where delayed erosion translates into better patient compliance and
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a long duration of action. In contrast, water uptake ability reflects the ability of the film
formulation to remove exudates from the wound bed [73]. The percentage erosion results
of all formulations are shown in Figure 3a, while water uptake is shown in Figure 3b. The
results indicated that the UB formulation degraded up to 21.87 ± 6.62%, while microwave
treatment reduced the percent erosion ability up to 18.69 ± 4.74%, though the difference
was statistically insignificant (Student’s t-test, p > 0.05). In the case of UB, which was
composed of untreated sodium alginate and Na-CMC blend, it is more likely to expose
more hydrophilic surface groups due to loosening structure formation as a result of re-
laxed polymer chains, allowing the easy penetration of erosion media into the matrix,
resulting in hastened solubility and hence quick erosion [104]. Conversely, following mi-
crowave treatment, a densely cross-linked structure might have been formed, resulting in
egg box formation between sodium alginate and Na-CMC polar functional groups [105],
thereby offering higher resistance to water penetration into a polymer matrix and delaying
matrix damage [89].
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The water uptake results indicated that an increase in microwave irradiation time
resulted in a higher water uptake capacity with time compared with the untreated blend.
However, the difference was insignificant (ANOVA, p > 0.05). It is believed that due
to the affinity of microwaves towards polar functional groups of the polymers and/or
other formulation ingredients, hydrophilic as well as hydrophobic interactions might have
resulted in surface shifting of OH/NH, amide, and ester functional groups, enabling more
attraction of water molecules, translating into higher water uptake [89], which is envisaged
to effectively remove wound exudate and enable faster skin regeneration.

3.4. Morphology

The surface morphology pictographs of untreated and microwave-treated blend films
are shown in Figure 4. The results indicated that the untreated (UB) had a rough/granular
appearance, which could be attributed to removing some of the formulation ingredients
from the matrix and accumulating on the surface of the mixture as the two polymers were
not wholly homogenous and there was minimal separation of the ingredients due to the
loose structure of the polymer film. In contrast, the microwave treatment resulted in a
more homogenous surface appearance of the film following drying, advocating proper
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mixing of all formulation ingredients with no phase separation at the interface owing to
the microwave’s ability to affect the polymer arrangement [106]. The role of the microwave
as an efficient crosslinking agent is augmented by Sun et al. (2018), who described that
without microwave treatment, the corn di-starch phosphate/corn straw cellulose film
had a rough appearance with a loose structure when viewed cross-sectionally [57]. After
microwave/ultrasonic treatment, the surface of the film became homogenous and smooth,
with a dense and compact arrangement of polymer chains having no phase separation
at the interface. All this happened due to efficient crosslinking between the polymers
due to microwave/ultrasonic treatment. Wang et al. (2014) also advocated the role of
the microwave as an excellent physical crosslinking method to create the smooth and
homogenous appearance of blend films [107].
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3.5. Tensile Strength

The mechanical strength of a polymeric film reflects its ability to withstand friction
and stress during handling and/or application at the wound site [108]. The tensile strength
results of all formulations are shown in Table 3. The results indicated that the untreated
blend tends to have significantly lower tensile strength than microwave-treated blends
(Student’s t-test, p < 0.05). The tensile strength tends to increase with microwave treatment
time; significantly higher (Student’s t-test, p < 0.05) tensile strength was observed when the
blend was subjected to 3 min of microwave treatment. Higher tensile strength is believed
to appear due to higher cross-linking density, which shall be optimized as higher cross-
linking density translates into a reduction in percent elongation, which may make the film
non-elastic [36]. Microwaves affect the physical attributes of polymers such as particle
shape, size, distribution, packing style, and diameter, ultimately influencing the substance’s
mechanical properties [109]. In a study, microwave-treated soy protein isolate/titanium
dioxide film exposed to 500-watt microwave power for 15 min showed maximum tensile
strength due to the microwave, which reducing particle size and increased surface area.
Increasing the surface area provides an improved opportunity for the particles to interact.
Thus, a more stable film is created, which leads to better tensile strength [107]. Sun et al. (2018)
showed the same results of improved mechanical strength of corn di-starch phosphate/corn
straw cellulose film due to irradiating the film solution with microwaves [57]. They
concluded that the increased tensile strength is due to the improved integration of the
polymer blend due to enhanced intermolecular force, which amends the molecular structure
of the polymer network.
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Table 3. Tensile strength values of different blend film formulations.

Formulation Tensile Strength (MPa) Elongation at Break (%) Elastic Modulus (MPa)

UB 40.54 ± 1.02 65.34 ± 2.53 57.12 ± 10.76

MB-1 48.06 ± 1.30 69.13 ± 2.87 65.88 ± 9.87

MB-3 56.84 ± 1.19 77.54 ± 1.59 79.26 ± 7.68

3.6. Thermal Analysis

Thermal analysis, such as DSC, depicts the films’ behavior as a function of temper-
ature and interprets the degradation process, thermal transition, and thermal stability of
the films [11]. The DSC thermograms of the blended polymeric films were obtained to
describe the thermal properties of films and estimate the effect of microwave treatment
on the thermal properties of polymers. The effect of microwaves on the cross-linking
ability between sodium alginate and Na-CMC was evaluated by subjecting all formulations
to thermal analysis. The DSC thermograms of all formulations are shown in Figure 5.
The results indicated that microwave treatment significantly increased the corresponding
melting transition temperatures and enthalpies of sodium alginate and Na-CMC moieties. In
the case of UB, two transitions were observed, i.e., at 111.36 ± 0.08 ◦C and 191.62 ± 0.06 ◦C,
with corresponding ∆H values of 0.49 ± 0.05 J/g and 1.11 ± 0.03 J/g, respectively, where
the former was attributed to sodium alginate and the latter to Na-CMC moieties. In the ab-
sence of microwave treatment, polymer chains become flexible due to surfactant/plasticizer
incorporation, due to which molecules move easily, and so less heat is required to reach
the glass transition temperature [88]. With the introduction of microwave treatment, the
melting transition, as well as corresponding enthalpies, tend to increase. A significant
(Student’s t-test, p < 0.05) rise in the melting transition temperature as well as corresponding
enthalpies was observed for MB-3, where the sodium alginate moiety showed ∆T value
of 199.23 ± 2.08 ◦C and ∆H value of 2.35 ± 0.02 J/g. In comparison, for Na-CMC, the ∆T
value of 260.32 ± 0.58 ◦C and ∆H value of 1.48 ± 0.06 J/g were observed. A significant rise
in melting transition, as well as the energy required to induce transition, during the thermal
analysis of the microwave-treated blend film depicted that microwave treatment enabled
the formation of additional interactive forces between both polymer moieties, i.e., electro-
static and/or hydrogen bonding, through both polymer polar functional groups [11,110],
thereby requiring higher temperature and energy to induce transition.
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3.7. Vibrational Spectroscopic Analysis

All the film formulations were subjected to vibrational spectroscopic analysis using an
ATR-FTIR to elucidate the extent of hydrophilic and hydrophobic interactions between the
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polymers and/or polymers and excipients following microwave treatment. The results are
shown in Figure 6. The UB film showed characteristic hydrophilic (OH/NH, C=O) and
hydrophobic bands (asymmetric CH), which tend to show significant shifts when subjected
to microwave treatment. In the case of MB-3, a significant decrease in hydrophilic moieties
(OH/NH, 3306–3315 cm−1) and a significant increase in hydrophobic moieties (asymmetric CH,
2925–2930 cm−1) were observed, depicting rigidification of hydrophilic domains of the
film and fluidization/elasticity of hydrophobic domains occurred when films were treated
with a microwave for 3 min. The rigidification of hydrophilic moieties of the polymeric
blend film could be attributed to the formation of additional linkages between the polar
functional groups of both polymers and/or polymers and excipients, which is envisaged to
translate into a delay in erosion ability. In contrast, fluidization of hydrophobic domains is
predicted to increase the elasticity of the matrix, translating into higher mechanical strength
when the polymer blend was treated with microwaves for 3 min.
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3.8. Wound Morphology

The in vivo wound healing ability of the microwave-treated polymer film group and
the untreated control group was tested in the diabetic rat model. The pictographs of
wound morphology are shown in Figure 7, and wound size and percent re-epithelialization
results are in Figure 8a,b. The in vivo evaluation of wounds indicated that the untreated
control group did not heal entirely for up to 16 days. Only 58% re-epithelialization was
observed, while the polymeric film group showed a prominently high percentage of
re-epithelialization (89.7%). The polymeric film group significantly hastened the skin
tissue regeneration in diabetic animals in comparison to the untreated/control group with
a significantly reduced wound size (ANOVA, p < 0.05, Figure 8a), where almost near-
complete wound healing (90%) was achieved within 16 days of the experiment with nearly
no scar. The absence of scarring can be attributed to the WVP of the film scaffold. As stated
earlier, the sodium alginate-sodium CMC film scaffold showed an optimal range of WVP;
thus, wound therapy in a wet environment positively influenced re-epithelization; hence, it
encourages healing with no scar development [111]. The polymeric film group resulted in
89.7% re-epithelialization on day 16, which was significantly higher (ANOVA, p < 0.05) as
compared with that found for the untreated control group (58%). Among both test groups,
the polymeric film proved significantly efficient in healing diabetic wounds.
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Re-epithelialization, a characteristic hallmark of cutaneous wound contraction, is
governed by the restoration of skin tissues to form a granulation barricade on the open
wound [112]. The wound healing in terms of contraction and percent re-epithelialization
presented promising results in the polymeric film group, which encouraged the process of
wound contraction in less time than the control/untreated group. The polymeric film group
also supported wound healing better, with 89.7% re-epithelialization, due to the inherent
wound-healing nature of films constituting polymers (alginate and CMC) [113]. In wound
healing, increased division and migration of epithelial cells along with keratinocytes occur
from the periphery of the wound towards the wound site, both of which depend upon the
interaction of keratinocytes with the extracellular matrix at the wound surface [114].

3.9. Physicochemical Characterization Tests Results of Skin Samples
3.9.1. Thermal Analysis

The thermal analysis results of skin samples harvested on the 14th day of post-
wounding from both animal groups are presented in Figure 9. Thermal analysis was
performed to investigate the extent of collagen deposition during the healing process,
which is envisaged to either increase or decrease in the transition melting temperature
and enthalpy of the proteinous domains in the skin samples. The results indicated that
in both group samples, the melting transition, as well as corresponding enthalpies, did
not differ significantly (Student’s t-test, p > 0.05), where the untreated skin samples showed
∆T = 66.86 ± 1.08 ◦C, with corresponding ∆H = 0.89 ± 0.4 J/g, while in the film-treated
group, it appeared to be 69.32 ± 1.20 ◦C, with corresponding enthalpy ∆H = 1.25 ± 0.2 J/g.
In contrast, in the case of proteinous domains, a significant increase in the melting tran-
sition temperatures and enthalpies was observed in samples harvested from the film-
treated group compared with the untreated group. The transition temperature signifi-
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cantly increased from 159.54 ± 1.78 ◦C to 176.42 ± 1.18 ◦C (Student’s t-test, p < 0.05),
with a significant rise in enthalpy (Student’s t-test, p < 0.05, ∆H = 120.55 ± 4.03 J/g to
222.48 ± 3.16 J/g). The rise in melting transition and enthalpies of skin protein domains
in the film-treated group advocates forming a compact and cross-linked protein structure
at the wound site. Sodium alginate and Na-CMC are already reported to possess wound-
healing properties [11,62,86]. Microwave treatment might have enabled controlled pore
size formation in the polymer matrix, which facilitated skin regeneration by accelerating
the process of collagen deposition, which is envisaged to promote rapid wound closure.

Pharmaceutics 2023, 15, 418 18 of 26 
 

 

appeared to be 69.32 ± 1.20 °C, with corresponding enthalpy ∆H = 1.25 ± 0.2 J/g. In contrast, 
in the case of proteinous domains, a significant increase in the melting transition temper-
atures and enthalpies was observed in samples harvested from the film-treated group 
compared with the untreated group. The transition temperature significantly increased 
from 159.54 ± 1.78 °C to 176.42 ± 1.18 °C (Student’s t-test, p < 0.05), with a significant rise 
in enthalpy (Student’s t-test, p < 0.05, ∆H = 120.55 ± 4.03 J/g to 222.48 ± 3.16 J/g). The rise 
in melting transition and enthalpies of skin protein domains in the film-treated group ad-
vocates forming a compact and cross-linked protein structure at the wound site. Sodium 
alginate and Na-CMC are already reported to possess wound-healing properties 
[11,62,86]. Microwave treatment might have enabled controlled pore size formation in the 
polymer matrix, which facilitated skin regeneration by accelerating the process of collagen 
deposition, which is envisaged to promote rapid wound closure. 

 
Figure 9. DSC thermograms of rat’s skin without (i) and (ii) with polymeric film treatment. 

3.9.2. Tensile strength 
Uniform and greater extents of collagen deposition are expected to significantly in-

crease the mechanical strength of the newly regenerated skin tissue at the wound site. 
Therefore, the skin samples harvested on the 14th day of wounding were subjected to 
tensile strength analysis, and the results are shown in Table 4. The results indicated that 
the film-treated group showed a significant increase in the tensile strength and percent 
elongation break compared with the untreated animal group (Student’s t-test, p < 0.05). 
The increased tensile strength indicates a compact and dense arrangement of collagen 
protein in skin structure due to the rigidification of the dermal layer’s hydrophilic moie-
ties (NH/OH, C=O, C-N), depicting the development of a more dense skin structure 
[97,115]. 

Table 4. Tensile strength of skin in various treatment groups. 

Tested Groups Tensile Strength (MPa) Elongation at Break (%) Elastic Modulus (MPa) 
Untreated 7.43 ± 1.13 11.09 ± 0.32 1.49 ± 1.71 

Polymeric film 12.4 ± 1.02 16.71 ± 0.21 3.84 1.32 
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3.9.2. Tensile Strength

Uniform and greater extents of collagen deposition are expected to significantly in-
crease the mechanical strength of the newly regenerated skin tissue at the wound site.
Therefore, the skin samples harvested on the 14th day of wounding were subjected to
tensile strength analysis, and the results are shown in Table 4. The results indicated that
the film-treated group showed a significant increase in the tensile strength and percent
elongation break compared with the untreated animal group (Student’s t-test, p < 0.05). The
increased tensile strength indicates a compact and dense arrangement of collagen protein in
skin structure due to the rigidification of the dermal layer’s hydrophilic moieties (NH/OH,
C=O, C-N), depicting the development of a more dense skin structure [97,115].

Table 4. Tensile strength of skin in various treatment groups.

Tested Groups Tensile Strength (MPa) Elongation at Break (%) Elastic Modulus (MPa)

Untreated 7.43 ± 1.13 11.09 ± 0.32 1.49 ± 1.71

Polymeric film 12.4 ± 1.02 16.71 ± 0.21 3.84 ± 1.32

3.9.3. Vibrational Spectroscopy

The ATR-FTIR spectra of the dermal layer of skin samples from the untreated control
group and polymeric film-treated animal groups are demonstrated in Figure 10. The
ATR-FTIR analysis was performed to cement the results obtained with the thermal and
tensile strength analyses. For this purpose, the wavenumbers with the corresponding
absorbance ratios of the OH/NH, amide-I, and amide-II bands were investigated. The
amide-I region in the skin is reported to be associated with collagen protein (1650 cm−1,
C=O stretching in O=C–N–H), while amide-II bands (1550 cm−1, N–H bending in O=C–N–H)
have been reported to arise from peptide linkages of collagen [116,117]. As shown in
Figure 10, the OH/NH absorbance band underwent significant rigidification in the film
group (Student’s t-test, p < 0.05, 3344.3 cm−1 to 3327.5 cm−1) compared with the untreated
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control group (Figure 10a). Similarly, the amide-I experienced significant rigidification
(Student’s t-test, p < 0.05), where the absorbance band underwent a significant shift to a
lower wavenumber region of 1638.8 from 1643.1 cm−1, with similar changes observed with
the amide-II (Student’s t-test, p < 0.05, 1556.6 to 1553.5 cm−1). To further strengthen this
claim, a ratio of absorbance values of corresponding bands of untreated to film-treated
skin was calculated, which was found to be significantly higher for film-treated groups
(Student’s t-test, p < 0.05, amide-I to amide-II = 1.98 ± 0.02), showing more rigidity of
hydrophilic moieties in the dermis compared with the untreated group (1.20 ± 0.04). The
high wavenumbers and absorbance ratios indicated the rigidity of hydrophilic OH/NH
parts of the dermal layer, describing the development of a denser skin structure [97] and a
greater extent of protein deposition at the wound site [118].
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3.9.4. Skin Histology

Histological analysis results of the H&E and Masson trichrome staining are shown
in Figure 11. The H&E was performed to visually analyze the inflammatory phase of
both animal group samples, while Masson trichrome was employed to investigate the
extent and pattern of collagen deposition. As shown in Figure 11, the untreated H&E
staining revealed significant inflammation yet on day 14, which was evident from signs
of ulceration, edema with loose dermal layer crust, low epithelization, and an abundance
of mononuclear cell infiltration compared with film-treated skin samples, with a lesser
extent and nonuniform collagen deposition. In contrast, the film-treated samples showed a
diverse level of granulation tissue formation, epithelium migration over the dermis, dermal
remodeling, lesser edema, ulceration, and a fair quantity of granulation where signs of
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healed skin structure with fine-shaped were observed with close to normal epidermis,
adnexa restoration, and extensive and uniform collagen fiber deposition. The animals
treated with the film group presented almost complete wound re-epithelialization, together
with well-formed and distinguished epithelium and substantially augmented accumulation
of connective tissue and collagen within the dermis.

Pharmaceutics 2023, 15, 418 20 of 26 
 

 

3.9.4. Skin Histology 
Histological analysis results of the H&E and Masson trichrome staining are shown in 

Figure 11. The H&E was performed to visually analyze the inflammatory phase of both 
animal group samples, while Masson trichrome was employed to investigate the extent 
and pattern of collagen deposition. As shown in Figure 11, the untreated H&E staining 
revealed significant inflammation yet on day 14, which was evident from signs of ulcera-
tion, edema with loose dermal layer crust, low epithelization, and an abundance of mon-
onuclear cell infiltration compared with film-treated skin samples, with a lesser extent and 
nonuniform collagen deposition. In contrast, the film-treated samples showed a diverse 
level of granulation tissue formation, epithelium migration over the dermis, dermal re-
modeling, lesser edema, ulceration, and a fair quantity of granulation where signs of 
healed skin structure with fine-shaped were observed with close to normal epidermis, 
adnexa restoration, and extensive and uniform collagen fiber deposition. The animals 
treated with the film group presented almost complete wound re-epithelialization, to-
gether with well-formed and distinguished epithelium and substantially augmented ac-
cumulation of connective tissue and collagen within the dermis. 

Similarly, as evident in the results of Masson trichrome, film-treated samples showed 
a higher amount of collagen accumulation along with proper orientation at the wound 
site [118]. Wound contraction and healing occur due to inflammatory markers principally 
activating the keratinocytes and fibroblast cells to hasten the development of the collagen 
and extracellular matrix, forming the skin tissue’s stroma [119]. 

 
Figure 11. Photomicrographs showing the histological analysis of wound healing at day 14 after 
H&E and Masson trichrome staining at ×10 magnification. Figure 11. Photomicrographs showing the histological analysis of wound healing at day 14 after

H&E and Masson trichrome staining at ×10 magnification.

Similarly, as evident in the results of Masson trichrome, film-treated samples showed
a higher amount of collagen accumulation along with proper orientation at the wound
site [118]. Wound contraction and healing occur due to inflammatory markers principally
activating the keratinocytes and fibroblast cells to hasten the development of the collagen
and extracellular matrix, forming the skin tissue’s stroma [119].

4. Conclusions

The present study investigated the effectiveness of microwaves in physically cross-
linking two natural polymer blends to improve the resulting film’s physicochemical prop-
erties from the perspective of wound healing application. The results demonstrated that
treating sodium alginate and Na-CMC blend with a fixed frequency of 2450 MHz mi-
crowave at a fixed power for 3 min improved the physicochemical properties of individual
polymers, thus customizing polymer properties in the form of increased moisture adsorp-
tion, low water vapor permeability and water vapor transmission rate, delayed erosion,
high water uptake, increased mechanical strength, and homogeneous and uniform surface
morphology. These properties were achieved due to tailored pore size and enhanced
interaction and compatibility between polymers, facilitating the exchange of oxygen and
carbon dioxide between the wound bed and the external environment, preventing en-
hanced water loss from the wound, which is envisaged to promote healing. Moreover,
in the in vivo study, the microwave-modified (MB-3) blend film hastened the skin tissue
regeneration, with rapid wound closure, increased collagen deposition, and higher percent
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re-epithelization compared with the untreated group. Combining sodium alginate and
sodium CMC with microwave treatment in film formulation may open new horizons in
skin tissue regeneration applications in diabetic wound treatment.
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Abstract: In the current study, the combined anti-tumor efficacy of bioactive hydroxyapatite nano-
particles (HA-NPs) loaded with altretamine (ALT) was evaluated. The well-known fact that HA has
great biological compatibility was confirmed through the findings of the hemolytic experiments and
a maximum IC50 value seen in the MTT testing. The preparation of HA-NPs was performed using
the chemical precipitation process. An in vitro release investigation was conducted, and the results
demonstrated the sustained drug release of the altretamine-loaded hydroxyapatite nanoparticles
(ALT-HA-NPs). Studies using the JURKAT E6.1 cell lines MTT assay, and cell uptake, as well as
in vivo pharmacokinetic tests using Wistar rats demonstrated that the ALT-HA-NPs were easily
absorbed by the cells. A putative synergism between the action of the Ca2+ ions and the anticancer
drug obtained from the carrier was indicated by the fact that the ALT-HA-NPs displayed cytotoxicity
comparable to the free ALT at 1/10th of the ALT concentration. It has been suggested that a rise
in intracellular Ca2+ ions causes cells to undergo apoptosis. Ehrlich’s ascites model in Balb/c mice
showed comparable synergistic efficacy in a tumor regression trial. While the ALT-HA-NPs were able
to shrink the tumor size by six times, the free ALT was only able to reduce the tumor volume by half.

Keywords: altretamine; cancer therapy; sustained delivery; hydroxyapatite nanoparticles; chemical
precipitation method

1. Introduction

Apoptosis is a fundamental biological process that multicellular organisms use to
replace aging, damaged, or unhealthy cells. Caspases (protein-digesting enzymes) are
activated by an extrinsic or intrinsic mechanism, initiating a tightly controlled process that
ultimately results in cell death. TNF-α, and Fas are examples of extracellular ligands that
begin the extrinsic pathway, whereas stress-induced intracellular signals start the intrinsic
pathway [1]. One of the mechanisms that stimulate intracellular apoptotic signaling is
increased intracellular calcium ion (Ca2+) concentrations. Cancerous cells are currently
being treated with chemotherapy employing substances that interfere with the calcium ion
homeostasis in cells. Kim et al. examined the effects of panaxydol, which was extracted
from Panax Ginseng roots, on MCF-7 (human breast cancer) cells. They discovered that the
substance might cause cell death and raise intracellular Ca2+ ion concentrations [2]. Nagoor
Meeran et al. investigated the effects of carvacrol, a phenol-derived (monoterpenoid) from
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origanum vulgare, on human glioblastoma cells. Carvacrol had a raised intracellular Ca2+

ion concentration, promotes Ca2+ release from the ER store, is phospholipase C-dependent,
and results in cell death [3]. Apoptosis has also been shown to be induced via a similar
method by other substances of natural sources, such as Cryptotanshinone (a tanshinone
isolated from the root of Salvia miltiorrhiza) and Diospyrin (a naphthoquinone isolated
from the stem bark of Diospyrosmontana). Apoptosis is known to be induced similarly by
synthetic substances including Auranofin, Vismodegib, and GaQ(3) (KP46), a new gallium
complex. The testing of these substances is still in its early stages. The significant expenses
involved with their production/isolation further restrict their medicinal value. Utilizing
the NPs of calcium phosphates and hydroxyapatite (HA) is one of the practical options for
increasing the Ca2+ content of the interior part of the cell [4]. HA is a substance that is abun-
dant in nature and is biologically active, particularly in the calcified tissue of vertebrates.
It has been utilized as a transporter when creating delivery systems for medicinal agents
such as medicines, enzymes, antigens, DNA, and other proteins. Additionally, it has been
discovered that hydroxyapatite nanoparticles have a proapoptotic and antiproliferative
effects on malignant cells [5,6]. In their study of the anticancer inhibitory impact of HA,
Zhang et al. found that the treatment with HA significantly inhibited cancer cells when
compared to normal cells [7]. Similar research was conducted by Tang et al., who concluded
that the increased intracellular calcium ion concentration may be the cause of the inhibitory
effect of HA [8].

This investigation proposes the usage of altretamine (ALT)-loaded HA-NPs for syn-
ergistic anticancer action based on the above explanation. Once in the cell, the HA-NPs
will progressively break down, releasing the medication over time while also raising the
Ca2+ concentration there. The methyl melamine class of these compounds includes the
synthetic alkylating agent known as altretamine (ALT). The alkylating chemicals work by
altering and cross-linking DNA, which prevents the production of DNA, RNA, proteins,
and results in the cell death of rapidly proliferating cells [9]. To evaluate the synergistic
anticancer potential of this combination, acute T cell leukemia cells, JURKAT E6-1 cells,
in vivo pharmacokinetic experiments in Wistar rats, and tumor regression studies in Balb/c
mice utilizing the Ehrlich’s ascites model were also employed.

Calcium levels are controlled at 400–600 mM in lysosomes and 200–400 nM in the
cytosol. In cellular metabolism, even small variations in intracellular calcium concentration
have a significant impact. The pH of lysosomes and endosomes will rise as the amounts of
calcium and phosphate ions increase [10]. The compartment will become Ca2+ supersatu-
rated, which will prevent HA-NPs from dissolving further. This may be the reason why
altretamine-loaded hydroxyapatite nanoparticles (ALT-HA-NPs) are additionally effective
after 72 h of treatment, owing to the comparatively slow dissolution of HA-NPs, which
results in an improved penetration and retention effect. High endosomal or lysosomal
calcium ions allow HA-NPs to bypass the phagocytic route and move directly into the cell
nucleus where they can infect it. An increase in calcium ions up-regulates the movement of
particles through nuclear pores and their escape from phagocytic pathways. The rate of
programmed cell death is accelerated by the intracellular Ca2+ concentration [11]. DNA
had expurgated by calcium-dependent endonucleases when Ca2+ is present. Intracellular
calcium ions promote the permeabilization of the mitochondrial sheath and the release of
proapoptotic mitochondrial protein, i.e., cytochrome C. The endoplasmic reticulum releases
more calcium ions, which in turn releases more cytochrome C from the mitochondria. This
is the result of the original release of cytochrome C. The Apoptosome was formed by further
combining Cytochrome C with Pro-Caspase-9, ATP, and Apoptotic Protease Activating
Factor-1. The effector Caspase-3 is activated when the Pro-Caspase is broken down by the
Apoptosome into its active form, Caspase-9. The apoptosis process was then carried out
by the active effector caspases digesting a variety of intracellular proteins. Additionally,
microtubules typically work more efficiently in ATP-dependent ways in situations of high
intracellular calcium, which results in ATP depletion and is a well-known sign of apopto-
sis. Additionally, the cytoskeleton is disrupted in the vacuoles that hold HA-NPs in the
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cytoplasm. In other words, it is believed that the presence of calcium content activates
the Calpain, as Ca2+-dependent protein kinases disrupt the cytoskeleton. This results in
the disruption of the cytoskeleton around HA-NPs. Additionally, the high surface energy
of HA-NPs due to the abundant Ca2+ ions can stimulate certain molecules and create
free radicals. Actin filament damage caused by ROS can compromise the integrity of the
cytoskeleton and cause cytoskeleton disruption [12]. Ca2+ can also activate NO synthases,
transglutaminase, calcineurin, endonucleases, or phospholipases. These substances have
been demonstrated to play a role in the different types of apoptotic cell death. The role of
calcium-binding proteins including ALG-2 or calcium/calmodulin-dependent kinases such
as the death-associated protein kinase and other enzymes known to be vital in apoptosis
are only a few examples of other pathways that have been reported [13].

2. Materials and Methods
2.1. Materials

Altretamine (ALT) was received from Spectra Lab. Hyderabad, India, as a gift sam-
ple. HiMedia Lab Pvt. Ltd., Mumbai, India provided the calcium nitrate tetrahydrate
(Ca(NO3)2.4H2O), ammonium dihydrogen phosphate (NH4H2PO4), ammonia solution,
methanol, and isopropyl alcohol that was needed. HPLC-grade water, methanol, and ace-
tonitrile were purchased from Sigma-Aldrich, Bangalore, India. Internally prepared Milli-Q
water was used during the trials. There were also analytical-grade reagents employed.

2.2. Synthesis ALT-Loaded HA-NPs (ALT-HA-NPs)

HA-NPs were prepared by using the wet chemical precipitation approach [14]. Firstly,
separate aqueous solutions of 0.025 M (Ca(NO3)2 and 0.025 M of (NH4)3PO4 were made
using Milli-Q water. After that, the previously prepared Ca(NO3)2 solution in 500 mL of
the three-necked round-bottom flask with a rosary-type condenser in the center neck was
placed in a silicon oil thermal bath and kept at 90 ◦C under magnetic stirring conditions [15].
An aqueous (NH4)3PO4 solution and NH4OH solution were added dropwise via the left
neck of the flask, and the pH was determined using a potentiometer mounted on the right
neck of the flask. To produce HA particles, the solution was allowed to stir for 3 h until the
required pH level was obtained [16]. Equation (1) depicts the chemical precipitation reaction
for the production of HA. ALT was physically adsorbed onto the prepared HA-NPs.

6(NH4)2HPO4 + 10Ca(NO3)2·4H2O + 8NH4OH→ 20NH4NO3 +Ca10(PO4)6(OH)2 + 46H2O (1)

2.3. Determination of the Encapsulation Efficiency % and Loading Capacity % of ALT-HA-NPs

The encapsulation efficiency % (EE %) of ALT in the prepared HA-NPs was deter-
mined by an indirect method where 2 mL of the prepared nanoparticle dispersion was
centrifuged at 15,000 pm for 45 min. The supernatant was separated and analyzed spec-
trophotometrically at 226 nm after appropriate dilution to determine the free ALT [17]. The
encapsulation efficiency was calculated using Equation (2):

(EE%) =
Total amount of ALT− free ALT

Total amount of ALT
× 100 (2)

Additionally, the drug loading capacity (DL%) was calculated [18] using Equation (3):

(DL%) =
The amount of loaded ALT in nanoparticles (mg)

weight of nanoparticles (mg)
× 100 (3)

2.4. Particle Size Analysis of ALT-HA-NPs

The particle size of the prepared ALT-HA-NPs was determined by dynamic light
scattering technique using zetasizer (Malvern Instruments Ltd., Malvern, UK). The sample
was diluted to the appropriate concentration, and the measurements were carried out at a
temperature of 25 ◦C and an angle of 90◦ [19].
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2.5. Determination of Surface Morphology of ALT-HA-NPs
2.5.1. Transmission Electron Microscopy (TEM)

The surface morphology was determined by TEM (JTEM model 1010, JEOL®, Tokyo,
Japan). One drop of the prepared ALT-HA-NPs was added to the collodion-coated copper
grid after being diluted with distilled water. The dried sample was stained with uranyl
acetate solution and examined with TEM [20].

2.5.2. Scanning Electron Microscopy (SEM)

A small amount of the dry powder of the prepared ALT-HA-NPs was coated with
approximately 15 nm gold (SPI-Module Sputter Coater). The coated sample was scanned
by an analytical scanning electron microscope (JSEM-6360LA, JEOL®, Tokyo, Japan) under
vacuum conditions at 15 kV acceleration voltage at room temperature [21].

2.6. In Vitro Release Studies

The drug release study was performed using the dialysis method. Where 2 mL (3 mg
equivalent of ALT) of the prepared ALT-HA-NPs was transferred into a dialysis bag (cut-
off 12kDa, Sigma). The dialysis bag was immersed in a beaker containing 100 mL of
Phosphate Buffer Saline (PBS; pH 7.4) as a dissolution medium. The dissolution medium
was stirred at 100 rpm and kept at 37 ± 1 ◦C. The samples were withdrawn at different
time intervals up to 24 h and analyzed spectrophotometrically at 226 nm after appropriate
dilution. The experiment was performed in comparison with the free ALT in triplicate and
the mean ± SD was calculated [22,23].

2.7. Hemolytic Activity Determination

A previously reported procedure was used to evaluate the hemolytic activity of whole
blood. Briefly, heparinized blood was obtained from dependable sources (Research Ethics
Review Board (ERB) approval no. 2022/20137/MedAll/TRY; dated 11-02-2022). Before
the experiment, human red blood cells were twice washed in PBS (pH 7.4). In 96-well
microtiter plates, 100 µL of human RBC was plated with 0.4% (v/v) in PBS suspension and
subsequently incubated for up to 24 h at 37 ◦C with an equal amount of ALT, ALT-HP-
NPs, normal saline (0% hemolysis) aided as the negative control, and Milli-Q water (100%
hemolysis) aided as the positive control. Equation (4) is the formula used to compute the
% hemolysis in the experiment, which was done in triplicate [24]. In an ELISA reader, the
lysed RBC absorbance was measured at 540 nm. PBS and 1% Triton-X 100 were used to
determine 0% and 100% hemolysis.

Hemolysis (%) =
Abs (sample)− Abs (negative control)

Abs (positive control)−Abs (negative control)
× 100 (4)

2.8. In Vitro Cell Line Studies
Cytotoxicity Assessment

A previously described procedure was slightly modified to investigate the ALT, HA-
NP, and ALT-HA-NP cytotoxicity. The MTT test on JURKAT cells was used to measure
the percentage of cytotoxicity (E6-1; acute T cell leukemia cells). Briefly, the cells were
seeded in a 96-well microtiter plate at a mass of 5 × 103 cells·well−1, supplemented with
fetal calf serum (2.5%), and then incubated at 37 ◦C for 24 h with a N2 atmosphere of
90% with 5% of CO2, and 5% O2 for 24, 48, and 72 h, respectively. The cells were treated
with two concentrations of the samples, i.e., 150 µg·mL−1, and 300 µg·mL−1. For this
addition of 20 µL of MTT solution (5 mg·mL−1 in PBS at pH 7.4) to each well subsequently,
the required amount of time had passed. Then, DMSO (100 µL) was used to dissolve
the formazan crystals [25]. At 540 nm, the optical density (OD) was determined from an
ELISA microplate reader after mixing with a mechanical plate mixer (Synergy HT, BioTek,
Winooski, VT, USA). Three copies of each measurement were made. After 24 h, IC50 values
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were collected for each sample, and the following equation (Equation (5)) was used to
calculate the percentage of cytotoxicity:

Toxicity (%) =
Abs (control)− Abs (sample)

Abs (control)
× 100 (5)

2.9. In Vivo Studies
2.9.1. Animals

The pharmacokinetic experiments were performed on male Wistar rats. The Institu-
tional Animal Ethics Committee (IAEC), Anna University, Chennai, India approved the
study protocol (Approval No. 1338). The animals were purchased from DORENCAMP,
Bharathidasan University Animal House Capacity (IAEC/2021-2022; dated 28 August
2021). Utilizing Ehrlich’s ascites model on Balb/c mice, tumor regression activity was
assessed. The animals were kept in an animal house that was registered with CPCSEA
(2276/RO/24/p/CPCSEA). IAEC authorized the protocol, which has the protocol number
IN/TN/IAEC/2018/07. Animals were kept in normal laboratory cages made of polypropy-
lene, two to a cage with unrestricted access to a normal laboratory diet and water (ambient
temperatures of 25 ± 2 ◦C and 55 ± 5% relative humidity).

2.9.2. Pharmacokinetic Evaluation

Each of the two groups of animals contained six total individuals. One group received
the ALT-HA-NPs (dispersed in PBS) for the studies, whereas the second group received
the pure ALT (dispersed in PBS). Half a milliliter of the dispersions was administrated
through the tail vein by intravenous administration. Each animal was given 0.2 mL
diethyl ether anesthetic before the blood samples were taken after the retro-orbital plexus
and immediately preserved within EDTA vacationers. The blood was withdrawn at the
subsequent intervals: 0, 5, 15, 30, and 45 min, and 1, 2, 4, 6, 12, and 24 h. The blood-
containing samples were then centrifuged at 4 ◦C for 10 min using a 5000-rpm machine
(Eppendorf). Before further estimation, in Eppendorf tubes, the supernatant was collected
and kept at −20 ◦C. The analysis method used by HPLC was modified from that used by
Mohamed et al. [26]. The Cmax, Tmax, AUC(0-t), t1/2, and the elimination rate constant was
computed using the Microsoft Excel Addins-PK Solver and Pk1Pk2. To calculate relative
bioavailability (Biorel), Equation (6) was used:

Biorel =
AUC(test) × D(test)

AUC(Std) × D(Std)
(6)

where, AUC—Area under the Curve; D—dose.

2.9.3. Tumor Regression Evaluation

The Ehrlich’s ascites (EAC) model in Balb/c mice was used to test the in vivo anti-
cancer activity. Subcutaneously, the EAC cells (100 µL) were injected into the Balb/shaved
dorsal surface. Seven days after the inoculum, measurable tumors formed (0.08 cm3). The
mice were separated into four groups (n = 6) after the initial tumor development. PBS was
injected into the first group as a control, ALT-HA-NPs was injected into the second group
once every two days (1.5 mg/200 µL), free ALT was injected into the third group once in
two days/mice (129 µg/200 µL), and HA-NPs were injected into the fourth group once
every two days (1.5 mg/200 µL). Each group received intravenous care through a tail vein.
Every other day, vernier calipers were used to measure the tumor length and width, and
Equation (7) was used to compute the tumor volume [27].

Tumor volume (TV) = 0.5× Length × Width2 (7)

The anti-tumor activity was then assessed in each case after measuring the tumor
volume up to the 21st day.
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2.10. Statistical Analysis

The mean and standard deviation of the data are the results of statistical analysis
(mean ± SD). GraphPad (2018) Prism and Microsoft Excel (2019) were used to create
bar graphs. ANOVA test was used to assess the significant differences among various
experimental groups.

3. Results and Discussion

The most popular method for the preparation of HA-NPs was wet chemical precipi-
tation from a solution, which has several benefits including a straightforward processing
route, a high yield, being appropriate for industrial manufacturing, using cheap reagents,
and the ability to create products with variable phase composition.

The prepared ALT-HA-NPs exhibited high EE% (96.27 ± 6.78%) and had drug loading
of 8.2%. The particle size of the prepared ALT-HA-NPs was small in the nano range
(156 ± 10.86 nm). The surface morphology of the prepared ALT-HA-NPs was examined
by TEM and SEM. The prepared nanoparticle appeared spherical, as shown in Figure 1.
Similar results were obtained by Ansari et al., who developed hydroxyapatite nanoparticles
containing epirubicin for the treatment of cancer and examined the prepared nanoparticles
with TEM [20]. Additionally, Soleimani et al. prepared Hydroxyapatite Nanoparticles for a
human breast adenocarcinoma cell line and fibroblast examined the morphology with SEM
and found that the prepared hydroxyapatite nanoparticles appeared spherical [28].
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indicate NPs.

3.1. In Vitro Release Outcomes

The ALT in vitro release profile revealed a 24 h cumulative percentage of drug release
up to 92.14 ± 4.45%. The ALT-HA-NPs, on the other hand, displayed a biphasic drug
release profile, through an initial burst release up to 22.6 ± 1.2% in the initial 3 h, tailed by
a continuous release (Figure 2). This first burst release of the ALT may be attributed to the
drug molecules adhering to the nanoparticle surface [29]. The initial quick release may also
be attributed to the nanoparticles’ great surface-to-volume ratio [30]. The drug is confined
inside the orifices of the porous nanoparticles, which results in the second phase of slower
sustained release. In 24 h, as much as 71.2 ± 2.1% of the drug was released. An extended
length of time will be favored by the therapeutic impact of gratitude to such a slow and
steady drug release, which has been documented by Kumar et al. (2015) [31]. Similar results
were obtained by Cai et al. who developed zoledronic acid-functionalized hydroxyapatite-
loaded polymeric nanoparticles for the treatment of osteoporosis and observed that the
drug release displayed a biphasic drug release profile [29].
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Figure 2. Cumulative percentage of ALT released from pure ALT and the ALT-HA-NPs (n = 3,
mean ± SD).

3.2. Hemolysis Outcomes

To evaluate the NP biocompatibility and demonstrate their safety as a brand-new
ALT carrier that satisfies preclinical requirements, a toxicity investigation was carried out.
Wide-ranging hemolysis was seen in the case of Milli-Q water; however, isotonic saline
was found to be minor. The ALT-HA-NPs had a hemolytic activity of 1.06 ± 0.05% and the
unloaded HA-NPs had a hemolytic activity of 0.98 ± 0.04%, respectively (Figure 3). As a
result, the NPs show no detectable hemolytic incompatibility (p < 0.05).
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3.3. Cell Line Studies
MTT Assay

At three different time intervals, 24, 48, and 72 h, the cytotoxicity was assessed in
a dose- and time-dependent method using dual doses, i.e., 300 and 150 µg·mL−1. At a
concentration of 300 (µg·mL−1), the cytotoxicity percent of the free ALT, ALT-HA-NPs and
HA-NPs were reported to be 96.7 ± 0.22%, 40.8 ± 1.99%, and 27.9 ± 4.01%, whereas at
a concentration of 150 µg·mL−1, the percentages were 94.1 ± 0.61%, 47.6 ± 2.03%, and
22.5 ± 2.08% after 24 h of treatment (Figure 4). At a high concentration of 300 µg·mL−1, free
ALT, ALT-HA-NPs, and HA-NPs, respectively, demonstrated 97.1 ± 0.33%, 80.4 ± 2.08%,
and 43.6 ± 4.11% cytotoxicity after 48 h of treatment, although at a low concentration of
150 µg·mL−1, 89.2 ± 0.41%, 77.8 ± 0.47%, and 29.9 ± 4.88% cytotoxicity was found. After
72 h of treatment, the percent cytotoxicity for the free ALT, ALT-HA-NPs, and HA-NPs,
respectively, was observed to be 88.5 ± 2.11%, 96.2 ± 0.96%, and 58.36 ± 2.22%, respec-
tively, whereas at 150 µg·mL−1, the stated cytotoxicity percent values were 91.3 ± 0.53%,
89.66 ± 0.67%, and 50.2± 5.89%. The drug loading in HA-NPs is 8.2%. As a result, the ALT-
HA-NPs can produce maximum drug concentrations of 20.7 µg·mL−1 and 10.4 µg·mL−1,
respectively, at concentrations of 300 and 150 µg·mL−1. We found that the ALT-HA-NPs
can produce a similar outcome as the free ALT at a concentration of 1/10th when compared
to the concentrations of the free ALT tested (300 and 150 µg·mL−1). The drug 24 h IC50
was determined to be 32.44 µg·mL−1 for free ALT, 15.54 µg·mL−1 for ALT-HA-NPs, and
497.11 µg·mL−1 blank HA-NPs. However, ALT-HA-NPs showed that the cytotoxicity was
markedly enhanced (p < 0.01) as compared to the free ALT (control).
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Figure 4. The outcome of ALT-HA-NPs, free ALT, and HA-NPs on the JURKAT cell line (n = 3,
mean ± SD) is time- and dose-dependent. *** p < 0.001 and ** p< 0.01 denotes a significant difference
between free ALT and ALT-HA-NPs.

The results of the hemolytic study, the cytotoxicity experiment (MTT assay), and a fur-
ther identically high IC50 value confirm the spherical-shaped HA-NPs exceptional biocom-
patibility and non-antigenicity, which were previously described in the literature [32,33].
When HA-NPs dissolve and release calcium ions into the cytoplasm after entering the
cancer cell, it is believed that this disturbs intracellular calcium homeostasis. Calcium
homeostasis is crucial because calcium plays a vital function as a secondary messenger,
regulating crucial cellular processes including apoptosis and cell proliferation [34].
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3.4. In Vivo Animal Model
3.4.1. Pharmacokinetic Parameters

Pharmacokinetic investigations were carried out, and many parameters were evalu-
ated using a non-compartmental study to support our findings. Figure 5 shows the drug
levels detected in blood for the mixture of lyophilized drug concentrate and ALT-HA-NPs.
Calculations were made based on the data to determine Tmax, Cmax, AUC(0-t), drug half-life,
elimination rate constant, and relative (Biorel) bioavailability.
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Figure 5. Plasma concentration–time curve after the intravenous injection of free ALT and ALT-HA-
NPs in male Wistar rats (p < 0.001, mean ± SD, n = 3).

For the free ALT and the ALT-HA-NPs, the Cmax was discovered to be 6124.4± 128.34 ng/mL
and 1724.73 ± 98.46 ng/mL, respectively (p < 0.001). The Tmax was determined to be
0.5 ± 0.24 h for the free ALT and 4± 0.31 h for the ALT-HA-NPs. The ALTs’ AUC in solution
was determined to be 8243.11 ± 6457.51 ng. h/mL, but when it was loaded into HA-NPs,
it was much higher at 19,998.71 ± 8653.421 ng·h/mL (p < 0.001), increasing the ALTs’
bioavailability by about 2.5 times. Drug-loaded HA-NPs were shown to have a significantly
lower elimination rate constant (0.08756± 0.00279) than the free ALT (0.924567 ± 0.023456),
and their half-life was found to be higher at 3.2 ± 0.29 h compared to the free ALTs of
0.87 ± 0.22 h.

ALT was thought to be rapidly eliminated from the body and to have a short half-life,
which was well supported by Weber et al. (2015) [35]. As a result, it is clear from comparing
the kinetic profiles of the two situations that the ALT was released from nanoparticles in
a sustained manner and stays in the body for long time. The HA-NPs maintenance of
constant plasma drug levels supports the increased T1/2 values. Comparing the AUC(0-t)
values with the extended Tmax values made it clear that the body was exposed to the
drug for a longer amount of time in the case of the drug-loaded HA-NPs. Enhancing
bioavailability has advantages. Therefore, the HA nanoparticles of ALT are the best choice
for safer therapy with increased drug bioavailability. To make it clinically feasible, further
safety and efficacy studies are needed.

3.4.2. Tumor Regression Studies

Experiments on the 21-day tumor regression in Balb/c mice used as Ehrlich’s ascites
model were effective. As expected, the tumor volume was shown to significantly grow in
the control group; after 21 days, an average tumor volume of 3221.45 mm3 was documented.
However, the tumor volume was significantly reduced in the other three groups (Figure 6).
The ALT-HA-NPs produced the greatest reduction in tumor volume, with an average end
volume of 506.25 mm3 (p < 0.001). However, the average final tumor volume in the free
ALT was reported to be 1151.05 mm3 (p < 0.01). Furthermore, it was discovered that the
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blank HA-NPs significantly the reduced tumor size (1782.03 mm3). Overall, the tumor
decreased to 1/6th of its volume after being treated with ALT-HA-NPs, compared to 1/2 of
its volume when treated with the free ALT and blank HA-NPs (Figure 6). The cellular
uptake study thoroughly demonstrated that the nanoparticles can be readily internalized
by the cells, and these findings further support the possibility of a synergistic interaction
between the anticancer ALT activity, and the calcium ions released from the carrier, which
would result in greater tumor volume reduction than with the anticancer drug alone or with
blank HA-NPs [36]. Additionally, it was hypothesized that the drug-loaded NPs enhanced
the permeation and retention mechanism, which causes them to collect and localize in the
tumor area, where they reduce the tumor volume.
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Figure 6. Anti-tumor activity of free ALT, ALT-HA-NPs, and blank HA-NPs (mean ± SD, n = 3).
* significant compared to Control (PBS) group at p < 0.05, ** at p less than 0.01, *** at p less than 0.001.

4. Conclusions

According to our investigations, the ALT-HA-NPs exhibit superior combined anti-
cancer effects compared to the free drug and blank HA-NPs. Due to its polar surface, HA
with nanoscale dimensions is ideally adapted to interact with biomolecules in tissues and
cells as well as with drugs. The cells may quickly ingest HA-NPs, and as they degrade,
more Ca2+ eventually finds its way inside the cells. Altretamine anti-tumor action is then
enhanced by calcium ion-induced proapoptotic pathways. It is necessary to conduct more
research in this area to learn more about this synergism and its possible applications. Our
investigation clearly shows that the formulation prepared can be used to treat CLL very
successfully, minimizing the side effects such as diarrhea, weakness, nausea, and vomiting.
For the research to advance, it is more important than ever to have a thorough understand-
ing of the biomolecular effects of HA-NP-based systems on various cancer types. The
experimental work undertaken for this purpose is quite complex, requiring the cooperation
of biomolecular chemists, biomaterials scientists, oncologists, and biologists, in addition to
the evaluation of full in vitro/in vivo toxicity profiles.
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Abstract: Type 2 diabetes is a metabolic disorder that leads to accelerated skeletal muscle atrophy. In
this study, we aimed to evaluate the effect of salbutamol (SLB) on skeletal muscle atrophy in high-fat
diet (HFD)/streptozotocin (STZ)-induced diabetic rats. Male Sprague Dawley rats were divided into
four groups (n = 6): control, SLB, HFD/STZ, and HFD/STZ + SLB (6 mg/kg orally for four weeks).
After the last dose of SLB, rats were assessed for muscle grip strength and muscle coordination
(wire-hanging, rotarod, footprint, and actophotometer tests). Body composition was analyzed in live
rats. After that, animals were sacrificed, and serum and gastrocnemius (GN) muscles were collected.
Endpoints include myofibrillar protein content, muscle oxidative stress and antioxidants, serum
pro-inflammatory cytokines (interleukin-1β, interleukin-2, and interleukin-6), serum muscle markers
(myostatin, creatine kinase, and testosterone), histopathology, and muscle 1H NMR metabolomics.
Findings showed that SLB treatment significantly improved muscle strength and muscle coordination,
as well as increased lean muscle mass in diabetic rats. Increased pro-inflammatory cytokines and
muscle markers (myostatin, creatine kinase) indicate muscle deterioration in diabetic rats, while
SLB intervention restored the same. Also, Feret’s diameter and cross-sectional area of GN muscle
were increased by SLB treatment, indicating the amelioration in diabetic rat muscle. Results of
muscle metabolomics exhibit that SLB treatment resulted in the restoration of perturbed metabolites,
including histidine-to-tyrosine, phenylalanine-to-tyrosine, and glutamate-to-glutamine ratios and
succinate, sarcosine, and 3-hydroxybutyrate (3HB) in diabetic rats. These metabolites showed a
pertinent role in muscle inflammation and oxidative stress in diabetic rats. In conclusion, findings
showed that salbutamol could be explored as an intervention in diabetic-associated skeletal muscle
atrophy.

Keywords: diabetes; salbutamol; skeletal muscle atrophy; sarcosine; metabolomics

1. Introduction

Type 2 diabetes mellitus (T2DM) is a metabolic disorder that causes elevated blood
glucose levels due to compromised insulin function and/or release [1]. Diabetes poses a
significant global health challenge, with far-reaching implications that can impact patients’
lives and well-being [2]. The interventions and management of microvascular (retinopathy,
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nephropathy, and neuropathy) and macro-vascular (cardiomyopathy) problems associated
with diabetes are key goals of care for diabetic patients [3,4]. Diabetes is associated with
diabetic myopathy, resulting in reduced skeletal and muscular strength [1,5,6]. However,
this common condition lacks adequate research attention. It poses a significant clinical
challenge, leading to a poorer quality of life for affected individuals. Skeletal muscle, consti-
tuting over 40% of total body mass in men and around 30% in women, is the predominant
component in the human body [7]. Skeletal muscle is involved in a broad spectrum of
physiological activities, such as metabolism, thermogenesis, and protein synthesis. These
functions enable it to establish connections with other tissues, support an upright posture,
and facilitate movement throughout the body [8]. Being the largest organ, skeletal muscle
plays a crucial role in regulating glucose levels in the body. During the postprandial stage,
it serves as a primary site for insulin-stimulated glucose absorption, facilitated by the
translocation of glucose transporter type 4 (GLUT4) [9]. Oxidative stress and mild persis-
tent inflammation are essential underlying causes of diabetic muscle dysfunction [1,10,11].
During oxidative stress and chronic inflammation, a multitude of intracellular signaling
pathways undergo activation or inactivation [11]. This process results in detrimental
effects such as apoptosis, impaired muscle progenitor cells (muscle satellite cells), and
compromised myogenic capacity. Additionally, extracellular matrix (ECM) remodeling
plays a pivotal role in the primary pathology, contributing to substantial muscle mass
loss [1]. Findings suggest that oxidative stress and increased levels of transforming growth
factor-β and tumor necrosis factor-α enhance ubiquitin proteolytic activity via specific
E3 ubiquitin-ligase genes, including F-box-only protein 32 (FBXO32) and muscle-specific
RING finger protein 1 (MuRF-1). This process leads to reduced protein synthesis and
increased degradation of proteins in various skeletal muscles, including those affected by
diabetic myopathy [12–14].

Salbutamol, known as albuterol, is a short-acting synthetic medication that is selective
to β2-adrenoceptors (βAR). It is primarily used as a bronchodilator to manage bronchial
asthma and chronic obstructive pulmonary disease (COPD). In previous research, it was
observed that β2-adrenoceptors (βAR) and cyclic adenosine monophosphate (cAMP) me-
diated through the ubiquitin-proteasome system (UPS) [15]. Additionally, the selective
β2-agonist clenbuterol, which belongs to the same drug category as salbutamoldemon-
strated an anti-proteolytic effect during food deprivation. This effect is mediated through
a cAMP/Akt-dependent pathway, leading to Foxo3a phosphorylation, suppression of
atrogin-1, and inhibition of ubiquitination [16,17]. The study showed that short-term use
of salbutamol increased voluntary muscle strength in humans [18]. However, the effect
varied among different muscle groups. These findings suggest the therapeutic potential
of β2-adrenoceptor agonists in modulating skeletal muscle function in humans. Both
salbutamol and clenbuterol were administered to rats of different ages for three weeks,
resulting in increased weight and protein content of hind-limb muscles in young and old
rats. Additionally, both drugs increased the protein content of the whole body (carcass)
and promoted muscle protein recovery in senescent rats [19]. Salbutamol has been found to
enhance protein turnover rates in skeletal muscle after exercise in human subjects [20]. This
effect involves the activation of cAMP/PKA and Akt2 signaling pathways and modulation
of mRNA expression of growth-regulating proteins. These findings exhibit that salbuta-
mol has the potential to enhance muscle protein synthesis and promote muscle growth
in response to exercise [20]. Interestingly, a two-week course of salbutamol administra-
tion improved abilities in performing repeated sprints, physical performance, and muscle
strength in athletic individuals [20]. Furthermore, salbutamol stimulates the transforma-
tion of muscle fiber isoforms, specifically myosin-heavy-chain (MHC)-I to MHC IIa, and
enhances the hypertrophy of MHC IIa fibers after weight exercise [21]. A recent clinical
trial demonstrates that albuterol (salbutamol) improved muscle function in Pompe disease
and showed potential benefit as an adjunctive treatment along with enzyme replacement
therapy [22].
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Taken together, these promising findings suggest that salbutamol could be repurposed
for the treatment of muscle atrophy. Based on these findings, we hypothesized that salbu-
tamol might provide protection against skeletal muscle atrophy in diabetic rats induced
by a high-fat diet (HFD)/streptozotocin (STZ). Furthermore, studies suggest that specific
metabolites identified through plasma and skeletal muscle metabolomics profiles of well-
phenotype diabetes patients may play a role in the pathophysiological pathway leading to
the development of type 2 diabetes [23,24]. 1H nuclear magnetic resonance (NMR) is a new
technique used to detect these metabolites in the muscle tissue of diabetic patients [25] and
enables researchers to provide insights into the metabolic disruptions in diabetic skeletal
muscle. We further investigated how salbutamol modulates these altered metabolites in
the skeletal muscle of diabetic rats.

2. Materials and Methods
2.1. Chemicals and Reagents

Salbutamol was received as a gift sample from Cipla Ltd., Mumbai, India. All the
chemicals used in the present study were purchased from Sigma, St. Louis, MO, USA, and
MP Biomedicals, Santa Ana, CA, USA, unless specified. The ELISA kits, IL-6 (Cat#550319)
was purchased from BD Biosciences, San Jose, CA, USA. IL-2 ELISA kit (Cat# RAB0288) kit
was purchased from Sigma, St. Louis, MO, USA. IL-1β (Cat #E-EL-R0012) kit was purchased
from Elab Biosciences, Houston, TX, USA. Creatine kinase (Cat #3100709) and testosterone
(Cat #3110023) ELISA kits were purchased from Real Gene Labs, Los Angeles, CA, USA
GDF-8 ELISA kit (Cat #DGDF80) was purchased from the R&D System, Minneapolis, MN,
USA. LiquiMax HDL Direct, LDL Cholesterol Direct, LiquiMax Cholesterol, Triglycerides
kits were purchased from Avecon Health Care Pvt. Ltd., Haryana, India. High-fat diet was
purchased by Bharat Ansh Scientific Industries, Lucknow, India. All the solvents used in
the present study were of analytical grade.

2.2. Experimental Design

The animal experiments were performed according to the Committee for Control
and Supervision of Experiments on Animals (CCSEA) guidelines approved by the Institu-
tional Animal Ethical Committee (IAEC) of Babu Banarasi Das Northern India Institute
of Technology (BBDNIIT) Lucknow, India (IAEC approval no. BBDNIIT/IAEC/2019/19).
Twenty-four male Sprague Dawley (SD) rats aged 8–10 weeks and weighing 200 ± 30 g
were purchased from the Central Drug Research Institute (CDRI), Lucknow, India. Stan-
dard laboratory conditions were maintained (22 ± 4 ◦C), and the animals were kept under
an ambient environment (12 h light/dark cycles), humidity (50–60%), and water ad libitum.
Animals were housed in polypropylene cages, and one week before starting the experiment,
the rats were acclimatized to workable conditions. Twenty-four rats were allocated and
randomized into four groups (n = 6): group I (control) received citrate buffer as a vehicle;
group II (salbutamol, per se) was the control group treated with 6 mg/kg salbutamol (SLB)
orally for four weeks once daily; group III (HFD/STZ) had a high-fat diet ad libitum for
two weeks and injected as a single low dose of 35 mg/kg of streptozotocin (STZ) intraperi-
toneally (i.p.) (hereafter named as HFD/STZ group); and group IV served as HFD/STZ
+ salbutamol. SLB was prepared in distilled water at administered 6 mg/kg per oral for
four weeks once daily. Blood samples were collected from the retro-orbital plexus under
light anesthesia, and serum was separated and stored at −20 ◦C for further endpoints. Rats
were sacrificed humanely by cervical dislocation, and the gastrocnemius muscle (GN) was
isolated and preserved in 10% formalin for histology and kept at −80 ◦C for other endpoint
parameters. The gastrocnemius (GN) muscle is chosen for its unique composition of both
type 1 and type 2 muscle fibers. Additionally, it has been extensively studied in previous
research [26,27].
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2.2.1. Induction of Type 2 Diabetes

The Srivansan et al. model was used for the induction of type 2 diabetes [28]. In
brief, SD male rats were given ad libitum access to a high-fat diet (HFD), having fat (58%),
protein (25%), and carbohydrate (17%) for two weeks. After the initial two weeks of HFD
diet, a single intraperitoneal injection of a low dose of STZ (35 mg/kg) was administered,
and the animals were then continued on the HFD feeding for an additional two weeks. At
the end of the four weeks, fasting plasma glucose, insulin, and lipid profile (triglyceride
and cholesterol) were measured to confirm the induction of type-2 diabetes. Rats with
fasting plasma glucose levels of ≥250 mg/dL or higher were considered diabetic and were
used in the present experiments. The STZ was prepared in a citrate buffer (pH of 4.5,
while the respective control rats were given a vehicle (citrate buffer) in volume of 1 mL/kg,
intraperitoneally. Blood glucose levels were recorded with a glucometer (Dr Morepen
GlucoOne, model-BG3).

2.2.2. Rationale of Selection of Salbutamol Dose

Based on an extensive literature review, it was observed that salbutamol is commonly
administered in microgram doses, primarily in studies focusing on asthma. Furthermore,
two findings were identified that repurposed salbutamol for different research purposes,
specifically sepsis [29] and in the central nervous system [30]. In these studies, rats were
administered salbutamol at doses of 4 mg/kg and 10 mg/kg for specific research objectives.
Based on these findings, we carefully selected a dose within the range of these two studies.
Therefore, in the present study, we chose a dose of 6 mg/kg of salbutamol.

2.3. Estimation of Body Weight, Gastrocnemius (GN) Muscle Weight, and Blood Glucose Levels

The body weight and gastrocnemius muscle weight of the rats were weighed using an
analytical balance at the beginning and end of the experiment. Next, blood glucose levels
were assessed using a glucometer at the start and end of the four-weeks experiment.

2.4. Estimation of Body Composition

The body composition of rats, specifically lean mass and fat mass, was assessed using
the EchoMRI-500 body composition analyzer (EchoMRI Corporation Pvt. Ltd., Singapore).
All the animals were gently placed in a specially designed, clear plastic holder without
the need for anesthesia. The holder was then inserted into a designated tubular space
on the side of the EchoMRI™ machine. By pressing a key on the keyboard, we initiated
the scanning process and recorded the values for fat mass (in grams), lean body mass (in
grams), free water (in grams), total water (in grams), and body weight (in grams) of each
rat. The body weight, fat mass, and lean body mass were extracted from the collected data.
These parameters were utilized to calculate the percentage change in lean mass and fat mass.
These calculations were carried out to analyze the body composition, with a specific focus
on the distribution of lean and fat mass. The data were expressed in percentages [31,32].

2.5. Behavioral Parameters
2.5.1. Assessment of Forelimb Grip Strength by Grip Strength Meter

Rats were raised by their tails and forced to grab a hard bar connected to a mechanical
force sensor of grip strength meter (LEGSM-01; Milton Enterprises, Nashik, India). Each
rat was gently dragged backward by the tail, and grip strength was determined by tension
reading on the digital force gauge shortly before the rat let go of the bar [33,34].

2.5.2. Assessment of Locomotor Activity by Actophotometer Test

Random locomotor activity was measured using an actophotometer. Each animal
was monitored for 5 min in a 14 × 14 × 14 cm2 closed-field arena with six photocells on
the outside wall. A six-digit counter was used to track the photocell light interruptions
(locomotor activity). The actophotometer was turned on, and each rat was placed in the
cage independently for 5 min to measure locomotor activity [35].
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2.5.3. Assessment of Muscle Strength by Wire-Hanging Test

The hanging wire analysis was performed to determine the coordination and muscle
strength of the rats. It involves suspending the rat from a one-meter height at a stainless-
steel wire of approximately 2.5 cm width over a soft fall area for three minutes. The number
of falls of each animal was recorded using a digital camera with a cut-off of 10 falls [36].

2.5.4. Assessment of Muscle Coordination by Rotarod Test

The rotarod instrument assessed motor coordination and balance in the forelimbs and
hind limbs. The latency to fall was determined after each rat was placed on the rotarod for
5 min at a constant speed of 5 rpm during the trial phase. Each experiment included three
runs. Each rat was placed on the rotarod for a maximum of 5 min at a speed that increased
from 4–40 rpm during the test, and the latency to fall was recorded [35].

2.5.5. Assessment of Gait Speed by Footprint Test

At the end of the experiment, the gait cycle of the respective groups (control, salbuta-
mol, HFD/STZ, and HFD/STZ + salbutamol) animals was assessed using the footprint test.
The forefeet and hind feet of the different groups rats (control, salbutamol, HFD/STZ, and
HFD/STZ + salbutamol) were painted with different non-toxic colors to obtain footprints.
Subsequently, the rats were allowed to walk on white paper. The average distance moved
forward between the steps was used to compute the stride length. The average distance
between the left and right hind footprints was used to calculate the width of the hind and
front bases. To assess step alternation homogeneity, the distance between the left-to-left and
right-to-right front footprint/hind footprint overlap was measured. For the assessment,
a set of six steps was chosen, eliminating impressions created at the start and end of the
run [37].

2.6. Estimation of Total and Myofibrillar Protein Concentration

Total and myofibrillar proteins from rats GN skeletal muscles have been estimated as
per previous protocol [38]. In brief, 50 mg of GN muscles were homogenized on ice-cold
buffer, pH 6.8, containing sucrose (8.5%), EDTA (5 mM), KCl (50 mM), and MgCl2 (100 mM).
This homogenate was used to measure the concentration of total protein. Further, GN
homogenate was centrifuged at 2500× g for 15 min at 4 ◦C. The supernatant was then
discarded, and the remaining pellet was re-suspended in a solution (pH-6.8, 100 mM
KCl, 5 mM MgCl2, 5 mM EDTA, and 0.1% Triton X-100. This process was repeated twice.
Further, the remaining pellet was washed in buffer (pH-6.8, 5 mM EDTA, and 100 mM
KCl) and then centrifuged at 2500× g for 10 min. This washing step was repeated once
more. The obtained myofibrillar pellet was then re-suspended in a buffer solution (5 mM
tris-hydroxymethyl aminomethane and 150 mM KCl, pH-7.4). The supernatant was used
to calculate the amount of myofibrillar protein. The concentrations of both total protein
and myofibrillar protein were assessed using a Lowry assay [39]. Bovine serum albumin
(BSA) was used as the standard.

2.7. Assessment of Oxidative Stress Markers and Antioxidative Status

To conduct the oxidative stress and antioxidant assay, 100 mg of the gastrocnemius
(GN) muscle was homogenized in 1 mL of cold phosphate-buffered saline (pH 7.4). The
homogenate was subsequently used for all biochemical estimations.

2.7.1. Estimation of Lipid Peroxidation by Malondialdehyde

The measurement of malondialdehyde (MDA) content by thiobarbituric acid (TBA)
directly determines the non-enzymatic oxidative state for lipid peroxidation [40]. In brief,
500 µL of 30% trichloroacetic acid (TCA), 500 µL of 0.8% TBA, and 1 mL of homogenized
GN muscles in phosphate-buffered saline were mixed and incubated for 10 min at room
temperature. The resulting reaction mixture was then heated at 80 ◦C for 30 min. After
the mixture was cooled, it was centrifuged at 5000× g for 15 min, and the absorbance of
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the resulting supernatant was measured at 540 nm. The results are expressed in nM/mg
protein.

2.7.2. Estimation of Protein Carbonyl Content

The protein carbonyl content (PC) is determined based on the reaction of 2,4-Dinitro-
phenylhydrazine (DNPH) and serves as an indicator of oxidative stress [41]. Briefly, 500 µL
of 10% TCA and 150 µL of GN muscle homogenate were mixed and incubated at room
temperature for ten minutes. After centrifuging the reaction mixture at 13,000× g for 2 min,
the supernatant was discarded, and the pellet was collected. Next, the pellet was suspended
in 250 µL of 0.2% DNPH and incubated for 30 min. After incubation, 50 µL of 100% TCA
was added to the mixture and centrifuged at 13,000× g for 5 min. The supernatant was then
discarded, and the remaining cell pellets were 500 µL of washed with 1:1 v/v ethanol: ethyl
acetate solution. The pellets were further dissolved in 6 M guanidine HCl and vortexed.
Subsequently, the absorbance of the supernatant was measured at 360 nm. The results are
expressed in µM/mg protein.

2.7.3. Estimation of Catalase Activity by H2O2 Decomposition

Catalase activity was directly estimated by monitoring the rate of H2O2 breakdown. In
brief, 50 µL of GN muscle homogenates were mixed with 250 µL of 19 mM of H2O2. Next,
immediately after the reaction, we measured the absorbance at 240 nm for 3 min. Catalase
activity was calculated using an extinction value of 0.0719 mM−1cm−1. The results are
expressed as the number of moles of H2O2 that were broken down/min/mg of protein in
the sample.

2.7.4. Estimation of Reduced Glutathione Activity by Ellman’s Reagent

The amount of glutathione (GSH) was determined by reducing 5,5’-dithiobis-(2-
nitrobenzoic acid) (also known as DTNB or Ellman’s reagent) by the thiol group of GSH,
which resulted in a yellow-colored GS-TNB complex [42]. In brief, 250 µL of 50% TCA and
120 µL GN muscles homogenate was incubated for 10 min at room temperature. After
centrifugation at 5000× g for 10 min, the precipitate was removed. In a reaction mix-
ture comprising 3 µL of 0.6 mM DTNB and 130 µL of 0.2 M sodium phosphate-buffered
(pH 8), free -SH groups in the supernatant were measured (pH 8.0). The absorbance was
determined at 405 nm, and the results were expressed in nanomoles/mg of protein.

2.7.5. Estimation of Superoxide Dismutase Activity by Pyrogallol Activity

Superoxide dismutase (SOD) activity was determined by inhibiting the reduction in
pyrogallol activity by SOD present in the sample [43]. In brief, 2.9 mL of 0.5 M tris buffer
(pH 8.0) having tris HCl (50 mM), EDTA (1 mM) was mixed with 100 µL of GN muscles
homogenate. After that, incubation for 5 min was carried out at room temperature. A
total of 25 µL of 2.6 mM pyrogallol was then added to stop the reaction. The change in
absorbance after the addition of pyrogallol for 3 min was measured at 420 nm. SOD activity
was evaluated in millimoles of reduced pyrogallol/min/mg of protein.

2.8. Estimation of Cellular Toxicity by Histological Analysis

The gastrocnemius (GN) muscles were preserved by fixing them in 10% formalin.
Next, the muscles were subjected to a series of treatments involving graded alcohol and
xylene, followed by embedding in paraffin wax. The sections were cut with a thickness of
5 µm using a Thermo HM325 rotary microtome and were taken on pre-coated slides. Then,
the sections were dewaxed in xylene for 2–5 min and processed according to the previous
protocol [44]. The muscle sections were stained with Hematoxylin and Eosin (H&E) and
subsequently processed and mounted with DPX. Furthermore, the slides were observed
at 20×magnification by using an Olympus Microscope (BX53, Hamburg, Germany). The
cross-sectional area (CSA) and Feret’s diameter of the muscle fibers were analyzed by

186



Pharmaceutics 2023, 15, 2101

ImageJ software (NIH, Bethesda, MD, USA) [44]. A total of 15–20 tissue sections were
utilized for analysis, with 3 slides per group.

2.9. Estimation of Serum Testosterone, GDF-8, Inflammatory Markers, and Lipid Markers

Serum levels of testosterone, GDF-8, IL-2, IL-6, IL-1β, creatine kinase, total cholesterol
(TC), low-density lipoprotein (LDL), high-density lipoprotein (HDL), and triglycerides (TG)
were measured using the procedure provided by the manufacturer. The very-low-density
lipoprotein (VLDL) lipid level was determined using Friedewald’s formula as follows:

VLDL (mg/dL) = TC−HDL− LD

2.10. 1H NMR-Based GN Muscle Metabolomics Profiling
2.10.1. Sample Preparation

In total, 50 mg GN muscle was homogenized in 500 µL of ice-cold normal saline.
Homogenates were vortexed and sonicated for 30 s. After that, GN muscle homogenates
were centrifuged at 16,278× g for 5 min at 4 ◦C. After homogenization, the supernatant was
collected, and from this, 250 µL of supernatant was mixed with 250 µL of 100% deuterium
oxide (D2O). Following this step, 450 µL of this mixture was put in 5 mm NMR tubes
(Wilmad Glass, Vineland, NJ, USA). A sealed capillary tube containing sodium salt of
3-trimethylsilyl-(2,2,3,3-d4)-propionic acid (1.0 mM) (TSP) dissolved in D2O as a co-solvent
was used as an internal standard reference and inserted in the NMR tubes [45].

2.10.2. NMR Measurements

A Bruker 800 MHz NMR spectrometer (AVANCE-III, equipped with a cryoprobe)
was used for NMR experiments at 298 K. The metabolic profiles of the muscles were
determined using one-dimensional (1D) 1H CPMG (Carr–Purcell–Meiboom–Gill) pulse
sequence NMR. The tests were performed on all muscle samples with pre-saturation of
the water signal during a recycle delay (RD) of 5 s using the Bruker standard library pulse
program “cpmgpr1d”. The other acquisition parameters were as follows: the width of
the 1H spectral sweep was 12 ppm, the number of transients was 128, and the T2 filtering
time (to suppress the broad signals of higher molecular weight macromolecules, including
proteins) was obtained with an echo time of 200 s repeated 300 times, which resulted in
a total effective echo time of 60 ms. All NMR spectra were processed using the Bruker
NMR data processing program Topspin (v2.1), employing a typical Fourier transformation
(FT) technique, as well as manual phase and baseline correction. Before the FFT was
performed, each FID was zero-filled to a total of 65,536 data points and then multiplied by
an exponential line-broadening function operating at 0.3 Hz.

2.10.3. Spectral Assignment and Concentration Profiling

Using the Chenomx NMR suite’s 800 MHz compound spectral database library with
pH set at 7.2 for all samples (Chenomx Inc., Edmonton, AB, Canada), various peaks in
the 1D 1H CPMG NMR spectra were identified and annotated for different muscle tissue
metabolites. This was performed in conjunction with 2D homonuclear 1H-1H TOCSY and
heteronuclear 1H-13C HSQC NMR [46]. The metabolic assignments were further confirmed
using publicly accessible databases (such as HMBD: http://www.hmdb.ca (accessed on
21 October 2022) and BMRB: www.bmrb.wisc.edu/metabolomics (accessed on 15 Septem-
ber 2022) and and the NMR assignments of metabolites published in several previous
metabolomics studies [47–50]. All CPMG pulse NMR spectra that were collected were
visually inspected to determine whether they were acceptable. Additional analyses were
performed using the NMR suite of the commercial software CHENOMX (Chenomx Inc., Ed-
monton, AB, Canada). First, all of the NMR spectra were baseline corrected and calibrated
internally to 1H NMR peak of formate (at δ = 8.43 ppm and with the concentration set to
0.01 mM). Next, concentration profiling of the 40 muscle tissue metabolites was carried out
following the procedure described in the previous section [51]. Then, 3-hydroxy-butyrate
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(3HB), acetone, alanine, betaine, acetate, choline, citrate, dimethyl sulfone (DMS), crea-
tine, dimethylamine (DMA), glutamine, glucose, glutamate, glycine, glycerol, isoleucine,
isobutyrate (IsoB), leucine, lactate, phenylalanine, methanol, pyruvate, succinate, proline,
serine, threonine, valine, tyrosine, histidine, and myoinositol. Following this, the metabolic
profiles were utilized to estimate five key metabolic ratios, including the phenylalanine-to-
tyrosine ratio (PTR), histidine-to-tyrosine ratio (HTR), and glutamate-to-glutamine ratio
(EQR), as discussed in the preceding section [52,53].

2.10.4. Multivariate Data Analysis

The resultant metabolic concentrations and ratio values were then transferred to the
MS Office Excel program and transformed into a comma-separated values (CSV) text
format file, which was then utilized for multivariate data analysis in MetaboAnalyst 4.0.,
which is an open-access web-based metabolomics data processing tool [54,55]. Principal
component analysis, often known as PCA, was applied to locate data outliers and offer
a concise picture of the trending grouping of the data set. Subsequently, supervised
Partial Least Squares Discriminant Analysis (PLS-DA) was applied to discover group
separations and locate the discriminating metabolites that accounted for group separations.
A 10-fold cross-validation approach was used to prevent overfitting of the PLS-DA model.
For GN muscle metabolic profiling, NMR spectra acquired from the muscle tissue were
processed using the PROFILER-Module of CHENOMX. Following this, the quantities of
the selected metabolites were determined for each of the three sets of muscle tissue samples.
PLS-DA analysis was used to evaluate the quantitative muscle metabolic profiles of the
control, salbutamol, HFD/STZ, and HFD/STZ + salbutamol groups. Permutation analysis
was performed to cross-validate the PLS-DA models a hundred times, and the resultant
goodness-of-fit parameter R2 and goodness-of-prediction parameter Q2 were utilized to
evaluate the characteristics of the PLS-DA models. The VIP score, also known as the
variable significance on projection score, must have a value larger than 1.0 to be employed
in the PLS-DA model’s process of identifying the metabolites responsible for discrimination.
The metabolite concentration profile data matrix was then exposed to a random forest (RF)
classification model (a supervised machine learning method), and discriminatory metabolic
profiles were cross-validated using a Mean Decrease Accuracy (MDA) score plot [56,57].
In summary, MDA reflects how much accuracy the model loses when each variable is
removed from the RF classification model when comparing the study groups. The greater
the loss of accuracy, the more critical the variable is for effective categorization. The
statistical analysis module of MetaboAnalyst (https://www.metaboanalyst.ca (accessed on
21 October 2022)) was used to analyze the RF classification model. Analysis of variance
(ANOVA) with multiple group comparisons was used to assess the statistical significance
of the discriminating factors. The benchmark for statistical significance was a significance
level of 0.05 or a p-value of 0.05. Chenomx NMR Suite v8.1 was used to quantitatively
estimate the key metabolites.

2.11. Statistical Analysis

The data were analyzed using GraphPad Prism software (version 8.01). All the values
were expressed as the mean ± standard deviation (SD). Statistical analysis was performed
on the data from the four groups using a one-way analysis of variance (ANOVA), followed
by Tukey’s multiple comparisons post hoc test. The differences were considered statistically
significant at p < 0.05.

3. Results
3.1. Effect of Salbutamol on Blood Glucose Levels, Body Weight, and GN Muscle Weight in
HFD/STZ-Induced Diabetic Rats

There was no change in blood glucose levels between the HFD/STZ and HFD/STZ
+ salbutamol groups (Table 1). These results suggest that salbutamol treatment did not
have a significant effect on blood glucose levels. Similarly, the fasting insulin levels were
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399.75 ± 9.35 pg/mL in diabetic rats when compared to control (860.58 ± 11.58 pg/mL).
SLB treatment for 4 weeks led to a significant increase in body weight as compared to the
HFD/STZ group (p < 0.001). These results indicate that SLB treatment leads to a decrease
in body weight in the HFD/STZ group. The finding also showed that SLB treatment
significantly increased the GN weight as compared to the HFD/STZ group (p < 0.001)
(Table 1). Findings indicate that SLB treatment increased the weight of the GN muscle in
HFD/STZ rats. These results led us to further investigate body composition, specifically
the measurements of lean mass and fat mass.

Table 1. Effect of salbutamol on blood glucose level (mg/dL), body weight (g), and GN muscle (mg)
weight in HFD/STZ-induced diabetic rats. Data were represented as mean ± SD (n = 6). Statistical
significance was determined using one-way ANOVA with Tukey’s multiple comparisons post hoc
test. Table depict *** p < 0.001 vs. control and ### p < 0.001 vs. HFD/STZ and ns: non significant.

Parameters Time Points Control Salbutamol HFD/STZ HFD/STZ +
Salbutamol

Blood Glucose level
(mg/dL)

0 week 124.83 ± 1.47 124.33 ± 1.21 124.66 ± 3.26 124.66 ± 2.94
4 weeks 124.83 ± 1.94 125.16 ± 1.72 371.16 ± 14.90 *** 370.83 ± 15.43 ns

Body weight (g) 0 week 185.16 ± 2.31 194.50 ± 3.08 184.50 ± 2.07 175.00 ± 3.03
4 weeks 206.66 ± 2.80 226.66 ± 1.96 306.33 ± 3.01 *** 203.50 ± 1.51 ###

GN muscle weight (mg) 4 weeks 783.50 ± 2.88 804.66 ± 2.73 338.66 ± 2.50 *** 776.16 ± 6.76 ###

3.2. Effect of Salbutamol on Body Composition in HFD/STZ-Induced Diabetic Rats

The results demonstrated that SLB treatment significantly increased the percentage
of lean mass compared to the HFD/STZ group (p < 0.001) (Figure 1A). This suggests that
SLB treatment led to an increase in lean tissue or muscle mass in HFD-induced diabetic
rats. The SLB treatment group exhibited a reduced percentage of fat mass compared to the
HFD/STZ group (p < 0.001) (Figure 1B). This indicates that SLB treatment was associated
with a decrease in fat tissue in HFD/STZ-induced diabetic rats. These findings suggest
that SLB may have a positive effect on body composition by promoting an increase in lean
mass and reduced fat mass in HFD/STZ-induced diabetic rats. The reduced percentage of
fat mass and the greater percentage of lean mass in the SLB treatment group imply that
SLB could potentially ameliorate muscle atrophy associated with the HFD/STZ-induced
diabetic condition. These results further evaluate muscle strength and coordination in
HFD/STZ-induced diabetic rats.
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was determined using one-way ANOVA with Tukey’s multiple comparisons post hoc test. Bar graphs
depict *** p < 0.001 vs. control and ### p < 0.001 vs. HFD/STZ.

3.3. Effect of Salbutamol on Muscle Strength and Motor Coordination in HFD/STZ-Induced
Diabetic Rats

Next, diabetic rats exhibited a significant decrease in grip strength and wire-hanging
ability, indicating compromised muscle strength compared to the control group. However,
the SLB treatment improved grip strength and wire-hanging performance compared to
the control group (p < 0.001) (Figure 2A,B). SLB treatment significantly increased muscle
coordination and balance. This was demonstrated by increased latency to fall (p < 0.001)
(Figure 2C) and longer stride lengths (right-to-right and left-to-left) (p < 0.001) (Figure 2D,E)
in diabetic rats. SLB treatment also resulted in increased locomotion time in diabetic
rats (p < 0.001) (Figure 2F). This suggests an improvement in motor coordination and
balance due to SLB intervention. Overall, the results indicate that SLB treatment effectively
improved muscle strength, coordination, function, and balance in HFD/STZ-induced
diabetic rats. The improvements observed in grip strength, wire-hanging ability, latency
time, stride lengths, and locomotion time suggest that SLB can improve muscle strength
and enhance motor coordination.
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myofibrillar protein content (Figure 3A). These results suggest that the HFD/STZ-induced 
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Figure 2. Effect of salbutamol on muscle strength, function and coordination in HFD/STZ-induced
diabetic rats. (A) Hanging time (s), (B) Foreleg grip strength (kg), (C) Latency to fall (s), (D) Stride
length (cm) R-R, (E) Stride length (cm) L-L, and (F) Locomotion time (s). Data were represented as
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3.4. Effect of Salbutamol on Total and Myofibrillar Protein Concentration in HFD/STZ-Induced
Diabetic Rats

Next, the total protein content in the GN muscles was significantly decreased in the
HFD/STZ group compared to the control group (p < 0.001). SLB treatment was able to
restore the total protein content compared to the HFD/STZ group (Figure 3B). Similarly,
the myofibrillar protein content was found to be significantly decreased in the HFD/STZ
group compared to the control group (p < 0.001). However, SLB treatment restored the
myofibrillar protein content (Figure 3A). These results suggest that the HFD/STZ-induced
diabetic condition led to a reduction in both total protein contents and myofibrillar protein
in the GN muscles. However, SLB treatment significantly increased the protein contents,
indicating its potential to counteract the negative effects of the HFD/STZ-induced diabetic
condition on skeletal muscle protein.
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Figure 3. Effect of salbutamol on the protein concentration of GN muscle in HFD/STZ-induced
diabetic rats. (A) Total protein concentration (mg/g) and (B) myofibrillar protein concentration
(mg/g). Data were represented as mean ± SD (n = 6). Statistical significance was determined using
one-way ANOVA with Tukey’s multiple comparisons post hoc test. Bar graphs depict *** p < 0.001 vs.
control and ### p < 0.001 vs. HFD/STZ.

3.5. Effect of Salbutamol on Oxidative Stress and Antioxidant Status in HFD/STZ-Induced
Diabetic Rats

Next, the levels of superoxide dismutase (SOD), catalase, and reduced glutathione
(GSH) antioxidant enzymes were found to be significantly decreased in the HFD/STZ
group compared to the control group (p < 0.001). However, SLB treatment restored the
antioxidant status by increasing the levels of SOD, catalase, and GSH, similar to the control
group (Figure 4A–C). The levels of malondialdehyde (MDA), which is a marker of lipid
peroxidation, and protein carbonyl (PC), which is a marker of protein peroxidation, were
significantly increased in the HFD/STZ group compared to the control group (p < 0.001).
However, SLB treatment resulted in decreased levels of oxidative stress, as evidenced
by reduced levels of MDA and PC (Figure 4D,E). These results indicate that the diabetic
condition resulted in increased oxidative stress and decreased antioxidant status in the GN
muscles. Furthermore, the treatment with SLB significantly increased the antioxidant status
and reduced oxidative stress in the diabetic muscle.

191



Pharmaceutics 2023, 15, 2101Pharmaceutics 2023, 15, 2101 13 of 26 
 

 

 
Figure 4. Effect of salbutamol on antioxidant status and oxidative stress markers of GN muscle in 
HFD/STZ-induced diabetic rats. (A) Superoxide dismutase (U/mg of protein), (B) catalase activity 
(U/mg), (C) reduced GSH (nM/mg of protein), (D) MDA (nM/mg of protein), and (E) protein car-
bonyl content (µmoles/mg of protein). Data were represented as mean ± SD (n = 6). Statistical sig-
nificance was determined using one-way ANOVA with Tukey’s multiple comparisons post hoc test. 
Bar graphs depict *** p < 0.001 vs. control and ### p < 0.001 vs. HFD/STZ. 
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duced by diabetes (Figure 5A). In addition, quantitative measurements of the cross-sec-
tional area (CSA) and Feret’s diameter of myofibers were decreased in the HFD/STZ 
group compared to the control group and were performed using ImageJ software 1.44 
(NIH, USA). The results demonstrated that salbutamol treatment significantly increased 
the CSA and Feret’s diameter of myofibers in diabetic rats compared to the control group 
(p < 0.001). This indicates an improvement in myofiber size and morphology following 
salbutamol intervention (Figure 5B,C). These findings suggest that the intervention of sal-
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Figure 4. Effect of salbutamol on antioxidant status and oxidative stress markers of GN muscle in
HFD/STZ-induced diabetic rats. (A) Superoxide dismutase (U/mg of protein), (B) catalase activity
(U/mg), (C) reduced GSH (nM/mg of protein), (D) MDA (nM/mg of protein), and (E) protein
carbonyl content (µmoles/mg of protein). Data were represented as mean ± SD (n = 6). Statistical
significance was determined using one-way ANOVA with Tukey’s multiple comparisons post hoc
test. Bar graphs depict *** p < 0.001 vs. control and ### p < 0.001 vs. HFD/STZ.

3.6. Effect of Salbutamol on the Cellular Architecture of GN Muscle in HFD/STZ-Induced Diabetic Rats

The GN muscles in the control group showed a regular and organized structure, indi-
cating normal muscle morphology (Figure 5A). In diabetic rats, the GN muscles exhibited
shrinkage and varying myofiber sizes with significant gaps when compared to the control
group. This suggests muscle damage and disorganization associated with the HFD/STZ-
induced diabetic condition (Figure 5A). SLB treatment restored the muscle architecture
in the HFD/STZ group, indicating a reversal of the structural abnormalities induced by
diabetes (Figure 5A). In addition, quantitative measurements of the cross-sectional area
(CSA) and Feret’s diameter of myofibers were decreased in the HFD/STZ group compared
to the control group and were performed using ImageJ software 1.44 (NIH, USA). The
results demonstrated that salbutamol treatment significantly increased the CSA and Feret’s
diameter of myofibers in diabetic rats compared to the control group (p < 0.001). This
indicates an improvement in myofiber size and morphology following salbutamol interven-
tion (Figure 5B,C). These findings suggest that the intervention of salbutamol effectively
improved the cellular changes and structural abnormalities in the GN muscle associated
with HFD/STZ-induced diabetes. The restoration of muscle architecture, as evidenced by
the increased cross-sectional area (CSA) and Feret’s diameter of myofibers, indicates the
potential of salbutamol in ameliorating muscle cellular architecture in diabetic conditions.
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were represented as mean ± SD (n = 6). Statistical significance was determined using one-way
ANOVA with Tukey’s multiple comparisons post hoc tests. Bar graphs depict *** p < 0.001 vs. control
and ### p < 0.001 vs. HFD/STZ.

3.7. Effect of Salbutamol on Serum Level of Creatine Kinase, GDF-8, Testosterone, and
Pro-Inflammatory Markers in HFD/STZ-Induced Diabetic Rats

Next, the serum creatine kinase (CK) and growth differentiation factor 8 (GDF-8) mus-
cle damage markers were found to be significantly elevated in HFD/STZ group compared
to the control group (p < 0.001). However, SLB treatment significantly decreased serum
CK and GDF-8 levels in the diabetic group (Figure 6A,B). These results suggest that the
decreased levels or inhibition of myostatin and CK, in combination with SLB treatment,
may enhance skeletal muscle mass. The serum testosterone level was increased in the SLB
treatment group compared to the HFD/STZ group (p < 0.001). This increase in testosterone
level was positively correlated with muscle mass, suggesting a potential role of testosterone
in the modulation of muscle mass (Figure 6C). Also, the serum pro-inflammatory markers
IL-1β, IL-2, and IL-6 were found to be significantly increased in the HFD/STZ group
compared to the control group (p < 0.001). However, SLB intervention resulted in reduced
levels of these pro-inflammatory cytokines (IL-1β, IL-2, and IL-6) (Figure 7A–C). This
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indicates that lowered pro-inflammatory cytokine levels may attenuate muscle atrophy.
These results suggest that HFD/STZ-induced diabetic conditions lead to alterations in
circulating markers associated with muscle mass, inflammation, and testosterone levels.
SLB treatment appears to have a beneficial effect by restoring the levels of CK and GDF-8,
positively influencing testosterone levels, and reducing pro-inflammatory cytokine levels.
These findings highlight the potential of SLB in reducing muscle inflammation in diabetic
rats.
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Figure 6. Effect of salbutamol on muscle damage markers in HFD/STZ-induced diabetic rats.
(A) Serum creatine kinase (ng/mL), (B) GDF-8 level (pg/mL), and (C) Testosterone level (pg/mL).
Data were represented as mean ± SD (n = 6). Statistical significance was determined using one-way
ANOVA with Tukey’s multiple comparisons post hoc test. Bar graphs depict *** p < 0.001 vs. control
and ### p < 0.001 vs. HFD/STZ.
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(A) IL-1β (pg/mL), (B) IL-2 (pg/mL), and (C) IL-6 (pg/mL). Data were represented as mean ± SD
(n = 6). Statistical significance was determined using one-way ANOVA with Tukey’s multiple
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3.8. Effect of Salbutamol on Serum Lipid Profile in HFD/STZ-Induced Diabetic Rats

The HFD/STZ group exhibited significantly higher levels of total cholesterol (TC),
triglyceride (TG), low-density lipoprotein (LDL), and very-low-density lipoprotein (VLDL)
compared to the control group (p < 0.001) (Figure 8A–D). These findings indicate an
elevation in circulating lipid levels associated with the diabetic condition. The HDL levels
in the HFD/STZ group were significantly lower than those in the control group (p < 0.001)
(Figure 8E). This indicates a reduction in the levels of protective HDL cholesterol in diabetic
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rats. SLB intervention significantly restored the serum lipid profiles, indicating a reversal
of the lipid abnormalities induced by diabetes (Figure 8A–E). These results suggest that the
diabetic condition leads to dysregulation of serum lipid profiles, characterized by elevated
levels of TC, LDL, VLDL, and TG, as well as reduced levels of HDL. The administration of
SLB appears to ameliorate these lipid abnormalities by restoring the lipid profile to levels
compared to the control group. These findings suggest that excessive lipid levels may
contribute to muscle damage, and the intervention with SLB helps in mitigating this effect.
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Figure 8. Effect of salbutamol on serum lipidemic profile in HFD/STZ-induced diabetic rats. (A) Total
cholesterol (mg/dL), (B) Triglyceride (mg/dL), (C) HDL (mg/dL), (D) LDL (mg/dL), and (E) VLDL
(mg/dL). Data were represented as mean ± SD (n = 6). Statistical significance was determined using
one-way ANOVA with Tukey’s multiple comparisons post hoc test. *** p < 0.001 vs. control and
### p < 0.001 vs. HFD/STZ.

3.9. Effect of Salbutamol on GN Muscle Metabolomics Using 1H NMR-Based Technique in
HFD/STZ-Induced Diabetic Rats

Figure S1 shows the typical 1D and 1H NMR spectra of rat GN muscle samples ac-
quired from the control, salbutamol, HFD/STZ, and HFD/STZ + salbutamol groups. NMR
peaks of the different metabolites were annotated. They mainly show the signals of metabo-
lites, such as (a) amino acids, viz. alanine, glycine, glutamate, glutamine, π-methylhistidine,
leucine, isoleucine, phenylalanine, methionine, sarcosine, proline, threonine, serine, valine,
and tyrosine; (b) energy metabolites, viz. acetate, creatine, fumarate, formate, glycerol,
lactate, pyruvate, and succinate; (c) lipoproteins (VLDL and LDL); (d) ketone body con-
tent, viz. acetone, betaine, 3-hydroxybutyrate; and (e) additional metabolites were also
estimated in the subsequent combinations or ratios, viz. phenylalanine-to-tyrosine ratio
(PTR), histidine-to-tyrosine ratio (HTR), and glutamate-to-glutamine ratio (EQR). Next, to
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investigate the effect of salbutamol on metabolites in diabetic rats, the GN muscle metabolic
profile was obtained using 1D 1H NMR spectroscopy. This profile was then subjected
to multivariate statistical analysis to determine the metabolic patterns that were altered.
This was carried out with the help of MetaboAnalyst (v4.0, a free web-based software [58].
The 3D score plot obtained from PLS-DA analysis showed a distinct separation among
the four groups, demonstrating a substantial metabolic difference between the HFD/STZ
and HFD/STZ + salbutamol groups as opposed to the control group and the salbutamol
group by itself. (Figure S2A). In addition, compared with the standard HFD/STZ group,
there was a discernible tendency toward clustering treatment groups (HFD/STZ + salbuta-
mol) and shifting toward the control group (Figure S2A). The PLS-DA model validation
parameters (R2 > 0.57 and Q2 > 0.38) and predictive capability (Q2) were significantly
high, suggesting a significant metabolic variation between the study groups (Figure S2B).
The metabolic features of discriminatory relevance were first identified using the PLS-DA
model based on variable importance in projection (VIP) score values > 1.0 (Figure S2C).
Statistical significance was evaluated using ANOVA. We also performed machine learning
random forest (RF) classification analysis (RFA) to confirm the discriminatory potential of
metabolic profiles for classifying the data. The variables are presented from descending
importance in the mean decrease accuracy (MDA) score plot derived from the RF clustering
approach. Integrative analysis (based on VIP and MDA score plots and ANOVA statistics)
identified several metabolic entities with discriminatory potential. It could predict the
therapeutic response to salbutamol, as shown in Figures S2C,D. Compared to control rats,
GN muscle levels of 3-hydroxybutyrate, sarcosine, succinate, HTR, PTR, and EQR were
elevated, and creatine and glycine levels were decreased in the HFD/STZ group (Figure
S2B,D). Quantitative variations in these discriminatory features are shown through box-
cum-whisker plots (Figure 9). As evident from the results, several GN muscle metabolites
showed a metabolic reprogramming trend (Figure 9), suggesting that salbutamol could
potentially alleviate metabolic alterations in diabetic rat muscle.
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concentrations of metabolites, while the yellow rhombus denotes mean concentrations of the group.
In the box plots, the boxes denote interquartile ranges, horizontal lines inside the box denote the
median, and the bottom and top boundaries of boxes are 25th and 75th percentiles, respectively.
Lower and upper whiskers are 5th and 95th percentiles, respectively. Key acronyms are HTR:
histidine-to-tyrosine ratio 3-HB: 3-hydroxybutyrate; EQR: glutamate-to-glutamine ratio.

3.10. Disturbed Interlinking Metabolic Pathways in Diabetes-Induced Skeletal Muscle Atrophy

After analyzing significant muscle metabolites (sarcosine, PTR, EQR, HTR, succinate,
and 3-hydroxybutyrate) in HFD/STZ and HFD/STZ + salbutamol groups, we investi-
gated how those metabolites are involved and utilized in glycolysis, TCA cycle, and
other metabolic pathways. These pathways included the tricarboxylic acid (TCA) cycle
(succinate), ketogenesis (3-hydroxybutyrate), histidine metabolism (histidine), glycine
metabolism (sarcosine), and other metabolic pathways (PTR, HTR, and EQR) in Figure 10
and are detailed in the Section 4.
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Figure 10. The figure illustrates the involvement of specific enzymes and their impact on intercon-
nected pathways, offering valuable insights into understanding the intricacies of muscle metabolism.
The representative altered key metabolites in the figure depict interlinked pathways, including gly-
colysis, the tricarboxylic acid (TCA) cycle, and methylamine metabolism. The blue color signifies
the restored metabolites due to salbutamol intervention, demonstrating the ameliorating effect of
salbutamol on diabetic skeletal muscle. In contrast, the dark red color indicates the altered status of
metabolites in the diabetic condition, indicating significant increases and imbalances within different
pathways of skeletal muscle.

4. Discussion

In the present study, salbutamol significantly improved muscle mass, grip strength,
antioxidant levels, and muscle architecture in HFD/STZ-induced diabetic rats. Further-
more, muscle metabolomics analysis showed that salbutamol significantly restored the
altered metabolites such as sarcosine, HTR, PTR, EQR, succinate, and 3-hydroxybutyrate in
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diabetic rats. Taken together, these findings showed that salbutamol attenuated skeletal
muscle atrophy in HFD/STZ-induced diabetic rats. The results showed that salbutamol
significantly increased body weight and gastrocnemius (GN) muscle weight but did not
alter blood glucose levels in HFD/STZ-induced diabetic rats. Emery et al. showed that
16 days of treatment with β2 agonists, viz. clenbuterol and fenoterol, increased the body
weight and GN muscle mass as compared to the control rat [59]. A low dose of clenbuterol
improved glucose homeostasis in insulin-resistant rats. This was most likely mediated
by increasing glucose absorption in skeletal muscle, which increased insulin sensitivity.
A finding showed that salbutamol increased the GN muscle weight and protein content
in both young and senescent rats [19]. Clinical studies in human subjects demonstrate
that salbutamol treatment increased lean body mass, muscle strength, and endurance [20].
Our findings also showed that salbutamol significantly increased the lean mass and grip
strength in diabetic rats. These findings indicate that salbutamol has the potential to in-
crease muscle mass. Furthermore, protein accretion is linked to skeletal muscle growth,
and muscle protein pools primarily contain myofibril, mitochondrial, and sarcoplasmic
proteins [20]. Our results showed that salbutamol had a higher myofibrillar protein content
in GN muscle as compared to diabetic rats. Recent findings have demonstrated that the
β2-agonist salbutamol promotes the transition of the muscle fiber isoform from MHC-I
to MHCIIa [21]. Moreover, salbutamol intervention in resistance exercise increased the
myofibrillar protein fractionation rate and turnover in young men [20]. Next, we checked
the levels of testosterone and muscle damage markers, viz. creatine kinase and myostatin.
Intriguingly, treatment with salbutamol increased testosterone levels in diabetic rats, which
is consistent with the finding that salbutamol considerably increased plasma testosterone
levels in athletic men following submaximal exercise [60]. Myostatin (also known as GDF-8)
is a negative regulator that affects skeletal muscle growth [61]. Our results showed that
salbutamol significantly decreased myostatin levels in diabetic rats. The results were also
in line with findings where type 2 diabetic subjects showed increased mRNA expression
of muscle myostatin linked to metabolism and systemic inflammation [62]. Contrary to
the results presented here, salbutamol was shown to increase myostatin mRNA levels;
however, this effect could be neutralized by the concomitant downregulation of activinRIIB,
which is associated with resistance training [20]. Our results showed that salbutamol
significantly decreased serum creatine kinase (CK) levels in diabetic rats. Because muscle
has a large phosphocreatine reserve, changes in CK levels are associated with muscle
injury and inflammation. Increased activity in the muscle implies muscular damage and
CK leakage from the muscles. Earlier findings showed that creatine kinase levels were
elevated in diabetic rats [63]. Thus, elevated serum CK levels observed in exercise-induced
muscle damage can lead to the activation of pro-inflammatory markers. This activation
can occur due to the destabilization of the cell and membrane, resulting in the infiltration
of leukocytes during the process of repair. Next, we assessed the levels of serum inflam-
matory markers, including IL-2, IL-6, and IL-1β, and observed a significant increase in
these markers in diabetic rats. However, our findings indicated that salbutamol treatment
significantly restored these levels, suggesting that salbutamol possesses anti-inflammatory
properties. Further, our results demonstrated that salbutamol significantly restored the
levels of superoxide dismutase, catalase, and glutathione in the GN muscle of diabetic
rats. These enzymes and molecules act as antioxidants, and their restoration by salbutamol
suggests its potential role in mitigating oxidative stress in diabetic conditions.

Furthermore, GN muscle oxidative stress (MDA and protein carbonyl content) levels
were significantly decreased by salbutamol treatment in diabetic rats. Previous studies have
shown that salbutamol exerts significant antioxidative effects in rat models [64]. Moreover,
our results showed that salbutamol treatment significantly increased the muscle fiber size
and cross-sectional area in diabetic muscle. These findings demonstrate that salbutamol
can attenuate muscle cellular architecture, highlighting its potential anti-atrophy properties
in diabetic-induced skeletal muscle wasting.
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Previous findings have demonstrated that the β-2 agonist formoterol significantly
increases muscle fiber size, area, and contractile performance in skeletal muscles [17].
Taken together, our findings support the notion that beta-2 agonists could be effective
interventions against muscle wasting disorders.

Next, we carried the 1H NMR muscle metabolomics to investigate the effects of salbu-
tamol on diabetes-induced alterations in muscle metabolites. Findings showed that amino
acids metabolites (e.g., glycine, histidine, tyrosine, and sarcosine), energy metabolites
(e.g., choline, acetate, creatine, lactate, and succinate), and ketone bodies (e.g., betaine,
3-hydroxybutyrate, and isobutyrate) were significantly altered in diabetic skeletal muscles.
Furthermore, metabolites levels of succinate, 3-hydroxybutyrate (3-HB), and the ratios of
histidine-to-tyrosine (HTR), phenylalanine-to-tyrosine (PTR), and glutamate-to-glutamine
ratio (EQR), were elevated in the HFD/STZ-induced diabetic group, and salbutamol treat-
ment restored these levels (Figure 10). Succinate is primarily recognized as a metabolite
that serves as an intermediate in the tricarboxylic acid (TCA) cycle and plays a vital role in
mitochondrial metabolism and ATP generation. However, recent studies have revealed that
succinate has broader implications beyond being a substrate for succinate dehydrogenase
and the respiratory chain [65]. Our findings indicated a significant increase in succinate lev-
els in diabetic muscle while salbutamol treatment restored the same. Changes in the altered
levels of succinate (an intermediate of the TCA cycle) may affect energy balance and muscle
insulin sensitivity [66]. Moreover, recent in vitro and in vivo studies have demonstrated
that succinate supplementation can disrupt skeletal muscle homeostasis and impair muscle
regeneration [65]. These findings suggest that defects in the TCA cycle are commonly
observed in wasting skeletal muscle, and diabetic muscle is not an exception. Furthermore,
previous metabolomics and transcriptomic studies have shown that the loss of succinate
dehydrogenase (SDH) results in an excessive accumulation of succinate [67], which is con-
sistent with the findings of our study. These studies have also revealed that SDH deficiency
leads to the inappropriate activation of the mTORC1 pathway in β-cells, subsequently
leading to mitochondrial dysfunction [67]. Overall, succinate appears to have multifaceted
roles beyond its traditional function in the TCA cycle. Its dysregulation may contribute to
skeletal muscle dysfunction and impaired regeneration observed in various pathological
conditions, including diabetes [65]. Furthermore, intervention with salbutamol resulted
in the restoration of the altered skeletal muscle metabolites. Our findings demonstrated a
significant increase in 3-HB levels in the skeletal muscle of diabetic rats compared to the con-
trol group. Further, increased production of ketone bodies, such as β-hydroxybutyrate and
acetoacetate, results in ketonemia. Moreover, the findings revealed that α-hydroxybutyrate,
an organic acid derived from α-ketobutyrate, is a potential biomarker of insulin sensitivity
in individuals with normal glucose tolerance. These findings suggest that impaired glucose
metabolism and disrupted insulin regulation in diabetes indicate disturbances in fatty acid
oxidation [68,69]. An elevated level of circulatory PTR (for oxidative markers) and HTR (for
inflammatory markers) indicates that disease-induced oxidative stress and inflammation,
and hyper-activation of the immune system led to predicated disease [53,70]. PTR and HTR
assess the body’s capacity to convert phenylalanine to tyrosine and the histidine-to-tyrosine
ratio. The conversion enzyme requires cofactors, such as tetrahydrobiopterin (BH4), niacin
(B3), and iron. Increasing the muscle PTR ratio may aid in diagnosing inflammatory disease
and a person’s catabolic stage [71]. To preserve physiological homeostasis and fulfill the
energy demands of muscle cells, it is necessary to increase their dependence on additional
energy sources [72]. As a direct result, several gluconeogenic amino acids, including glu-
tamine and glutamate, were present at lower concentrations in the diabetic group. The
consumption of glutamine is directly associated with the suppression of inflammatory
reactions in skeletal muscle [73]. In addition, extracellular glutamine concentration can
control the production of the adaptor protein GRB10 and has a direct impact on the muscle’s
inflammatory response [73]. Next, sarcosine, chemically known as N-methyl glycine, is an
intermediate in glycine biosynthesis and degradation and a glycine transporter inhibitor.
However, sarcosine levels are governed by sarcosine dehydrogenase, an enzyme that con-
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verts sarcosine to glycine, and dimethylglycine dehydrogenase, which produces sarcosine
from dimethylglycine. Owing to their capacity to regulate sarcosine levels in myonuclei
cells, these enzymes may be essential for controlling sarcomere protein degradation [74].
Our 1H-NMR metabolomics analysis identified an intriguing and less-studied metabolite
called sarcosine. It revealed a significant increase in sarcosine levels in diabetic muscle
compared to the control group. Only one study has shown elevated sarcosine levels in rats
exposed to a high-fructose and high-fat diet, utilizing LC/TOF-MS urine metabolomics
analysis [75]. Interestingly, sarcosine has drawn attention as a potential biomarker for
aggressive and metastatic prostate cancer, as elevated levels have been observed in tumors
associated with this condition [76]. Sarcosine has been shown to activate autophagy in
cultured cells and boosts autophagic flux in vivo, suggesting that it may play a role in the
induction of autophagy caused by dietary constraints [77]. Additionally, a recent study pub-
lished in the ‘Lancet’ found higher sarcosine levels in individuals who exhibited resistance
to dietary changes following exercise training. This study involved muscle metabolomics
combined with MS/MS analysis of plasma amino acids [78]. Taken together, these findings
suggest that sarcosine may play a role in metabolic diseases and provide new evidence
highlighting its significance in diabetic skeletal muscles. However, further research is
necessary to fully elucidate the role of sarcosine in these conditions and explore its potential
as a diagnostic or therapeutic target.

5. Conclusions

In conclusion, the findings of this study suggest that salbutamol has the potential to
improve skeletal muscle atrophy in diabetic rats. Our results demonstrated that salbutamol
significantly increased grip strength and lean muscle mass in diabetic rats. Also, salbutamol
treatment results in increased levels of antioxidants in the muscles and reduced muscle
atrophy and inflammatory markers, and restored muscle damage biomarkers that indicate
its potential to reduce muscle inflammation and oxidative stress. Furthermore, the GN
muscle metabolomics markers identified in this study could serve as valuable prognostic
markers for diabetic skeletal muscle atrophy. Overall, these findings highlight the potential
of salbutamol as a therapeutic intervention for managing skeletal muscle atrophy associated
with diabetes.

6. Limitation of the Study

In the present study, our focus was solely on investigating the effects of salbutamol
on lean mass, oxidative stress, inflammatory markers, and muscle metabolomics of gas-
trocnemius muscles in HFD/STZ-induced type 2 diabetic rats. The main limitation of
this study is that we did not assess the protein expressions of muscle damage markers or
investigate the specific mechanism by which salbutamol balances protein synthesis and
degradation. Further, more preclinical studies and detailed molecular mechanisms will
provide a comprehensive understanding of how salbutamol reduces muscle atrophy in
diabetic skeletal muscle.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/pharmaceutics15082101/s1. Figure S1: Stack plot of representative
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groups; Figure S2: Multivariate statistical analysis.
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Abstract: Aggregation of Amyloid-β (Aβ) leads to the formation and deposition of neurofibrillary
tangles and plaques which is the main pathological hallmark of Alzheimer’s disease (AD). The
bioavailability of the drugs and their capability to cross the BBB plays a crucial role in the therapeutics
of AD. The present study evaluates the Memantine Hydrochloride (MeHCl) and Tramiprosate (TMPS)
loaded solid lipid nanoparticles (SLNs) for the clearance of Aβ on SHSY5Y cells in rat hippocampus.
Molecular docking and in vitro Aβ fibrillation were used to ensure the binding of drugs to Aβ.
The in vitro cell viability study showed that the M + T SLNs showed enhanced neuroprotection
against SHSY5Y cells than the pure drugs (M + T PD) in presence of Aβ (80.35µM ± 0.455 µM) at
a 3:1 molar ratio. The Box–Behnken Design (BBD) was employed to optimize the SLNs and the
optimized M + T SLNs were further characterized by %drug entrapment efficiency (99.24 ± 3.24
of MeHCl and 89.99 ± 0.95 of TMPS), particle size (159.9 ± 0.569 nm), PDI (0.149 ± 0.08), Zeta
potential (−6.4 ± 0.948 mV), Transmission Electron Microscopy (TEM), Atomic Force Microscopy
(AFM) and in vitro drug release. The TEM & AFM analysis showed irregularly spherical morphology.
In vitro release of SLNs was noted up to 48 h; whereas the pure drugs released completely within
3 h. M + T SLNs revealed an improved pharmacokinetic profile and a 4-fold increase in drug con-
centration in the brain when compared to the pure drug. Behavioral tests showed enhanced spatial
memory and histological studies confirmed reduced Aβ plaques in rat hippocampus. Furthermore,
the levels of Aβ decreased in AlCl3-induced AD. Thus, all these noted results established that the
M + T SLNs provide enhanced neuroprotective effects when compared to pure and individual drugs
and can be a promising therapeutic strategy for the management of AD.

Keywords: drug delivery; nanotechnology; alzheimer’s disease; Amyloid-β; solid lipid nanoparticles;
SHSY5Y cells

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder whose pathol-
ogy is mainly driven by the presence of plaques and neurofibrillary tangles containing
Amyloid-β (Aβ) and hyper-phosphorylated tau protein [1]. According to recent WHO
reports, AD is the seventh leading cause of death and more than 55 million people live with
dementia worldwide. The number is expected to rise to 78 million in 2030 and 139 million
in 2050 [2]. Aβ is a protein that is produced in normal physiology, and is involved in
reducing the excitatory activity of potassium channels and reducing neuronal apoptosis [3].
Impaired Aβ clearance and mutations in the human APP gene cause the development of
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Aβ plaques and AD-like brain pathology [4]. Until June 2021 there was no particular drug
targeting Aβ except a few symptomatic treatments such as acetylcholinesterase inhibitors
& NMDA antagonists [5]. An Aβ antibody Aducanumab was recently approved by FDA
which targets Aβ plaques the main hallmark [6]. The attributes that play a crucial role in
delivering drugs to achieve a desired therapeutic outcome for treating AD are the blood
brain barrier (BBB) penetration and bioavailability [7]. Nanotechnology-based delivery
systems emerge as a ray of hope to overcome these drawbacks [8]. The lipid-based nan-
odelivery systems are promising tools for delivering drugs across BBB in comparison with
conventional forms [9–11].

Solid lipid nanoparticles (SLN), among other nanoparticulate formulations, have lately
received new consideration as a possible drug delivery system for brain targeting [12–14].
In order to treat neurodegenerative disorders in a nontoxic, safe, and efficient manner by
crossing the BBB, solid lipid nanoparticles (SLNs) are one of the safest and least expensive
drug carriers [12,13]. SLNs’ functionality and effectiveness depend on their constituents,
size, shape, physico-chemical properties, and the synthetic processes by which they are
formed [14–16]. Here we make use of the SLNs in encapsulating memantine Hydrochloride
(MeHCl) and Tramiprosate (TMPS). MeHCl is an NMDA antagonist and is known to slow
down the neurotoxicity and reduce Aβ levels involved in AD [17]. Tramiprosate is an orally
administered compound that binds to various amino acid residues of Aβ1-42 [18] which
results in the stabilization of Aβ monomers thereby preventing the formation of oligomers
and fibrils.

This inhibition leads to neuroprotection by preventing subsequent deposition of Aβ.
In order to improve its efficacy and reduce the adverse effects lipid-based nanoparticulate
delivery would be feasible. The current study aims at targeting amyloid-β fibrillation [19]
using lipid-based nanoparticles [20,21] carrying Aβ inhibitors (TMPS) [22] along with
anti-glutaminergic drugs (MeHCl) which are proposed to be a very vital target in the
management of Alzheimer’s disease.

2. Materials and Methods
2.1. Materials

Memantine Hydrochloride (MeHCl) was a generous gift sample from Strides Pharma-
sciences ltd., Bangalore, Tramiprosate (TMPS), Thioflavin-T, MTT, and Aluminium chloride
was procured from Sigma Aldrich. Labrafil, labrasol and gelucire 43/04 was a gift sample
from Gattefosse, Germany. Aβ1-42 was procured from Tocris Bioscience, UK. Fetal Bovine
Serum, Penicillin-Streptomycin, and GlutaMAX TM were procured from Thermo Fisher
Scientific, Pittsburgh, PA, USA. DMEM Hams F12 media, MEM Media, and Dialysis mem-
brane with a molecular weight cut off of 12 kD were procured from Himedia Laboratories
Pvt, Ltd., Mumbai.

2.2. Methods
2.2.1. Molecular Docking Studies of TMPS and MeHCl

The docking is carried out using a CDOCKER algorithm from Discovery studio
that is based on simulated annealing which is simulated using a CHARMm force field.
The 3D structure of Aβ1-42 (2BEG) was downloaded from a protein data bank before
docking and processed to remove side chains, loops, and conformers. Simultaneously
the preparation of ligands was carried out to remove the duplicates and fix valences after
which the protein and ligands were subjected to docking. The binding site of the protein
was identified through a receptor cavity tool using a site search and flood-filling algorithm.
The compounds memantine hydrochloride and tramiprosate were docked with the defined
sphere site using random conformations with 1000 steps of dynamics to choose the best
possible result for interaction analysis [22].
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2.2.2. In Vitro Aβ Fibrillation Studies

The Aβ fibrillation study was conducted using a thioflavin-T assay which uses Aβ1-42
human peptide at a concentration of 10 µM combined with or without various concentra-
tions of Memantine Hydrochloride (500, 250, 125, 63, and 31.5 µM) and Tramiprosate (300,
150, 75, 37.5 and 18.75 µM). The Aβ1-42 solution was incubated with the drug solution for
48 h and then 20 µM Thioflavin-T was added. The fluorescence was measured at 450 nm
for excitation and 485 nm for emission. Curcumin was used as a positive control and 0.1%
DMSO was diluent for all compounds [23].

2.2.3. Neuroprotective Effects of MeHCl & TMPS
Neuronal Cell Line Procurement and Maintenance

Human Neuronal cells SHSY5Y (ATCC® No. CRL-2266) were obtained from American
Type Culture Collection (ATCC, Rockville, MD, USA). The cells were maintained using
the complete media of DMEM Hams F12: MEM media (1:1 ratio), 10% v/v FBS, 1% v/v
Penicillin-Streptomycin, and glutaMAX TM solution at 37 ± 0.5 ◦C, with 5% CO2 in a
sterile condition.

Cell Viability of Aβ1-42

In order to establish a model of Aβ-induced toxicity, SH-SY5Y cells were treated with
different concentrations of Aβ1-42 (200, 100, 50, 25, 12.5, 6.25 & 3.125 µM) for 24 h. We
examined the cell viability using MTT assay and ThT assay, respectively.

In-Vitro Cytotoxicity Studies

The main aim of this study was to identify the better active compound which is having
maximum inhibition of Aβ aggregation with less drug concentration against SHSY5Y cells.
The SHSY5Y cells (10 × 103 cells/well) were dispersed in 96 well plates (100 µL/well)
of complete MEM media for 36 h to attain 80% confluence. The cells were treated with
Aβ1-42 and with various concentrations of MeHCl and TMPS as mentioned below. Cisplatin
(100 µM) was used as a positive control (PC) and blank SLNs were used as vehicle control
(VC). The plates were incubated with 5% CO2 at 37 ± 0.5 ◦C for 24 h and then MTT solution
was added and was incubated for 1hr. The formed formazone crystals were dissolved
using DMSO after discarding the media and the optical density (OD) was measured using
a microplate reader at 570nm [24,25]. The mean OD of each set of wells was calculated and
the % of cell viability was calculated using Equation (1).

% Cell viability = Mean OD (test − blank)/mean OD (control − blank) × 100 (1)

Simultaneous Combination Assay

Based on the individual Neuroprotective assay of drugs, we determined the combina-
tional neuroprotective effects of MeHCl & TMPS against SHSY5Y cells by using simultane-
ous combination assay. SHSY5Y cells were seeded at a density of 10 × 103 cells per well
on 96-well plates, and after 36 h of incubation, the cells were treated simultaneously with
Aβ1-42, MeHCl & TMPS for 24 h.

At constant ratios (MeHCl 3: TMPS 1 molar ratio), different drug doses were combined
using the IC50 values calculated from the previous cytotoxicity studies. The SHSY5Y cells
were treated with different doses of MeHCl (30, 15, 7.5, 3.75, 1.87, 0.93 & 0.46 µM) and
TMPS (10, 5, 2.5, 1.25, 0.625, 0.312 & 0.156 µM) for simultaneous estimation [26].

Memantine Hydrochloride (MeHCl)

The primary stock solution of pure MeHCl (100 mM) was prepared using DMSO.
Then, SHSY5Y cells were treated with various concentrations of pure MeHCl (3.9, 7.81,
15.62, 31.25, 62.5, 125, 250 µM).
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Tramiprosate (TMPS)

The primary stock solution of pure TMPS, (100 mM) was prepared using DMSO. Then,
SHSY5Y cells were treated with various concentrations of pure TMPS (7.81, 15.62, 31.25,
62.5, 125, 250, and 500 µM).

2.2.4. Formulation of Solid Lipid Nanoparticles

SLNs were prepared by the homogenization-ultrasonication method [27]. The drug
was dispersed in the lipid phase of labrasol and gelucire 43/04 (2:1) and heated to a
temperature higher than the melting point of the lipid. A Smix of tween 80 and labrafil
(3:1) finalized in the DoE was dissolved in the aqueous phase and heated to the same
temperature as that of the lipid mixture. The aqueous phase was added into the lipid phase
dropwise to form a primary emulsion. The formed primary emulsion was homogenized
and probe sonicated for a specific time. The mixture was left to cool down to form solid
lipid nanoparticles. Further, the formed nanoparticles were characterized for morphology
and particle size.

2.2.5. Experimental Design

In order to demonstrate the response of the surface model by attaining different
combinations of values JMP pro software was employed. Without using the 3-level factorial
design, we used the Box Behnken design to form a quadratic. A 3-factor, 3-level Box
Behnken design was used to optimize the procedure for the formulation of SLNs. The
selected independent variables are Smix, homogenization time, and homogenization speed,
while the selected dependent variables were particle size and polydispersity index. This
leads to the optimization of SLNs with a small experimental design (17 runs).

2.3. Evaluation of Drug Loaded SLNs
2.3.1. %Drug Entrapment Efficiency (%DEE)

The entrapment efficiency of MeHCl and TMPS loaded and was determined by cen-
trifuging a fixed amount of desired SLNs for 1 h at 10,000 RPM to obtain the supernatant.
This supernatant was diluted further and the %DEE of both MeHCl and TMPS was deter-
mined using HPLC. The %DEE was calculated using Equation (2).

Entrapment Efficiency =

(
Wd − Ws

Wd

)
× 100 (2)

2.3.2. In Vitro Drug Release Studies

Release studies of pure drug memantine hydrochloride and tramiprosate pure drug
(M + T PD) and memantine hydrochloride and tramiprosate loaded solid lipid nanopar-
ticles (M + T SLNs) were performed by using a dialysis membrane to which a solution
equivalent to 1mg/mL concentration of pure drug and drug loaded SLNs were loaded.
The loaded dialysis bags were placed in 7.4 pH PBS at 37 ± 0.5 ◦C with 100 RPM stirring in
an orbital shaker incubator. 1ml Aliquots were withdrawn and replaced at various time
points (0.15, 0.5, 1, 1.5, 2, 2.5, 3, 4, 8, 12, 24, and 48 h). The concentration of MeHCl and
TMPS in the sample aliquots was determined using the HPLC method.

2.3.3. Transmission Electron Microscopy (TEM)

TEM was employed for morphological analysis and particle size confirmation. An
arrangement of bright field imaging at collective magnification and diffraction approach
was employed to disclose the form and size of the SLNs. The sample was prepared by
diluting the optimized M + T SLNs in distilled water (1:100), and a sample was loaded
on a copper grid and blemished with uranyl acetate for 30 s. The stained grid was dried,
positioned on a glass slide and a coverslip, and observed under the microscope [28].
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2.3.4. Atomic Force Microscopy (AFM)

Atomic force microscopy (5600 LS, Agilent, Santa Clara, CA, USA) was used to
perceive the surface morphology of M + T SLNs. The samples were dehydrated by placing
them on silicon wafers at room temperature. The morphology of M + T SLNs was examined
using contact scanning probe microscopy.

2.4. Animals

All experimental animals were acclimated to the laboratory environment for a week
prior to the start of the experiment for in vivo pharmacokinetic, bio-distribution, and
pharmacodynamics measurements. The Institutional Animal Ethics Committee (IAEC)
granted approval for the submitted study procedure. The studies were carried out in
accordance with the guidelines established by the institutional ethical committee of the JSS
Academy of Higher Education and Research’s central animal facility.

2.5. Pharmacokinetics and Bio-Distribution

The 37 rats were divided into 2 groups, i.e., group I (M + T PD) and group II
(M + T SLNs). Albino Wister Rats were injected intraperitoneally (i.p.) with 10 mg/kg of
TMPS and 20 mg/kg of MeHCl in both pure drug and SLNs form. Following was the
administration of both M + T.

PD and M + T SLNs the blood was withdrawn from the retro-orbital sinus at 0.15, 0.30,
1, 6, 12, 24, and 48 h. The obtained blood samples were centrifuged at 4000 RPM for the
separation of plasma and stored at −80 ◦C until the analysis of MeHCl and TMPS content.
All of the animals were anesthetized using ketamine before sacrificing. Brain tissues and
other major organs, such as livers, kidneys, and spleens were excised, rinsed, and store at
−80 ◦C to assess the bio-distribution of MeHCl and TMPS. The organs were homogenized
individually using a tissue homogenizer and centrifuged at 12,000 RPM to separate the
supernatant. The obtained supernatant was analyzed for the MeHCl and TMPS content
using HPLC [29,30].

2.6. Pharmacodynamics

The animals were alienated into eight groups I–VIII. Group I was used as a control,
whereas group II–VIII animals were administered with 100 mg/kg of AlCl3 orally for
4 weeks to provoke AD along with 0.9% of NaCl (5 mL/kg), AlCl3 + 10 mg/kg of MeHCl
PD, AlCl3 + 20 mg/kg of TMPS PD, AlCl3 + 30 mg/kg of M + T PD, AlCl3 + 10 mg/kg
of MeHCl SLN, AlCl3 + 20 mg/kg of TMPS SLN and M + T SLN single dose every day
for 4 weeks respectively [31]. After the treatment period, the learning and memory of the
animals were examined by the Morris Water Maze test. The brain tissues were excised,
rinsed, and stored in neutral buffered formalin (NBF) which will further be used for
histopathology studies. ELISA will be used for the quantification of Aβ1-42 in both control
and treated groups using the commercial assay kits as per the protocols suggested by the
manufacturer.

2.6.1. Morris Water Maze Test

The strength of the learned spatial search bias was assessed during a probe trial on the
6th day without the platform. The MWM test was conducted as per the standard method
by [32], with a minor modification to determine the impact of AlCl3-induced AD on spatial
memory in Wistar rats. A circular drum (diameter: 125 cm; height: 36 cm) filled with water
was split equally into four quadrants. Skimmed milk was used to make the water turbid.
The platform was placed in the NW quadrant, 1 cm underneath the water. The rats were
exposed to the acquisition trial (exercise to find the hidden platform) twice a day for five
days. A probe test was carried out on the 6th day; the platform was removed to test the
retention memory of the rats. The rats were allowed to swim in the drum for a period of
60 s, the assessment was video recorded and ANY-maze software was used to determine
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the escape latency, distance travelled, and the number of entries in the target quadrant and
track plot of the mice.

2.6.2. Histopathology

A 10% neutral buffered formalin (NBF) was used as a fixing solution for rat brains.
Brain tissues were embedded in paraffin and coronal sections (3–5 µm) of the hippocam-
pus region were cut using a microtome. Sections were mounted on a slide, washed and
dehydrated with 95% ethanol, and stained with congo red dye for histopathological exami-
nation [33].

2.6.3. ELISA

The Aβ content was measured using ELISA Kit following the kit’s protocol (Cloud
Clone Corp., Katy, TX, USA).

3. Results
3.1. Docking Analysis

The hydrophobic interactions and the salt bridge between Asp23/Glu22 and Lys28
residue in Aβ1–42 is mainly responsible for the formation of insoluble aggregates and
changes in β-sheet conformation. In order to demonstrate the binding modes of MeHCl
and TMPS with Aβ1-42 we used the CDOCKER application where figures were generated
through visualization. A 2BEG was a form Aβ which was chosen for the docking study of
Aβ with MeHCl and TMPS. All docked conformations are ranked based on docking scores.

As shown in Figure 1, TMPS was mainly stabilized by conventional hydrogen bonding
with Glu22 and Ala21. Furthermore, van der Waals interaction was seen with the Leu34,
Val36, Ala21, and Glu22 and Carbon hydrogen bond interaction with Asp23, Glu22, and
Leu34. However, there was a presence of an unfavorable bump in the interaction of MeHCl
with Aβ1-42, thus proving that there is no role of memantine in the deaggregation of Aβ1-42,
but is made use of in the study due to its effect as an NMDA antagonist in the treatment of
AD.
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3.2. In Vitro Aβ Fibrillation Studies

Thioflavin-T is a dye that particularly binds to Aβ protein and helps in monitoring
Aβ fibrillation. This study was used to evaluate the anti-amyloidogenic activity of MeHCl
and TMPS. Both the drugs studied exhibited bioactivity. Tramiprosate showed higher
bioactivity by inhibiting 16.56% of Aβ while Memantine Hydrochloride showed 3.22%
inhibition of aggregation (Figure 2).
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3.3. Neuroprotective Effects of MeHCl & TMPS
3.3.1. Aβ1-42

The morphological changes and dose dependent responses of SHSY5Y on the treat-
ment of Aβ1-42 are represented in Figure 3. As the dose increased (200, 100, 50, 25, 12.5,
6.25 & 3.125 µM) the aggregation around the cells also increased which was assessed using
MTT & ThT assay. These results indicated that the cells were sensitive to Aβ1-42 exposure.
The obtained IC 50 value for SHSY5Y cells with Aβ1-42 was 80.35 µM ± 0.455 µM.
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3.3.2. MeHCl

The morphological changes and dose dependent responses of SHSY5Y on the treat-
ment of MeHCl was represented in Figure 4A. With the increase in the dose (3.9, 7.81, 15.62,
31.25, 62.5, 125, 250 µM) the aggregation around the cells also decreased. The obtained
IC 50 value for SHSY5Y cells with MeHCl PD, MeHCl SLN, MeHCl PD + Aβ & MeHCl
SLN + Aβ was 582.6 ± 2.098, 485.9 ± 4.196, 30.28 ± 4.196 & 10.67 ± 4.268 respectively
(Figure 4).
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3.3.3. TMPS

The morphological changes and dose dependent responses of SHSY5Y in the treatment
of TMPS are represented in Figure 4B. With the increase in the dose (7.81, 15.62, 31.25, 62.5,
125, 250, and 500 µM) the aggregation around the cells also decreased. The obtained IC
50 value for SHSY5Y cells with TMPS PD + Aβ & TMPS SLN + Aβ was 9.892 ± 1.56 &
9.535 ± 1.651 respectively (Figure 4).

3.3.4. Simultaneous Estimation

Then, we examined the combinational neuroprotective effects of the MeHCl & TMPS
combination against the SHSY5Y cell line (Figure 5). The cell viability effects of different
drug combinations were assessed. As anticipated, the MeHCl & TMPS treatment exhibited
the highest neuro-protective effect against SHSY5Y cells when used in combination. Ten µM
of TMPS + 20 µM of MeHCl showed a cell viability of 89.159 ± 1.916 which is much higher
than the individual cell viability. The IC50 of M + T PD and M + T SLN was found to
be 5.235 ± 0.41 and 3.627 ± 0.56. This shows that the drugs used in combination show
enhanced neuroprotection.
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Figure 5. (A) The dose dependent activity of MeHCl & TMPS combination on SHSY5Y cells, (B) Aβ

treated SHSY5Y cells, (C) Aβ+ (M+T) PD treated SHSY5Y cells and (D) Aβ+ (M+T) SLNs treated
SHSY5Y cells. Data is represented in mean ± SD (n = 3).

3.4. Formulation of Solid Lipid Nanoparticles
3.4.1. Model Fitting

To fit the two target variables, statistical analysis and joint model fitting based on
the actualized experimental design were carried out using JMP Pro®. The p-value was
used to evaluate the significance of the overall effects and investigated interactions. After
manual backward exclusion of the 95% confidence level, Table 1 displays the significant
effects and interactions present in the model. From top to bottom, the associated p-values
are decreasing. The impact of the associated effects or interactions on the responses
increases with decreasing p-value. The “ˆ” denotes the main effects with higher-level
interactions (Table 1). Table 2 lists the results of an independent analysis of the data about
the corresponding impact of each factor on each response.

3.4.2. Effect of Independent Variables on Responses

The mean PDI of the prepared SLNs was in the range of 0.12 ± 0.002 to 0.455 ± 0.025,
and the mean diameter of the prepared SLNs was in the range of 65.04 ± 0.515 to 490 ± 1.63.
Analysis of variance (ANOVA) based on Fisher’s ratio (F-ratio) of 0.267 indicates that the
model established for PDI and PS is statistically significant. The ratio of the model of sum
squares to the overall sum of squares, or the value known as r-squared (r2), was calculated
and found to be 0.90 for PS and 0.96 for PDI. This shows that the regression model accounts
for 90% and 96% of the variation in the response for PS and PDI respectively. Figure 6
shows the significant correlation between the determined values and those anticipated by
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the PS & PDI fitted model. The limited range of points along the red line and inside the
95% confidence interval for model significance corroborates this (Figure 6).

3.4.3. Verification of the Model

The formulation was replicated at the optimal conditions (15% Smix, 6 min of homog-
enization, and 15,000 RPM homogenization speed) predicted by the prediction profiler
obtained from the box-Behnken design, thereby validating the desirability equations for
response prediction (Figure 7). PS and PDI both had projected response values of 193.94 nm
and 0.146, respectively. The experimental results of PS (159.90.081) and PDI (0.1540.0036)
were in good agreement with the projected results. The experiment was performed
in triplicate.

Table 1. Effect Summary of factors and observed responses for MeHCl + TMPS SLNs.

Source Log Worth p Value

Homogenization speed*Homogenization speed 3.612 0.00024

Homogenization time*Homogenization time 3.492 0.00032

Homogenization speed (10,20) 3.475 0.00033 ˆ

Smix*Homogenization time 2.669 0.00214

Homogenization time*homogenization speed 2.3922 0.00406

Homogenization time (4,8) 1.916 0.01212 ˆ

Smix*Smix 1.811 0.01545

Smix*Homogenization speed 1.401 0.03970

Smix (10,20) 1.158 0.06957 ˆ
(ˆ denotes effects with containing effects above them).

Table 2. Box Behnken design factors and observed responses for MeHCl and TMPS loaded SLNs
(* Mean ± SD, n = 3).

Pattern Smix
Homogenization

Time
Homogenization

Speed
Particle Size *
(Mean ± SD) PDI * (Mean ± SD)

0 15 6 15 159.9 ± 0.569 0.154 ± 0.04

0 15 6 15 163 ± 0.070 0.192 ± 0.0007

+0− 20 6 10 252 ± 0.212 0.259 ± 0.0007

0−+ 15 4 20 106.5 ± 0.424 0.399 ± 0.0007

−−0 10 4 15 576 ± 0.572 0.284 ± 0.0014

−0− 10 6 10 65.04 ± 0.282 0.397 ± 0.0007

0 15 6 15 333 ± 0.424 0.123 ± 0.0007

+0+ 20 6 20 157 ± 0.282 0.149 ± 0.0007

+−0 20 4 15 282.1 ± 1.414 0.274 ± 0.0028

−0+ 10 6 20 295.4 ± 0.353 0.196 ± 0.0014

0 15 6 15 158 ± 0.282 0.12 ± 0.0028

0 20 8 15 490 ± 0.353 0.211 ± 0.0028

−+0 10 8 15 174.1 ± 0.353 0.213 ± 0.0014

0+− 15 8 10 70.43 ± 0.296 0.455 ± 0.0028

0 15 6 15 155 ± 0.424 0.144 ± 0.0028

0++ 15 8 20 280.4 ± 0.141 0.175 ± 0.0028

* n = 3.
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3.5.2. Determination of Particle Size (PS), Polydispersity Index (PDI), and Zeta Potential of
Optimized Formulation

The particle size of the developed MeHCl + TMPS SLNs and Placebo formulations
were found to be 159.9 ± 0.569 nm and 157 ± 0.623 nm with a PDI value of 0.149 ± 0.08
and 0.161 ± 0.04. The Zeta potential of the MeHCl + TMPS SLNs and Placebo formulations
were found to be −6.4 ± 0.948 mV and −6.15 ± 0.854 mV.

3.5.3. Transmission Electron Microscopy (TEM)

The morphological analysis of optimized M + T SLNs was examined using TEM
micrographs. The particles were spherical with sizes varying in 0.5µm scale. The obtained
data were in good agreement with the particle size analysis of the M + T SLNs formulation
(Figure 8C).
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3.5.4. In-Vitro Cumulative % Drug Release Study

As shown in Figure 8A, the In-vitro % drug release study was performed with pure
drug mixture solutions and M + T SLNs formulation. The pure drug released 100 ± 6% of
MeHCl and 100 ± 7% of TMPS within 3 h, but the M + T SLNs released 91.73 ± 1.5% of
MeHCl and 95.90 ± 1.51% of TMPS. About 80% of MeHCl and TMPS were released from
SLNs slowly up to 48 h.

3.5.5. AFM

AFM topography image (Figure 8B) further confirmed the particle size of SLNs in the
range of 156nm. The morphology of the SLNs as per the AFM topography was irregularly
spherical with a smooth surface. The different shapes of the nanoparticles may be attributed
to the mechanism of formation of the nanoparticles.
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3.5.6. Stability Studies

The effect of different storage conditions on the particle size and PDI of MeHCl + TMPS
SLNs. MeHCl + TMPS SLNs stored at 4 ± 2 ◦C showed a slight increase in particle from
159.9 ± 0.0 nm to 162.35 ± 0.0707 nm, whereas the PDI also increased slightly from
0.154 ± 0.0 to 0.182 ± 0.0007 from day 1 to day 90, respectively.

Similarly, the storage condition of 25 ± 2 ◦C showed a slight but lesser increase in
particle size when compared to 4 ± 2 ◦C. The particle size was 159.9 ± 0.0 nm on day 1
which increased gradually to 160.45 ± 0.070 nm on day 90. Furthermore, the PDI increased
from 0.154 ± 0.0 to 0.161 ± 0.0007 on day 1 and day 90, respectively. The stability data
revealed no significant changes in particle size and PDI in both 4 ± 2 ◦C and 25 ± 2 ◦C,
which shows that the formulation is stable at both storage conditions (Figure 9).
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3.6. Pharmacokinetics

The results of the pharmacokinetic parameters with an i.p. injection of M + T PD
and M + T SLNs are represented in Table 3 and Figure 10. While the M + T PD solution
demonstrated a quick initial clearance rate from the blood within 1 h of administration,
M + T SLNs still showed delayed blood clearance rates even after 4 h of administration.
In comparison to M + T SLNs, the significant pharmacokinetics characteristics of M + T
PD showed a shorter mean residence time (MRT). The peak plasma concentration (Cmax)
was found to be 144.601 ± 0.354 & 57.018 ± 0.2029 for M + T PD and 204.79 ± 0.042 and
65.618 ± 0.292 for M + T SLNs. The increase in the AUC0-∞ in M + T SLNs might be due
to the avoidance of first-pass metabolism by lymphatic transport. Additionally, M + T
SLNs had considerably lower plasma clearance than M + T PD (Table 3). Figure 10 shows
the Pharmacokinetic graph of M + T PD & M + T SLNs administered intraperitoneally
at 30 mg/kg body weight (1:3 molar ratio). These results suggest that M + T SLNs have
improved pharmacokinetic profiles when compared to the pure drug.

3.7. Bio Distribution

The highest concentration was found in the brain after dosing with M + T SLNs i.e.,
177.9598 ± 18.366291 & 30.29417 ± 2.012082 µg/mL of MeHCl & TMPS, respectively, which
(Figure 11) might be because of the faster and better absorption by the brain. The concen-
tration of both drugs was very minimal in the liver (62.35548836 ± 13.335808 & 13.79340481
± 3.012082 µg/mL), spleen (36.345 ± 9.169307 & 3.621701 ± 1.912082 µg/mL) and kidneys
(18.96022784 ± 12.036123 & 2.26547381 ± 1.012082) of MeHCl & TMPS respectively in
comparison to that of the pure drugs.
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Table 3. Pharmacokinetic parameters of MeHCl + TMPS PD & MeHCl + TMPS SLN were adminis-
tered intraperitoneally at 30 mg/kg (1:3 molar ratio).

M + T PD M + T SLN

Parameters MeHCl PD * TMPS PD * MeHCl SLN * TMPS SLN *

Cmax 144.601 ± 0.354 57.018 ± 0.2029 204.79 ± 0.042 65.618 ± 0.292

Tmax 1 ± 0 1 ± 0 4 ± 0 4 ± 0

Cl 7.509 ± 0.099 20.239 ± 0.1166 4.465 ± 0.134 12.05 ± 0.113

MRT 16.634 ± 0.475 10.437 ± 0.236 18.31 ± 0.241 15.22 ± 0.229

AUC0-∞ 2635.268 ± 0.118 491.537 ± 0.731 4573.705 ± 0.12 835.45 ± 0.478

AUC0-48 1854.468 ± 0.103 412.285 ± 0.502 3401.657 ± 0.289 614.376 ± 0.288

Vz 325.604 ± 0.113 798.56 ± 0.602 136.938 ± 0.101 538.887 ± 0.229
* Mean ± SD (n = 3).
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M + T PD, when delivered intraperitoneally, demonstrated considerably lower brain
concentrations (48.07 ± 3.050 & 5.015 ± 7.031 µg/mL) than the drug-loaded SLNs. The pure
drug concentration was very high in the liver (174.929 ± 3.505 & 31.650 ± 7.012 µg/mL)
followed by other organs such as the spleen (61.239 ± 6.067 & 3.621 ± 2.012 µg/mL) and
kidneys (50.467 ± 7.828 &2.717 ± 2.012 µg/mL).

3.8. Pharmacodynamics
3.8.1. Morris Water Maze (MWM)

The impact of AlCl3-induced AD in rats on hippocampal-dependent spatial memory
was assessed by the MWM test. As shown in Figure 12E, AlCl3-treated rats showed
increased latency time to find the hidden platform (p < 0.01) when compared with normal
rats. AlCl3-treated rats spent significantly less time (p < 0.05), lesser number of entries
(p < 0.01) and covered less distance (p < 0.01) in the target quadrant compared when
compared with normal rats. This indicates that AlCl3 successfully induces AD in rats.
M + T SLNs (10 + 5 mg/kg) treated rats showed reduced latency time to find the hidden
platform, increased number of entries in the target quadrant, spend more time, and covered
more distance in the target quadrant (Figure 12A–E). These data indicate that M + T SLNs
restores spatial memory.
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Figure 12. Daily administration of MeHCl & TMPS improved spatial memory in rats which was
demonstrated by the (A) No. of entries in the target quadrant (B) Time spent in the target quadrant
(C) Learning pattern in the training phase (D) Distance travelled in the target quadrant (E) Escape
latency where all the results showed that AlCl3 induced AD and M + T SLNs showed the best results
in comparison with other treatment groups. All the data is represented in mean ± SD (n = 3) with
p < 0.01.
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3.8.2. ELISA

We performed an ELISA assay to determine the impact of AlCl3, MeHCl & TMPS
pure drug and M + T PD, MeHCl & TMPS SLNs, and M + T SLNs on the levels of Aβ

in the hippocampal region of rat brain. Normal Rat hippocampus showed the lowest
concentration of Aβ whereas the AlCl3 treated with the highest concentration of Aβ. There
was a significant decrease in the levels of Aβ (p < 0.01) in M + T SLNs when compared to
that of M + T PD upon simultaneous induction of AD using AlCl3 and treatment with the
drugs (Figure 13).
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3.8.3. Histopathology

Microscopic examination of CA1, CA2, and DG region of the hippocampus using
congo red stain was carried out to examine the deposition of Aβ in various treatment
groups. AlCl3-induced AD showed marked deposition of Aβ in CA1, CA2, and DG regions
of rat hippocampus, whereas the control group showed normal hippocampal neurons with
no deposition of Aβ. Among the treatment groups, the SLN-treated groups showed the
deposition of very few foci of Aβ in various regions of the hippocampus when compared
to that of the pure drug groups which showed deposition of multiple foci of Aβ (Figure 14).
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Figure 14. Histopathology of Hippocampal region of rat brain stained with congo red dye
(A) Control group shows hippocampal neurons appeared normal without any deposition of Aβ

(B) AlCl3 represents the deposition of foci of Aβ in the CA1, CA2, DG region of hippocampus also
adjacent ventricle is filled with Aβ (C) MeHCl PD shows birefringence deposition of multiple foci
of Aβ in CA2 region of the hippocampus (D) TMPS PD shows deposition of few foci of Aβ in CA1
region of the hippocampus (E) M + T PD shows deposition of few foci of Aβ in CA1 region of the
hippocampus (F) MeHCl SLN showed deposition of few foci of Aβ in hippocampus neurons of CA1
region (G) TMPS SLN showed very few depositions of Aβ in CA1 region of the hippocampus
(H) M + T SLN showed deposition of very few foci of Aβ deposition in various regions of
the hippocampus.

4. Discussion

The current study’s objective was to develop and characterize solid lipid nanoparticles
for the elimination of Aβ in Alzheimer’s disease using the homogenization-ultrasonication
technique. The use of SLNs can increase bioavailability without the use of high doses
by passing physiological barriers, guiding the active compound towards the target site
with a significant reduction in toxicity for the surrounding tissues, and protecting drugs
from chemical and enzymatic degradation [34]. Memantine Hydrochloride (MeHCl) and
tramiprosate (TMPS) were the drugs chosen to be administered in combination as both of
them have shown potential in inhibiting Aβ aggregation. Previous research suggests that
Memantine hydrochloride an NMDA antagonist has Aβ disaggregation activity [35] but
showed no interaction with Aβ (2BEG) in molecular docking studies, however, in contrast,
it showed 3.22% inhibition of aggregation in thioflavin-T-based in vitro assay. Tramiprosate
showed good interaction with various amino acid residues of the Aβ protein [36] and
inhibited 16.56% of Aβ aggregation thus proving its potential in Aβ sheet disaggregation.

The in vitro % cell viability studies of SHSY5Y cells in the treatment of Aβ, MeHCl
PD, and SLNs, and TMPS PD and SLNs were evaluated by MTT assay. It was seen that
as the concentration of Aβ increased the cell viability decreased. The IC50 value for Aβ

was 80.35µM ± 0.455 µM which was used for further cell viability studies. In the case of
MeHCl PD and TMPS PD, as the concentration increased the cell viability decreased which
may be attributed to the toxicity of the pure drug. In presence of Aβ, the cell viability
increased as the concentration increased which suggests that the treatment is reducing the
Aβ concentration with an IC50 of 30.28 ± 4.196 for MeHCl PD + Aβ & 9.89 ± 1.56 for TMPS
PD + Aβ. The drugs, when formulated into SLNs, showed an increase in cell viability
with an increase in concentration up to 88% for MeHCl SLN + Aβ and 97% for TMPS
SLN + Aβ. It can also be seen that the IC50 of MeHCl SLN + Aβ was 10.67 ± 4.268 and
TMPS SLN + Aβ was 9.535 ± 1.651 which was the lowest IC50 when compared to that of
the pure drug. Taking into consideration the obtained results, we conducted a simultaneous
combination assay at a 3:1 molar ratio, which resulted in enhanced neuroprotection when
compared to that of individual pure drug and SLNs, and also resulted in a much lower
IC50; 5.235 ± 0.41 for M + T PD and 3.627 ± 0.56 for M + T SLN. Hence, we considered the
3:1 molar ratio for further studies.
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The M + T SLNs were prepared using the homogenization-ultrasonication method
using Labrasol as liquid lipid and gelucire 43/04 (2:1) as solid lipid which was chosen
based on the drug solubility in the respective lipids. The surfactants used were tween
80 and co-surfactant labrafil (3:1) was used which was selected by constructing ternary
phase diagrams. The Box-behnken design was used to optimize M + T SLNs where
homogenization time, homogenization speed, and smix ratio were independent variables
and Particle size and PDI were dependent variables. The predicted response values for
PS and PDI were 193.94nm and 0.146 respectively which is well in agreement with the
experimental values having PS of 159.9 ± 0.081 and PDI of 0.154 ± 0.0036.

The particle size of less than 200nm will effectively cross the blood brain barrier [37]
and lower the polydispersity index more uniform the particle distribution. A negative zeta
potential of -6.4mV shows that the particles are neutral [38]. The % of entrapment efficiency
ensures that the chosen lipids efficiently entrap the drugs. The spherical morphology
was confirmed by both TEM and AFM. The in vitro drug release studies showed that the
pure drugs released completely within 3hrs whereas the M + T SLNs showed a sustained
release up to 48hrs which followed the Higuchi model for drug release. The improved
formulation’s excellent stability suggests that it can preserve integrity even when it is
diluted in the body. The in-vitro characterization study was similar to earlier studies.

The in vivo pharmacokinetics and bio-distribution study in rats following a single i.p.
dose was investigated using the HPLC technique. The maximum plasma concentration
(Cmax) and the time required to reach it (Tmax) were directly calculated from the Plasma
concentration-time profile. The non-compartmental model’s calculation of the additional
crucial pharmacokinetic parameters was carried out utilizing Phoenix winnonlin software.
The M + T SLNs showed improved pharmacokinetic parameters when compared to the
pure drug (Table 3), thus proving the efficiency of the formulation. Closely, there was a
4-fold increase in the concentration of SLNs in the brain compared with pure drug-treated
brains in rats. The biodistribution pattern strongly suggests that MeHCl + TMPS is present
in the lipid carrier in intact form, allowing the medication to pass the blood-brain barrier.

The pharmacodynamics study was carried out on AlCl3-induced AD in rats. The
effect of AlCl3 on spatial memory was assessed using Morris water maze studies which
showed that the M + T SLNs enhanced spatial memory. This was proven by the increased
number of entries to the target quadrant, increased time spent, distance travelled, and
decreased escape latency in M + T SLN treated group when compared with the control
group. ELISA assay was used to quantify the Aβ protein in rat hippocampus in various
treatment groups. Reduced concentration of Aβ in the M + T SLN treated group shows
that the treatment is effective in reducing the Aβ concentration in rat hippocampus. The
histopathological studies using congo red dye also confirmed the presence of Aβ plaques
in the AlCl3-induced group which decreased significantly in the M + T SLN-treated group.

All the in vitro and in vivo data confirmed that the M + T SLNs was superior when
compared to that of pure drugs. This study also proved that the combinational therapy
achieved the desired reduction of Aβ protein burden when compared to the individual pure
drug and formulation. The currently available treatments do not focus on the pathological
hallmarks of AD or reduce the protein burden in the brain [39]. The BBB would be one more
major drawback in treating neuronal disorders which can be overcome by the use of lipid-
based NPs [40,41]. The results of bio-distribution suggest that the M + T SLNs are capable
of crossing the BBB. Based on the positive outcomes of the various in vitro characterizations
of SLNs, we draw the conclusion that M + T SLNs can serve as an effective drug delivery
system to cross BBB and manage AD. Treatments mainly targeting the patient’s pathological
hallmark burden would help in better management of the disease [42].

5. Summary and Conclusions

In the current investigation, homogenization-ultrasonication was used to prepare solid
lipid nanoparticles (SLNs), which were then optimized utilizing the box-Behnken design
approach in JMP pro software. The effect of the independent factors on the PS and PDI
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of M + T SLNs was effectively examined. The TEM and AFM results showed the SLNs
being roughly spherical and having maximum entrapment efficiency which was stable over
60 days. Both medications were released steadily from SLNs, according to in vitro drug
release experiments. Furthermore, the increased safety and effectiveness of M + T SLNs
have been verified by in vitro cell-based assays. Based on the constructive results obtained
from the various in vitro characterizations of SLNs we conclude that the M + T SLNs can
be a useful carrier to deliver drugs across BBB.
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