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Preface

This Special Issue reprint focuses on the advancement of drug delivery technologies, with

particular emphasis on nanocarriers, controlled release systems, and their applications in pharmacology

and biomedical engineering. The collection features original research and reviews contributed by

scientists working at the intersection of pharmaceutical sciences, medical research, and materials

engineering.

The aim of this Special Issue is to highlight recent efforts in designing innovative therapeutic

systems that improve bioavailability, target specificity, and treatment efficacy. The papers explore a

wide range of delivery platforms, such as hydrogels, liposomes, transdermal systems, nanoemulsions,

and polymeric carriers, highlighting both experimental and modeling approaches. The topics span

from antibacterial and anticancer applications to wound healing and chronic disease management,

reflecting the urgent demand for effective and personalized therapies.

This reprint is intended for an audience of researchers, clinicians, engineers, and students engaged

in drug formulation, biomaterial development, and therapeutic innovation. We hope that it will serve

as both a valuable resource and a source of inspiration for future work in this rapidly evolving field.

We extend our sincere thanks to all contributing authors for their high-quality submissions and

to the reviewers for their critical evaluations and constructive feedback, which helped ensure the

scientific rigor and relevance of the articles included in this Special Issue.

Paolo Trucillo

Guest Editor
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Editorial

Advances in Drug Delivery System Designs and Therapeutics

Paolo Trucillo

Dipartimento di Ingegneria Chimica, dei Materiali e della Produzione Industriale, University of Naples Federico
II, Piazzale Vincenzo Tecchio, 80, 80125 Naples, Italy; paolo.trucillo@unina.it

The field of drug delivery has experienced significant advancements in the design
of novel carrier systems, alternative administration routes, and innovative therapeutic
strategies. This Editorial provides an overview of the recent contributions to drug de-
livery research, including transdermal patches, liposome-based carriers, hydrogels, and
innovative therapeutic formulations.

Innovations such as opioid transdermal patches, nanoemulsions for antimicrobial
applications, and functionalized nanodiamonds for cancer therapy highlight the shift
toward personalized medicine and improved therapeutic outcomes [1–3]. In this context,
the mathematical modeling of drug release kinetics has played a fundamental role in
enhancing formulation designs and ensuring predictable pharmacokinetics. Additionally,
3D-printed drug delivery systems demonstrate the potential for patient-specific treatments
through controlled release profiles. Advances in glucose monitoring technology further
emphasize the intersection of drug delivery with digital health solutions and remote sensing.
The reviewed studies underscore the growing impact of nanotechnology and bioengineered
materials in controlled drug delivery, highlighting a promising path toward effective and
patient-centered therapies. Future research should focus on integrating artificial intelligence,
computational modeling, and sustainable biomaterials to refine drug delivery capabilities.
These developments are currently shaping the future of pharmaceutical sciences, offering
more targeted, efficient, and safe drug administration methods.

Transdermal patches emerged as an effective method for administering opioids to
patients with chronic pain [4–6]. On this topic, De Marco’s study highlights the use of
fentanyl and buprenorphine in patch formulations, emphasizing the benefits of sustained
drug release and reduced gastrointestinal side effects [7]. The research discusses the
different features of reservoir and matrix patch designs and suggests that patient-specific
factors, such as age and site of application, should guide the choice of formulation.

Silva explores the development of hydrogels [8–12] incorporating cellulose nanocrys-
tals that are loaded with vitamins, aimed at addressing vitamin D deficiency and associated
health conditions [13]. These hydrogels demonstrated high biocompatibility and efficient
controlled release properties, making them suitable for applications in dermatology and
systemic dietary supplements.

Liposomes have been widely studied for their well-recognized potential in targeted
drug delivery [14,15]. Ilić-Stojanović et al. provide a comprehensive review of patented
liposome formulations, highlighting their advantages in enhancing drug stability and
bioavailability [16]. The study underscores the role of intellectual property in protecting
and supporting innovation in pharmaceutical development.

A critical aspect of drug delivery research is the mathematical modeling of release
kinetics. Trucillo presents a review of widely used empirical, semi-empirical, and theoret-
ical mathematical models to describe drug release phenomena, examining the physical,

Processes 2025, 13, 1176 https://doi.org/10.3390/pr13041176
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chemical, and empirical meaning of each variable involved [17]. These models help to
predict drug behavior in various formulations and optimize carrier design.

Being involved in drug delivery kinetic determination and prediction, Trucillo also
provides an insightful description of his personal experience with discrete and continuous
glucose monitoring systems for type 1 diabetes management [18]. This specific study high-
lights the advantages of automated insulin delivery (semi-automated artificial pancreas) in
reducing glycemic variability and improving patients’ quality of life.

Sultan et al. introduce a novel palm-oil-based α-mangostin nanoemulsion for use as an
antimicrobial endodontic irrigant [19]. These findings demonstrate efficacy against biofilms
of Enterococcus faecalis, Staphylococcus epidermidis, and Candida albicans, demonstrating the
potential of this formulation as an alternative to conventional irrigation solutions in root
canal therapy.

Agbo et al. present a redesigned quinine formulation using nanotechnology for
intranasal administration, offering a promising alternative to oral quinine delivery [20].
The study shows that nanosuspensions significantly enhance drug permeation through
nasal mucosa, potentially improving patient adherence and reducing gastrointestinal
side effects.

Khalifa et al. investigated the development of a tea-tree-oil-based nanoemulgel loaded
with azithromycin for enhanced antibacterial activity [21]. The paper demonstrates that
nanoemulgels improve drug permeation and transdermal flux, providing a viable option
for treating bacterial skin infections.

Zhu et al. review the role of antioxidants and drug carriers in promoting skin wound
repair [22]. The study discusses the benefits of nanofibers and hydrogels in enhancing the
protection and subsequent bioavailability of antioxidants, leading to improved wound
healing outcomes.

Acuña-Aguilar et al. explore the application of functionalized nanodiamonds loaded
with metformin in breast and ovarian cancer treatment [23]. Their study indicates enhanced
cytotoxic effects and improved metformin delivery efficiency, highlighting the potential of
nanodiamonds as promising carriers for anticancer agents.

Djilali et al. present a comprehensive stability analysis of haloperidol, focusing on
its degradation under various stress conditions, including oxidation, hydrolysis, photoly-
sis, and thermal exposure [24]. Using advanced chromatographic and thermal analytical
techniques, the study identifies critical degradation pathways and highlights the impor-
tance of optimized formulation strategies to ensure pharmaceutical stability. The findings
provide valuable insights into the chemical integrity of haloperidol, which is widely used
for treating psychiatric disorders, thus influencing storage recommendations and formula-
tion improvements.

Nascimento et al. developed 3D-printed filaments with pH-dependent solubility for
controlled drug release applications [25]. By utilizing Fused Deposition Modeling (FDM),
the study demonstrates the feasibility of producing polymeric filaments that release drugs
in a pH-specific receiving medium, aiming at achieving targeted gastrointestinal therapies.
The research emphasizes the potential of 3D printing in personalized medicine, enabling
the fabrication of patient-specific dosage forms with tunable drug release profiles.

The studies reviewed in this Editorial underscore the dynamic nature of drug deliv-
ery research and its impact on medical therapies. From personalized pain management
to advanced cancer treatment strategies, these contributions reflect a collective effort to
enhance drug efficacy, patient compliance, and treatment outcomes. Future research should
continue to integrate nanotechnology, computational modeling, and sustainable materials
to further refine drug delivery systems, thus improving human knowledge on these topics.
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Article

Comprehensive Stability Analysis of Haloperidol: Insights from
Advanced Chromatographic and Thermal Analysis

Khadidja Djilali 1, Rachida Maachi 1, Hocine Boutoumi 2, Sabrina Lekmine 3, Zohra Ait Mesbah 4, Sabry M. Attia 5,

Noureddine Nasrallah 1, Rachida Bouallouche 1, Jie Zhang 6, Hichem Tahraoui 7,8 and Abdeltif Amrane 8,*

1 Laboratory of Reaction Engineering, Department of Mechanical and Process Engineering, University of
Science and Technology Houari Boumediene, Algiers-Bab Ezzouar 16111, Algeria;
khadidjadjilali@gmail.com (K.D.); racha.maachi@gmail.com (R.M.); nas_nour@yahoo.fr (N.N.);
r.bouallouche@mesrs.dz (R.B.)

2 Laboratoire de Génie Chimique, Département de Génie des Procédés, Faculté de Technologie, Université Saad
Dahlab, Blida 1, BP270, Blida 09000, Algeria; ybentoumi@ymail.com

3 Biotechnology, Water, Environment and Health Laboratory, Abbes Laghrour University,
Khenchela 40000, Algeria; sabrina.lekmin.400@gmail.com

4 Laboratory of Energy Processes and Nanotechnology, Blida University 1 rue de Soumaa, BP 270,
Blida 09000, Algeria; zohraait.mesbah@gmail.com

5 Department of Pharmacology and Toxicology, College of Pharmacy, King Saud University,
Riyadh 11451, Saudi Arabia; attiasm@ksu.edu.sa

6 School of Engineering, Merz Court, Newcastle University, Newcastle upon Tyne NE1 7RU, UK;
jie.zhang@newcastle.ac.uk

7 Laboratoire de Biomatériaux et Phénomènes de Transport (LBMPT), Université de Médéa, University of
Médéa, Nouveau Pôle Urbain, Médéa 26000, Algeria; hichemm.tahraouii@gmail.com

8 Ecole Nationale Supérieure de Chimie de Rennes (ENSCR), CNRS, ISCR–UMR6226, University de Rennes,
F-35000 Rennes, France

* Correspondence: abdeltif.amrane@univ-rennes.fr

Abstract: In this study, we thoroughly investigated the stability of haloperidol using a
comprehensive set of chromatographic and thermal analyses. Various stress conditions
were examined, including exposure to oxidizing agents (such as hydrogen peroxide), dry
heat, photolytic conditions, and acid and alkaline hydrolysis. Significant degradation was
observed in acidic and alkaline environments, leading to the formation of degradation
by-products, specifically DPA, DPB, DPC, and DPD for acidic and basic conditions. In
contrast, haloperidol demonstrated robust stability under photolytic, oxidative, and dry-
heat conditions. For the analysis of the drug and its degradation products, a C-18 column
was employed, coupled with a mobile phase consisting of methanol and a phosphate
buffer (pH = 9.8) in a 90:10 (v/v) ratio. The analytical method was rigorously validated
according to ICH Q2 (R1) guidelines, ensuring its accuracy and reliability. This method
exhibited excellent linearity within a concentration range of 1 to 50 μg/mL, with an R2 of
0.999. Additionally, this method is applicable to commercial formulations, without the
need for prior extraction. LC-MS/MS analysis revealed distinct m/z values and frag-
mentation spectra corresponding to the degradation products, including an impurity not
documented in the European Pharmacopoeia monograph for the drug. Three additional
degradation products were identified based on m/z values and base fragments. Thermal
analyses, including thermogravimetric analysis (TGA), differential scanning calorimetry
(DSC), and differential thermal analysis (DTA), provided further evidence of the active
ingredient’s thermal stability, with a melting temperature of approximately 150 ◦C. These
results collectively offer valuable insights into the degradation behavior of haloperidol,
providing critical implications for its pharmaceutical quality and integrity under various
environmental conditions.

Processes 2025, 13, 904 https://doi.org/10.3390/pr13030904
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Keywords: haloperidol; validation; stability; stress conditions; HPLC; LC-MS/MS;
TGA/DSC/DTA

1. Introduction

Ensuring the accurate composition of drugs is a paramount concern in the pharmaceu-
tical industry [1,2]. The reliability and accuracy of the active pharmaceutical ingredients
(APIs) declared by manufacturers are crucial factors in determining the efficacy and safety of
medical treatments [3–5]. Various analytical techniques are utilized to verify the qualitative
and quantitative compositions of drugs. These methods play a vital role in quality control
during drug production, the evaluation of generic alternatives, and the identification of
counterfeit products [6,7]. Among the preferred techniques is high-performance liquid
chromatography (HPLC) coupled with UV-Vis detection. Additionally, more advanced
methods, such as liquid chromatography combined with mass spectrometry (LC-MS), are
employed to precisely identify active pharmaceutical ingredients. Furthermore, thermal
analysis techniques like thermogravimetric analysis (TGA) can be used for comprehensive
characterization [8,9].

This study focuses on haloperidol, a molecule belonging to the class of basic butyrophe-
nones, commonly used as a neuroleptic agent. Haloperidol is prescribed for the treatment
of acute and chronic psychoses and psychotic disorders, such as schizophrenia, manic
states, and delusions [10,11]. Widely used in many countries, it is considered equally effec-
tive compared to other low-potency psychotropic drugs, including chlorpromazine and
thioridazine [12]. Chemically known as 4-[4-(4-chlorophenyl)-4-hydroxy-1-piperidinyl]-1-
(4-fluorophenyl)-1-butanone, haloperidol is a white, crystalline powder with a molecular
weight of 375.9 g/mol. It has a significant pKa value, typically reported to be around
8.3, which corresponds to the phenolic hydroxyl group. This group plays a crucial role
in determining the solubility and ionic form of haloperidol, factors that are essential for
its absorption and bioavailability in the body. The phenolic hydroxyl group, consisting
of a hydroxyl group (-OH) attached to a benzene ring, is directly connected to the main
aromatic ring of the molecule. The chemical structure of haloperidol, highlighting the phe-
nol hydroxyl group responsible for its pKa value, is illustrated in Figure 1 [13]. Although
haloperidol exhibits low solubility in water [14,15], it can dissolve in the presence of lactic
acid or tartaric acid [14,16–18].

Figure 1. Chemical structure of haloperidol.
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Haloperidol is available in tablet, oral, and injectable forms, so it is crucial to ensure
the long-term stability of these formulations [16]. Numerous studies have focused on the
determination of haloperidol in pharmaceutical forms, particularly in solid formulations.
The most commonly used analytical methods include HPLC, UV-visible spectrophotometry,
and derivative spectrophotometry [5,15,19,20], often combined with extraction or complex-
ation steps [21–30]. One research team prepared a haloperidol solution with a concentration
of 2 mg/mL using purified water, adding a small excess of lactic acid to ensure stability.
The solution was then protected from exposure to sunlight or daylight to maintain its
integrity [17,31]. The results demonstrated that haloperidol is sensitive to light, as the solu-
tions stored in clear glass vials showed discoloration within hours and developed a greyish
precipitate over several weeks [16]. In contrast, the solutions stored in amber glass vials
remained unchanged, with no discoloration or precipitation observed even after eighteen
months. Further investigations in 1981 confirmed that haloperidol solutions containing
lactic acid at pH 3 remained stable for up to 5 years at room temperature, 2 years at 40 ◦C,
and 6 months at 60 ◦C. However, exposure to natural light caused cloudiness, discoloration,
and a reduction in haloperidol content [18]. In 1983, a new HPLC method was developed
to identify haloperidol and detect its degradation products, revealing its instability under
high temperatures, light exposure, and varying pH conditions [32,33]. By 1988, researchers
had examined various physicochemical properties of haloperidol, particularly regarding
the effects of oxygen and light. Their findings over a two-year stability period indicated that
oxygen had minimal impact on haloperidol solutions stored in amber glass [34]. In 2002, an
HPLC method for haloperidol determination was introduced, enabling effective separation
of its degradation products. This method involved the use of an octadecylsilane stationary
phase column under isocratic conditions, with degradation experiments conducted using
hydrochloric acid, sodium hydroxide, and hydrogen peroxide, leading to the identification
of major degradation products [35]. Additionally, in 2003, a rapid and sensitive HPLC tech-
nique was developed and validated for the simultaneous determination of haloperidol and
its degradation products (Cis-PFBoxide, hydroxy-PFB, 2H-PFB, and trans-PFBoxide) using
a porous graphitic carbon (PGC) column [36]. The extensive body of literature highlights
haloperidol’s susceptibility to hydrolysis, oxidation, photolysis, and heat, emphasizing
the need for careful handling to protect the drug from these degrading factors, whether
in liquid or solid form. Various chromatographic techniques, such as UPLC, RP-HPLC,
capillary electrophoresis, and thin-layer chromatography, have been employed to evaluate
the stability of haloperidol and its formulations. However, there remains a significant gap
in fully characterizing and identifying its degradation products [37,38].

The inconsistencies in findings regarding storage conditions, packaging, and duration
underscore the need for a more in-depth investigation into the stability of haloperidol.
However, little research has been conducted on its quantitative analysis. In this study,
we aimed to explore the degradation behavior of haloperidol under hydrolytic, oxidative,
thermal, and photolytic conditions while also characterizing the resulting degradation
products using a chromatographic approach combined with mass spectrometry. There is
a pressing need to develop a rapid and straightforward HPLC method for haloperidol
analysis. Although numerous studies have documented HPLC and LC-MS/MS methods
for various drugs, there is a lack of stability-indicating methods specifically designed
for haloperidol. Recent recommendations highlight the importance of developing HPLC
methods for active pharmaceutical ingredients that ensure effective separation between
the drug and its degradation products; established methodologies are available for this
purpose [39,40]. Additionally, a recent study provides a critical review of the use of HPLC-
MS in this context [41]. Therefore, the primary objective of this study was to introduce
a new and rigorously validated stability-indicating HPLC method for the quantitative
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determination of haloperidol, addressing degradation under acidic, basic, oxidative, ther-
mal, and light-induced conditions. The chemical structures of the degradation products
formed under stress conditions were thoroughly investigated using LC-MS/MS, while
thermal analysis via TGA/DTA/DSC was employed to confirm the thermal stability of
haloperidol. The insights gained from the thermal stability studies and understanding the
thermal decomposition pathways are essential for advancing our theoretical knowledge
of haloperidol’s chemical properties. Furthermore, these findings could have practical
applications in optimizing the production, processing, and storage of haloperidol. Notably,
no prior research has explored the thermal stability and decomposition of haloperidol.
This study aims to address this gap by investigating the thermal decomposition mecha-
nisms of haloperidol under nitrogen atmospheres using thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC). Another goal of this research was to utilize
the proposed HPLC method to monitor the stability of haloperidol under various stress
conditions. It is important to note that forced degradation studies lack standardized proto-
cols [42]. In accordance with ICH guidelines, we conducted a comprehensive assessment
of haloperidol’s forced degradation under diverse hydrolytic, oxidative, photolytic, and
thermal conditions [43].

2. Materials and Methods

2.1. Instruments and Equipment

For this research, we employed a Hewlett Packard 1100 series chromatograph
(manufactured in the USA), which included a G1312A binary pump, a G1322A de-
gasser, a G1315A UV detector, and a G1316A column furnace with a manual injector
(Agilent Technologies, USA). The HPLC system was controlled, and data acquisition and
chromatogram generation were managed using ChemStation software version B.04.03,
Agilent Technologies, Santa Clara, CA, USA. Additionally, a Shimadzu 8040 UPLC-ESI-MS-
MS system (produced in Kyoto, Japan) was utilized, featuring ultra-high sensitivity along
with UFMS technology and equipped with a Nexera XR LC-20AD binary pump Kyoto, JP.
Thermogravimetric analysis (TGA) was conducted using a thermal analyzer (Model SDT
Q600, TA Instruments, New Castle, DE, USA) for all three experiments. The analysis
covered a temperature range from 20 ◦C to 500 ◦C, with a heating rate of 5 ◦C/min, using
aluminum crucibles containing 10 mg of the sample. Nitrogen was used as purge gas, and
the resulting data were processed using the TA Instruments Universal Analysis software.

2.2. Materials

Haloperidol was kindly supplied as a gift sample by the GROUPE SAN-TE-ALGERIE
laboratory in Algeria, with a purity of 99%.

HPLC-grade methanol, monobasic phosphate, lactic acid, and sodium hydroxide were
procured from SIGMA-ALDRICH (USA). Hydrochloric acid was sourced from BIOCHEM
(Germany), while hydrogen peroxide was obtained from SCHARLAU (Spain). Purified
water and methylparaben were supplied by PUBCHEM (Germany).

2.3. Methods

Lactic acid was chosen as the solubilizing solvent for haloperidol based on bib-
liographic data indicating its low solubility in water (0.1 mg/mL) and methanol
(approximately 16.7 mg/mL at 25 ◦C) as well as its favorable solubility in ethanol, methy-
lene chloride [14,15,19], and lactic acid [18].
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2.3.1. Chromatographic Conditions

Preliminary tests were conducted to fine-tune critical parameters and enhance the
reproducibility of retention times. The composition of the mobile phase was explored
by testing different ratios (80:20, 90:10, and 95:5) of methanol to the phosphate buffer to
achieve optimal separation of degradation products. In addition to pH 9.8, more moderate
pH values (7.4 and 8.0) were also evaluated, allowing for the confirmation that pH 9.8
provided superior peak resolution and effective separation. A flow rate of 1 mL/min was
chosen after comparing 0.8 mL/min, 1 mL/min, and 1.2 mL/min, as this rate offered the
best compromise between analysis time and separation efficiency.

The chromatographic conditions employed in the analysis included a stationary phase
comprising a C18 column (250 × 4.6 mm, 5 μm) and a mobile phase. The composition of
the mobile phase was precisely defined in the software to ensure accurate control of the
mixture. It consisted of methanol and potassium phosphate buffer (pH 9.8) in a 90:10%
v/v ratio. The potassium phosphate buffer solution was prepared following the protocol
established in our earlier study [31], where 100 mg of monobasic phosphate was dissolved
in 1000 mL of ultrapure water, adjusted to pH 9.8 using 1M NaOH, and filtered through
a 0.45 μm syringe filter. Consequently, the mobile phase comprised 90% methanol and
10% potassium phosphate buffer by volume. For every 100 mL of mobile phase, 90 mL
corresponded to methanol, and 10 mL corresponded to potassium phosphate buffer. This
specific ratio was meticulously chosen to optimize the separation of sample components.
The analysis was performed at room temperature with a flow rate of 1 mL/min, and eluent
detection was conducted at 248 nm.

2.3.2. Forced Degradation Studies

Forced degradation studies were carried out on haloperidol with the aim of achieving
a degradation rate of 5–20%. Acidic and alkaline hydrolysis were performed at 70 ◦C under
controlled pH conditions for 7 days. Oxidative degradation was induced by exposing
haloperidol to 0.3% and 3% v/v H2O2 at 60 ◦C in the absence of light for 7 days. Photolytic
stress was applied by exposing haloperidol to UV light using a UV lamp (Ultraviolet
light UVA 24 W (Philips PL/L, Amsterdam), 270 nm, 20 mW/cm2) for 48 h. Additionally,
dry-heat studies were conducted by subjecting haloperidol to temperatures of 60 ◦C and
80 ◦C for 15 days in a solid-state hot-air oven. After exposure, the drug samples were
cooled and analyzed to ensure a final drug concentration of 20 μg/mL had been reached.
Degradation was evaluated based on a reduction in the peak area of haloperidol and/or
the appearance of additional peaks.

2.3.3. Analysis of Haloperidol via HPLC and Validation of the Method

Analytical methods are frequently validated in accordance with the ICH Q2 (R1)
guidelines [44]. In this research, a haloperidol solution at a concentration of 100 μg/mL
was analyzed using HPLC, with 1% lactic acid serving as the dissolution solvent and the
mobile phase acting as the blank, measured at a wavelength of 248 nm. The linearity of
the calibration curve was assessed across a concentration range of 1 μg/mL to 50 μg/mL
using haloperidol standard solutions. These standards were prepared by diluting the
100 μg/mL haloperidol stock solution with methanol as the diluent. The peak areas of the
standard solutions, covering concentrations from 1 μg/mL to 50 μg/mL, were measured at
a maximum wavelength (λmax) of 248 nm. The haloperidol quantification method was
validated according to ICH guidelines [44,45], focusing on parameters such as linearity,
precision (evaluated through repeatability and intermediate precision), and accuracy.

The linearity of the calibration curve was confirmed by a very high correlation coef-
ficient (R = 0.999) between absorbance and standard concentrations. Repeatability was

9



Processes 2025, 13, 904

assessed by determining intra-day variation for three concentrations (1, 5, and 25 μg/mL),
with three repetitions for each concentration on the same day. Intermediate precision was
evaluated by inter-day variation for the same three concentrations (1, 5, and 25 μg/mL),
with two repetitions for each concentration analyzed over three different days.

Accuracy, which reflects the systematic error of an assay method, was evalu-
ated at three different concentration levels (1, 5, and 25 μg/mL) once linearity was
established [31,46]. Variations in the organic concentration percentage, flow rate, and
wavelength of the system were intentionally introduced under the ideal chromatographic
conditions described above, with the parameters recorded. The effectiveness of the pro-
posed method was confirmed by successfully separating haloperidol and its degradation
products, with no peaks observed in blank assays during the retention time of haloperidol
and its degradation products.

2.3.4. Application of the Method to the Analysis of a Finished Product

The approach described in this research was utilized to examine samples of a 0.2% oral
solution of haloperidol (ISOPERIDOL®) obtained from pharmacies. For the preparation
of the injection sample solution, 0.5 mL of the final product was mixed with 25 mL of
methanol. This mixture was then filtered using a 0.22 μm filter and subsequently analyzed
using HPLC.

2.3.5. Characterization of Degradation Products Using LC-MS/MS

Samples exposed to stress conditions (1 N HCl, 1 N NaOH for 7 days, and 48 h of
UV light irradiation) were analyzed using LC-MS/MS. Positive electrospray ionization
(ESI) was conducted with the following parameters: a CID gas pressure of 230 KPs, a
conversion dynode voltage of −6.00 kV, an interface temperature maintained at 350 ◦C,
a desolvation line (DL) temperature of 250 ◦C, a nebulizing gas flow rate of 3.00 L/min,
a thermal block temperature of 400 ◦C, and a drying gas flow rate of 15.00 L/min. The
analysis was performed using a mass spectrometer. Sample separation was achieved
via HPLC with a mobile phase suitable for mass spectrometry, consisting of solvent A
(20% water and 0.1% formic acid) and solvent B (80% methanol). The LC-MS/MS data
obtained were subsequently used for structural identification.

2.3.6. Analysis of Haloperidol via TGA/DTG/DSC

The thermal stability of haloperidol was evaluated using TGA over a temperature
range of 20 ◦C to 500◦ C. The experiments were performed using a thermal analyzer
(model SDT Q 600-TA, New Castle, DE, USA). Samples were heated from 20 ◦C to 500 ◦C
at a rate of 5 ◦C/min in aluminum crucibles containing 10 mg of the sample. Nitrogen
was used as the purge gas, and the data were analyzed using TA Instruments’ Universal
Analysis software. During the heating process, any endothermic or exothermic reactions
were monitored. The variations relative to the reference were recorded and translated into
a specific thermograph corresponding to the thermal process.

3. Results and Discussion

3.1. Calibration Curve and Linearity

The linearity of the calibration curve was confirmed by the high correlation coefficient
(R = 0.999) between absorbance and the standard concentrations.

3.2. Chromatographic Conditions for Analysis

To ensure accurate analysis of haloperidol and its degradation products, a series of
experiments were conducted to identify the most suitable mobile phase. The goal was to
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achieve optimal retention of haloperidol while effectively separating it from its degradation
products. Various mobile phase combinations were evaluated, each aimed at delivering
the desired chromatographic performance. Under the selected conditions, haloperidol was
adequately retained, with a peak retention time of 3.3 ± 0.05 min.

The system’s suitability was confirmed to be acceptable under these conditions. The
optimized chromatographic method successfully separated excipients and degradation
products from the haloperidol peak, a process that is essential for ensuring precise quantifi-
cation of haloperidol without interference from other sample components. Additionally,
all the eluents were efficiently detected at the optimal wavelength of 248 nm, allowing
for accurate identification and quantification of haloperidol and its related compounds.
Figure 2 illustrates the chromatogram obtained using these optimized conditions, high-
lighting the method’s effectiveness in accurately analyzing haloperidol samples while
maintaining system suitability and peak resolution [35,47–50].

Figure 2. Chromatogram of haloperidol standard solution (50 μg/mL).

3.3. Forced Degradation Studies

Understanding the degradation pathways of haloperidol is crucial for evaluating its
stability and developing effective formulation strategies. In this study, forced degradation
experiments were performed to assess its behavior under hydrolytic, oxidative, thermal,
and photolytic stress conditions (Table 1).

Haloperidol underwent hydrolytic degradation in both acidic and alkaline environ-
ments, revealing its sensitivity to changes in pH. When exposed to oxidative stress via
hydrogen peroxide, degradation products were formed, confirming its vulnerability to
oxidation. Thermal degradation was observed at higher temperatures (60 ◦C and 80 ◦C),
indicating its instability under heat. Furthermore, exposure to UV light caused photolytic
degradation, underscoring the importance of protecting this drug from light in formu-
lations. These results provide valuable insights into the primary degradation pathways
of haloperidol, offering essential information for enhancing its stability and guiding the
development of appropriate pharmaceutical formulations and packaging.
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Table 1. Forced-degradation results for haloperidol.

Forced Degradation Conditions Percentage Degradation (%) Degraded Concentration (μg/mL)

0.1 N HCl, 60 ◦C 7 days 16 3.2

1.0 N HCl, 60 ◦C, 7 days 25 5

0.1 N NaOH, 60 ◦C, 7 days 16 3.2

1.0 N NaOH, 60 ◦C, 7 days 17 3.4

H2O2 0.3%, 25 ◦C, 7 days 0.00 0.00

H2O2 0.3%, 60 ◦C, 7 days 0.00 0.00

H2O2 3.0%, 25 ◦C, 7 days 0.00 0.00

H2O2 3.0%, 60 ◦C, 7 days 0.00 0.00

Haloperidol powder, 60 ◦C, 15 days 0.00 0.00

Haloperidol powder, 80 ◦C, 15 days 0.00 0.00

Haloperidol solution, 60 ◦C, 15 days 10.00 2.00

Haloperidol solution, 80 ◦C, 15 days 17.00 3.40

Haloperidol powder, UV light, 48 h 0.00 0.00

Haloperidol solution, UV light, 48 h 13 2.6

3.4. Method Validation

The calibration curve exhibited excellent linearity across the concentration range
of 1.0–50 μg/mL, with a correlation coefficient (R2) of 0.999. The relative standard
deviation (RSD) was consistently below 2%, demonstrating the method’s precision
(Table S1, Figure 3A). Furthermore, the residual plot (Figure 3B) displayed a random
distribution around the zero line, confirming the absence of systematic errors and align-
ing with ICH guidelines. This streamlined presentation focuses on the key findings, as
requested by the reviewer, omitting repetitive methodological details.

Figure 3. (A) Linearity of the method. (B) Residual graph of the linearity of the method.
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The validation results for the proposed HPLC method for haloperidol analysis are sum-
marized in Table S2. These results are consistent with those reported in the literature [37]
and meet the criteria outlined in the ICH guidelines [44]. Consequently, the method can be
considered reliable for the determination of haloperidol in liquid dosage forms [19,47,51].

3.5. Application of the Method to the Analysis of Haloperidol in a Finished Product
(ISOPERIDOL) (2 mg/mL Solution)

When the sample solution, prepared via the simple dilution of the finished prod-
uct, was injected, two clear chromatographic peaks were observed: one at approximately
3.30 min, corresponding to haloperidol, and another at 2.11 min, representing methyl-
paraben, as shown in Figure 4. These compounds were efficiently eluted and separated,
with a resolution greater than 2.

Figure 4. Chromatogram of the sample (0.2% haloperidol oral solution).

The accurate quantification of haloperidol in the final product is crucial to ensure
the product’s quality and adherence to regulatory standards. The reported concentration
of (2 ± 0.54) mg/mL, derived from three replicate measurements, demonstrates the high
precision of the analytical method used. The percentage estimate of 100.5% indicates that
the product complies with the strict requirements of the British Pharmacopoeia, which
typically mandates that the concentration of active pharmaceutical ingredients should
fall within the range of 95% to 100%. This level of accuracy and compliance highlights
the reliability of the analytical method and ensures the efficacy and safety of the finished
product for its intended use [19,37].

The HPLC method presented in this study is a dependable approach for evaluating
the content of haloperidol in oral solutions. Its specificity and robustness make it highly
suitable for quality control applications in pharmaceutical laboratories. A significant
advantage of this method is its simple mobile-phase composition, which contrasts with
the more complex formulations often described in the literature and pharmacopeias. This
streamlined approach improves analytical efficiency and laboratory practicality, making
it a valuable and effective alternative for pharmaceutical quality control. In summary,
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this method combines simplicity and reliability, proving to be highly useful in quality
assurance protocols.

3.6. Characterization of Degradation Products Using LC-MS/MS

LC-MS/MS analysis in ESI+ mode was employed to characterize the degradation
products of haloperidol by detecting their molecular mass (m/z) values and fragmentation
patterns. This approach facilitated the identification of key degradation products, as
summarized in Table 2, and provided valuable insights into their structural elucidation.
The results, depicted in Figure S1, enhance our understanding of haloperidol’s degradation
pathways, aiding in the optimization of its stability for pharmaceutical formulations.

Table 2. Potential degradation products of haloperidol.

Name Molecular Formula Structural Form and Chemical Name
Molecular Weight

(g/mol)

Haloperidol C21H23ClFNO2 376

Degradation Product I C21H25Cl2FNO2 411.5

Degradation Product II C26H32ClFN2O3 476

Degradation Product III C26H33Cl2FN2O3 511.5

Degradation Product IV C21H23Cl FNO3 392

The results of the haloperidol analysis conducted using LC-MS/MS are presented in
Figure 5. The m/z value for haloperidol in the reported methods was found to be 376.
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Figure 5. Mass spectrum of haloperidol.

3.6.1. Acidic Stress: HCl 1N

The mass spectra of the haloperidol solution under acidic conditions, presented in
Figures S2–S4, provide critical insights into its degradation behavior. By analyzing the mass-
fragmentation patterns, degradation signals were identified, confirming the formation of
degradation products. Under acidic stress, the degradation product [A] was detected with a
significant signal at m/z = 411. Additionally, a key fragment with a mass-to-charge ratio of
m/z = 362.5 was observed, further corroborating the presence of this degradation product.

In the case of degradation product [B], illustrated in Figure S3, multiple fragments
were observed in the mass spectra. A notable signal corresponding to this product was
identified at m/z= 476. It is hypothesized that degradation product [B] may originate
from a synthetic impurity. Importantly, this impurity has not been previously reported
or documented in the literature. The detection of this previously unidentified impurity
highlights the necessity of comprehensive characterization and analysis in pharmaceutical
research. Understanding the nature and sources of such impurities is essential for ensuring
the quality, safety, and efficacy of pharmaceutical formulations.

The mass spectra of degradation product [C], shown in Figure S4, revealed several
fragments, including a prominent signal at m/z = 511.5. A fundamental fragment with
a mass-to-charge ratio of m/z = 453.6 was also observed. These findings contribute to a
deeper understanding of the degradation pathways of haloperidol under acidic conditions.
Identifying and characterizing degradation products such as [A] and [C] are vital for
evaluating the stability and integrity of haloperidol formulations.

3.6.2. Basic Stress NaOH 1N

The mass spectra of the haloperidol solution exposed to basic conditions, as shown in
Figures S5–S7, offer important insights into its degradation behavior. These spectra enable
the identification of degradation signals through their mass-fragmentation patterns, charac-
terized by their mass-to-charge ratios (m/z). For degradation caused by basic conditions,
the resulting degradation product [D] exhibited several fragments. A significant signal
corresponding to this degradation product was detected at m/z = 392. Additionally, a
fundamental fragment with a mass-to-charge ratio of m/z = 363.1 was observed alongside
the main degradation product.
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Degradation product [B], observed under basic stress conditions, displayed multiple
fragments in the mass-spectra analysis. Specifically, the signal corresponding to this
degradation product was identified at m/z = 476.

Similarly, another degradation product, degradation product [B], that formed under
basic stress conditions showed multiple fragments in the mass spectra. The signal associated
with this degradation product was detected at m/z = 511.5, and a fundamental fragment
was observed at m/z = 453.6.

This detailed analysis provides valuable insights into the degradation pathways of
haloperidol under basic conditions, underscoring the importance of monitoring degrada-
tion products to ensure the stability and efficacy of pharmaceutical formulations.

3.6.3. Photolytic Stress

The mass spectra of the haloperidol degradation product formed under photolytic
conditions are shown in Figure S8. Degradation signals were identified based on their mass-
fragmentation patterns (m/z). Specifically, degradation product [B], resulting from pho-
tolytic stress, displayed multiple fragments, with the primary signal detected at m/z = 476.
This analysis enhances our understanding of the photolytic degradation pathways of
haloperidol and underscores the importance of ensuring proper storage conditions to
preserve its stability.

The active ingredient, haloperidol, remained stable under UV light radiation. The
chromatogram shows two peaks: the main peak corresponds to the predominant active
ingredient, haloperidol, while the second peak represents impurity [B]. This impurity,
detected in all the stability tests under HCl and NaOH conditions, is not documented in
the literature and is likely a byproduct formed during the synthesis of haloperidol. Based
on the LC-MS results, four degradation products were identified under various hydrolytic
stress conditions using the forced degradation protocol. One degradation product, labeled
[C], was common to both acidic and basic stress conditions. Under basic stress, haloperidol
degrades and forms cis-4-[4-(4-chlorophenyl)-4-hydroxy-1-piperidinyl]-1-(4-fluorophenyl)-
1-butanone N-oxide (Product [D]). However, in the literature, product [D] is described as
an oxidative degradation product [32,52]. Similar findings regarding the formation of N-
oxide derivatives under such conditions have been reported for other nitrogen-containing
heterocyclic compounds [18,53].

The separation of degradation products from the haloperidol peak and its potential
impurities demonstrates the stability-indicating capability of the method [54]. The pro-
posed new stability-indicating method was validated for specificity, precision, accuracy,
limit of quantification, limit of detection, linearity, robustness, and ruggedness, following
International Conference on Harmonization (ICH) guidelines.

The validated RP-HPLC method effectively detected most degradation products
formed during the forced degradation studies, confirming its reliability and robustness for
stability-indicating purposes.

3.7. Haloperidol Analysis via TGA/DTG/DSC

The thermal stability of haloperidol was evaluated under conditions ranging
from 20 to 500 ◦C with thermo-analytical data collected at a heating rate of 5 ◦C/min,
as illustrated in Figure 6.

The thermal analysis results for haloperidol confirm its stability up to 230 ◦C, as
evidenced by the TGA, which shows no mass loss within this range. The DSC thermogram
reveals a melting point at 149.5 ◦C, indicating the transition from solid to liquid form
without decomposition [38]. Beyond 230 ◦C, haloperidol undergoes thermal degradation
through a single-step mechanism, with complete decomposition occurring at 341.5 ◦C, leav-
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ing a residual mass of approximately 1% [18,55]. The DTG curve supports this behavior,
displaying a distinct decomposition phase between 230 ◦C and 341.5 ◦C. The DSC thermo-
gram also shows an endothermic peak at 149.5 ◦C, corresponding to the melting process,
with a heat of fusion of 151.69 J/g [13,56]. These findings confirm the thermal stability of
haloperidol up to 230 ◦C and provide critical insights into its degradation pathway under
heat stress.

Figure 6. Thermal analysis curves for haloperidol (heating rate: 5 ◦C/min).

3.8. Comparative Analysis of the Stability of Haloperidol and the Analytical Methods

The comparison table (Table 3) highlights the significant differences in the analyti-
cal methods used for haloperidol quantification. Different stationary phases, including
C18, CN, monolithic silica, and carbon columns, influence the retention time and sensitiv-
ity of the analyses. C18-based columns are most commonly used due to their efficiency
in retaining haloperidol while ensuring stable peak separation. Non-porous and mono-
lithic silica columns, while allowing rapid analysis, can be more expensive and require
specialized equipment.

The composition of the mobile phase plays a crucial role in the efficiency of the
separation. In most methods, a combination of a phosphate buffer and organic solvents
such as methanol, acetonitrile, or tetrahydrofuran is used. The pH of the mobile phase
significantly affects the retention time and peak resolution. Lower pH values (2.0–3.0)
improve separation but may shorten column lifetime, while neutral to high pH values
(6.5–9.8) improve stability and reduce interference from degradation products. Some
methods involve the use of gradient elution, which provides superior peak resolution but
results in longer analysis times compared to isocratic elution.

Sensitivity varies widely among methods, as demonstrated by the limits of detec-
tion (LOD) and quantitation (LOQ). The most sensitive approaches, such as those using
nonporous silica and monolithic silica columns, achieve detection limits in the nanogram-
per-milliliter range. In contrast, traditional methods using C18 columns typically provide
LOQs in the microgram-per-milliliter range. In contrast, the LC-MS/MS in our study is
distinguished by an exceptionally low LOD of 1 ng/mL, making it particularly suitable for
the detection of trace amounts of degradation products.
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The pharmaceutical form analyzed also influences the choice of method. Tablets and
oral solutions require robust methods with high accuracy, while injectable formulations
require ultra-sensitive detection to identify analytes at low concentrations. The green chro-
matography approach developed by Djilali et al. (2025) offers a rapid and environmentally
friendly alternative, making it ideal for routine quality control applications [31]. On the
other hand, traditional HPLC methods remain reliable but may lack the advanced ability
to differentiate impurities and degradation byproducts.

Among the methods compared, this study demonstrates a distinctive advantage in
integrating HPLC with LC-MS/MS and thermal analysis techniques (TGA/DSC/DTA).
This comprehensive approach allows for a more in-depth study of haloperidol’s stability
under stress conditions. While green chromatography is preferred for routine analyses due
to its speed and durability, the methodology used in this study excels in characterizing
degradation products and ensuring pharmaceutical integrity.

4. Discussions

The primary innovation of this research lies in the thorough characterization of
haloperidol’s stability under various stress conditions, employing both chromatographic
and thermal analyses. This study expands on existing knowledge by identifying specific
conditions under which haloperidol undergoes significant degradation, particularly em-
phasizing its stability under dry-heat and photolysis conditions, while also noting notable
degradation under acidic and alkaline environments. Additionally, the use of advanced
analytical techniques such as LC-MS/MS enabled the precise identification of degradation
products, including some not listed in the European Pharmacopoeia monograph for the
respective medicinal product. This detailed characterization of degradation products en-
hances our understanding of the potential degradation pathways of haloperidol, essential
for ensuring its quality and stability as an active ingredient in pharmaceutical formulations.
In summary, this study significantly contributes to our understanding of haloperidol’s
stability, highlighting its behavior under various environmental stresses and providing a
precise analytical methodology for assessing its stability in pharmaceutical formulations.

A novel RP-HPLC method was developed for the analysis of haloperidol, utilizing
a mobile phase composed of methanol and a phosphate buffer (90:10 ratio, pH = 9.8)
with isocratic elution. The method was rigorously validated in accordance with industry
regulatory standards, confirming its high linearity, accuracy, sensitivity, and specificity.
The calibration curve for haloperidol in a standard solution exhibited excellent linearity
across a concentration range of 1–50 μg/mL, with a correlation coefficient of 0.999 and a
mean relative standard deviation (RSD) below 2%. This method was successfully applied
to determine the dosage (2 mg/mL) of haloperidol in commercial liquid samples without
the need for extraction or pre-treatment steps.

This study outlines the development and validation of an HPLC method designed
to accurately quantify haloperidol in bulk formulations while accounting for potential
degradation products. This stability-indicating isocratic HPLC method was carefully
developed to evaluate haloperidol content under various stress conditions, including
exposure to acidic, basic, oxidative, thermal, and UV light environments. Using this method,
we effectively separated the drug from its degradation products. Notably, haloperidol
in powder form demonstrated resilience against dry-heat and photolytic stress, while
its solution counterpart was susceptible to degradation under hydrolytic and photolytic
conditions, though it remained stable under oxidative stress. Based on these findings, the
industrial manufacturing process for haloperidol solution could be revised by eliminating
the nitrogen bubbling stage and potentially using buffer solutions to stabilize the pH.
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Additionally, we propose optimizing the dry pharmaceutical formulation, which could
offer greater stability given the thermal stability of haloperidol powder.

Linearity testing confirmed a reliable range of 1 to 50 μg/mL for haloperidol. Valida-
tion of the HPLC method demonstrated high specificity, linearity, precision, and accuracy.
Mass spectrometry facilitated the characterization of degradation products, revealing dif-
ferent compounds depending on the applied stressors. Acidic stress led to the formation
of DPA, DPB, and DPC, while basic stress resulted in DPB, DPC, and DPD. Photolytic
stress introduced a new compound, DPB, identified as an impurity in haloperidol synthesis.
Further analysis using TGA/DTG/DSC confirmed haloperidol’s stability under thermal
stress, with a melting temperature of approximately 150 ◦C. Although the primary goal
of the forced-degradation study was to assess haloperidol’s stability rather than identify
specific degradation products, it was evident that pH significantly influenced haloperi-
dol’s stability in solutions. The simplicity of the proposed HPLC method allows for the
straightforward determination of haloperidol content in pharmaceutical oral solutions at
a concentration of 0.2%, requiring only simple dilution without prior sample extraction
or treatment. Furthermore, this method shows promise for conducting stability studies
on haloperidol.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pr13030904/s1, Figure S1: Possible degradation prod-
ucts of haloperidol. Figure S2. Mass spectrum of haloperidol degradation product [A] (haloperidol
hydrochloride) and its fragmentation products. Figure S3. Mass spectrum of haloperidol degradation
product [B] (Haloperidol impurity) and its fragmentation products. Figure S4. Mass spectrum of
haloperidol degradation product [C] (haloperidol hydrochloride) and its fragmentation products.
Figure S5. Mass spectrum of haloperidol degradation product [D] (haloperidol-N-Oxide) and its
fragmentation products. Figure S6. mass spectrum of haloperidol impurity [B]., Figure S7. Mass
spectrum of haloperidol degradation product [C] (haloperidol hydrochloride) and its fragmentation
products. Figure S8. Mass spectrum of haloperidol degradation product [B] (haloperidol impurity)
and its fragmentation products. Table S1. Results of the method linearity study. Table S2. Results of
validation method.

Author Contributions: Conceptualization, K.D., R.M., H.B., S.L., Z.A.M., S.M.A., N.N., R.B., J.Z., H.T.
and A.A.; data curation, K.D., S.M.A., H.T. and A.A.; formal analysis, K.D., R.M., H.B., S.L., Z.A.M.,
S.M.A., N.N., R.B., J.Z., H.T. and A.A.; funding acquisition, S.M.A.; investigation, K.D., R.M., Z.A.M.,
S.M.A., N.N., R.B., J.Z., H.T. and A.A.; methodology, K.D., R.M., H.B., S.L., Z.A.M., S.M.A., N.N.,
R.B., J.Z., H.T. and A.A.; project administration, R.M., N.N., R.B., J.Z., H.T. and A.A.; resources, K.D.,
R.M., H.B., S.L., Z.A.M., S.M.A., N.N., R.B., J.Z., H.T. and A.A.; software, K.D., R.M., S.M.A., N.N.,
J.Z., H.T. and A.A.; supervision, R.M., N.N., J.Z., H.T. and A.A.; validation, K.D., R.M., H.B., S.L.,
Z.A.M., S.M.A., N.N., R.B., J.Z., H.T. and A.A.; visualization, K.D., R.M., H.B., S.L., Z.A.M., S.M.A.,
N.N., R.B., J.Z., H.T. and A.A.; writing—original draft, K.D.; writing—review and editing, R.M., H.B.,
S.L., Z.A.M., S.M.A., N.N., R.B., J.Z., H.T. and A.A. All authors have read and agreed to the published
version of the manuscript.

Funding: King Saud University, RSPD2025R748

Data Availability Statement: The data that support the findings of this study are available within
the article.

Acknowledgments: The authors wish to extend their sincere gratitude to the Center for Scientific
and Technical Research in Physical and Chemical Analysis (CRAPCC) in Algeria for allowing to use
instruments for this work. The authors also extend thanks to the University of Saad Dahlab Blida
1 (USDB), and the University of Science and Technology Houari Boumediene, Algiers-Bab Ezzouar,
Algeria, for providing the facilities and resources used in this research work. The authors acknowledge
and extend their appreciation to the Researchers Supporting Project Number (RSPD2025R748), King
Saud University, Riyadh, Saudi Arabia for funding this study.

20



Processes 2025, 13, 904

Conflicts of Interest: The authors declare that there are no known competing financial or personal
interests that could have appeared to influence this research work.

References

1. Pushpakom, S.; Iorio, F.; Eyers, P.A.; Escott, K.J.; Hopper, S.; Wells, A.; Doig, A.; Guilliams, T.; Latimer, J.; McNamee, C. Drug
Repurposing: Progress, Challenges and Recommendations. Nat. Rev. Drug Discov. 2019, 18, 41–58. [CrossRef]

2. Grangeia, H.B.; Silva, C.; Simões, S.P.; Reis, M.S. Quality by Design in Pharmaceutical Manufacturing: A Systematic Review of
Current Status, Challenges and Future Perspectives. Eur. J. Pharm. Biopharm. 2020, 147, 19–37. [CrossRef]

3. Murugan, T.; Singh Jai, W. (Eds.) Cybersecurity and Data Science Innovations for Sustainable Development of HEICC: Healthcare,
Education, Industry, Cities, and Communities; CRC Press: Boca Raton, FL, USA, 2025.

4. Lang, J.; Li, L.; Quan, Y.; Tan, R.; Zhao, J.; Li, M.; Zeng, J.; Chen, S.; Wang, T.; Li, Y. LC-MS-Based Metabolomics Reveals the
Mechanism of Anti-Gouty Arthritis Effect of Wuwei Shexiang Pill. Front. Pharmacol. 2023, 14, 1213602. [CrossRef]

5. Kanjal, M.I.; Muneer, M.; Ullah, S.; Sabir, S.; Boudraa, R.; Amrane, A.; Mouni, L. UV Radiation-Induced Degradation of
Moxifloxacin: Toxicity Evaluation and Conditions Optimization. Euro-Mediterr. J. Environ. Integr. 2025, 1–13. [CrossRef]

6. Shi, S.; Li, K.; Peng, J.; Li, J.; Luo, L.; Liu, M.; Chen, Y.; Xiang, Z.; Xiong, P.; Liu, L. Chemical Characterization of Extracts of Leaves
of Kadsua coccinea (Lem.) AC Sm. by UHPLC-Q-Exactive Orbitrap Mass Spectrometry and Assessment of Their Antioxidant and
Anti-Inflammatory Activities. Biomed. Pharmacother. 2022, 149, 112828. [CrossRef]

7. Guo, Y.; Han, Z.; Zhang, J.; Lu, Y.; Li, C.; Liu, G. Development of a High-Speed and Ultrasensitive UV/Vis-CM for Detecting Total
Triterpenes in Traditional Chinese Medicine and Its Application. Heliyon 2024, 10, e32239. [CrossRef]

8. Craig, D.; Reading, M. Thermal Analysis of Pharmaceuticals; CRC Press: Boca Raton, FL, USA, 2006.
9. Ahuja, S.; Dong, M. Handbook of Pharmaceutical Analysis by HPLC; Elsevier: Amsterdam, The Netherlands, 2005;

ISBN 0-08-045518-2.
10. Missa, J.-N. Peut-on Parler de Militantisme Psychopharmacologique Chez Les Pionniers de La Psychiatrie Biologique (1952–1960)?

Sud/Nord 2010, 25, 105–120. [CrossRef]
11. Granger, B.; Albu, S. The Haloperidol Story. Ann. Clin. Psychiatry 2005, 17, 137–140. [CrossRef]
12. Tardy, M.; Huhn, M.; Kissling, W.; Engel, R.R.; Leucht, S. Haloperidol versus Low-potency First-generation Antipsychotic Drugs

for Schizophrenia. Cochrane Database Syst. Rev. 2014. [CrossRef]
13. Xu, Q.A.; Madden, T.L. Analytical Methods for Therapeutic Drug Monitoring and Toxicology; John Wiley & Sons: New York, NY, USA,

2011; ISBN 0-470-92279-6.
14. Européenne, P. EUROPÉENNE, Pharmacopée. 6ème Edition, Conseil d’Europe. 2008. Available online: https:

//www.decitre.fr/livres/pharmacopee-europeenne-supplement-6-6-9789287165084.html?srsltid=AfmBOorD91kigqt2-0
ItuGvWfXxT1PTY38_EGPiUcMDgMoR5rd1a2ifx (accessed on 16 March 2025).

15. Pharmacopeia, U. The United States Pharmacopeia, USP 41/The National Formulary; United States Pharmacopeial Convention:
Rockville, MD, USA, 2018.

16. Demoen, P.J. Properties and Analysis of Haloperidol and Its Dosage Forms. J. Pharm. Sci. 1961, 50, 350–353. [CrossRef]
17. Djilali, K.; Maachi, R.; Mesbah, Z.A.; Nasrallah, N.; Touzout, N.; Tahraoui, H.; Zhang, J.; Amrane, A. Breaking Barriers in

Pharmaceutical Analysis: Streamlined UV Spectrometric Quantification and Stability Profiling of Haloperidol and Methylparaben
in Liquid Formulations. Anal. Biochem. 2024, 695, 115632. [CrossRef]

18. Janicki, C.A.; Ko, C.Y. Haloperidol. In Analytical Profiles of Drug Substances; Elsevier: Amsterdam, The Netherlands, 1981;
Volume 9, pp. 341–369, ISBN 0099-5428.

19. Pharmacopoeia, B.H. The British Pharmacopoeia Commission Secretariat of the Medicines and Healthcare Products Regulatory Agency
(MHRA); TSO (The Stationery Office): Edinburgh, UK, 2019.

20. Boudraa, R.; Talantikite-Touati, D.; Souici, A.; Djermoune, A.; Saidani, A.; Fendi, K.; Amrane, A.; Bollinger, J.-C.; Tran, H.N.;
Mouni, L. Breaking New Grounds: Solid-State Synthesis of TiO2–La2O3–CuO Nanocomposites for Degrading Brilliant Green
Dye under Visible Light. J. Clean. Prod. 2024, 481, 144126. [CrossRef]

21. Ouanes, S.; Kallel, M.; Trabelsi, H.; Safta, F.; Bouzouita, K. Zero-Crossing Derivative Spectrophotometry for the Determination of
Haloperidol in Presence of Parabens. J. Pharm. Biomed. Anal. 1998, 17, 361–364. [CrossRef]

22. Rahman, N.; Khatoon, A.; Rahman, H. Studies on the Development of Spectrophotometric Method for the Determination of
Haloperidol in Pharmaceutical Preparations. Quím. Nova 2012, 35, 392–397. [CrossRef]

23. Yasir, M.; Sara, U. Development and Validation of UV Spectrophotometric Method for the Estimation of Haloperidol. Br. J. Pharm.
Res. 2014, 4, 1407–1415. [CrossRef]

24. Sambamurty Raju, S.; Raju, P.; Ashok Babu, R.; Anjani Devi, A. Validated UV and Visible Spectrophotometric Methods for the
Quantification of Haloperidol in Pharmaceutical Dosage Forms. Actapharmica 2015, 2, 107–111.

25. Mennickent, S.; Pino, L.; Vega, M.; Godoy, C.G.; de Diego, M. Quantitative Determination of Haloperidol in Tablets by High
Performance Thin-layer Chromatography. J. Sep. Sci. 2007, 30, 772–777. [CrossRef]

21



Processes 2025, 13, 904

26. Mennickent, S.; Pino, L.; Vega, M.; de Diego, M. Chemical Stability of Haloperidol Injection by High Performance Thin-layer
Chromatography. J. Sep. Sci. 2008, 31, 201–206. [CrossRef]

27. Rahman, N.; Sameen, S.; Kashif, M. Spectroscopic Study on the Interaction of Haloperidol and 2,4-Dinitrophenylhydrazine and
Its Application for the Quantification in Drug Formulations. Anal. Chem. Lett. 2016, 6, 874–885. [CrossRef]

28. Wate, S.; Borkar, A. Simultaneous Spectrophotometric Estimation of Haloperidol and Trihexyphenidyl in Tablets. Indian J. Pharm.
Sci. 2010, 72, 265.

29. Saidani, A.; Boudraa, R.; Fendi, K.; Benouadah, L.; Benabbas, A.; Djermoune, A.; Salvestrini, S.; Bollinger, J.-C.; Alayyaf, A.A.;
Mouni, L. Effect of Calcination Temperature on the Photocatalytic Activity of Precipitated ZnO Nanoparticles for the Degradation
of Rhodamine B Under Different Light Sources. Water 2024, 17, 32. [CrossRef]

30. Zhuang, Q.; Li, X.; Lian, X.; Hu, H.; Wang, N.; Wu, J.; Miao, K.; Feng, G.; Luo, X. Catalysis Enhancement of Co3O4 through
the Epitaxial Growth of Inert ZnO in Peroxymonosulfate Activation: The Catalytic Mechanism of Surface Hydroxyls in Singlet
Oxygen Generation. Cryst. Growth Des. 2024, 25, 319–329. [CrossRef]

31. Djilali, K.; Maachi, R.; Danish, M.; Lekmine, S.; Hadjadj, M.; Ait Mesbah, Z.; Benslama, O.; Tahraoui, H.; Ola, M.S.; Ali, A. A
Novel Mobile Phase for Green Chromatographic Determination of Haloperidol: Application to Commercial Pharmaceutical
Products and Forced Degradation Studies. Processes 2025, 13, 260. [CrossRef]

32. Panaggio, A.; Greene, D. High Pressure Liquid Chromatographic Determination of Haloperidol Stability. Drug Dev. Ind. Pharm.
1983, 9, 485–492. [CrossRef]

33. Boudraa, R.; Talantikite-Touati, D.; Djermoune, A.; Souici, A.; Kebir, M.; Merzeg, F.A.; Amrane, A.; Bollinger, J.-C.; Mouni,
L. Comprehensive Characterization and Unprecedented Photocatalytic Efficacy of TiO2-CuO-La2O3 and TiO2-CuO-Bi2O3

Nanocomposites: A Novel Approach to Environmental Remediation. Mater. Sci. Eng. B 2025, 312, 117863. [CrossRef]
34. Öl¸er, M.; Hakyemez, G. Investigations of Some Physicochemical Properties of Haloperidol Which May Affect Its Activity. J. Clin.

Pharm. Ther. 1988, 13, 341–349. [CrossRef]
35. Trabelsi, H.; Bouabdallah, S.; Bouzouita, K.; Safta, F. Determination and Degradation Study of Haloperidol by High Performance

Liquid Chromatography. J. Pharm. Biomed. Anal. 2002, 29, 649–657. [CrossRef]
36. Monser, L.; Trabelsi, H. A Rapid LC Method for the Determination of Haloperidol and Its Degradation Products in Pharmaceuticals

Using a Porous Graphitic Carbon Column. J. Liq. Chromatogr. Relat. Technol. 2003, 26, 261–271. [CrossRef]
37. Kumar, R.S.; Nalini, C. Analytical Determinations of Haloperidol and Its Combinations in Pharmaceutical Dosage Forms and

Biological Matrices. J. Liq. Chromatogr. Relat. Technol. 2021, 44, 33–51. [CrossRef]
38. Pawar, A.; Pandita, N. Statistically Designed, Targeted Profile UPLC Method Development for Assay and Purity of Haloperidol

in Haloperidol Drug Substance and Haloperidol 1 Mg Tablets. Chromatographia 2020, 83, 725–737. [CrossRef]
39. Guideline, I.H.T. Impurities in new drug substances Q3A (R2). Proceedings of the International Conference on Harmonization of

Technical Requirements for Registration of Pharmaceuticals for Human Use, Geneva, Switzerland. 2006, Volume 25. Available
online: https://database.ich.org/sites/default/files/Q3A(R2)%20Guideline.pdf (accessed on 16 March 2025).

40. Sesharamsingh, B.; Kumar, J.S.; Viswanath, I.K.; Rao, G.S.; Anna, V.R. Development of Stability-Indicating HPLC Method
for Quantification of Pharmacopeia Impurities of Zuclopenthixol and Characterization of Its Stress Degradation Products by
LCMS/MS. Future J. Pharm. Sci. 2023, 9, 101. [CrossRef]

41. Narayanam, M.; Handa, T.; Sharma, P.; Jhajra, S.; Muthe, P.K.; Dappili, P.K.; Shah, R.P.; Singh, S. Critical Practical Aspects in the
Application of Liquid Chromatography–Mass Spectrometric Studies for the Characterization of Impurities and Degradation
Products. J. Pharm. Biomed. Anal. 2014, 87, 191–217. [CrossRef]

42. Baertschi, S.W.; Alsante, K.M.; Reed, R.A. Pharmaceutical Stress Testing: Predicting Drug Degradation; CRC Press: Boca Raton, FL,
USA, 2016; ISBN 1-4398-0180-0.

43. Guideline, I. Stability Testing of New Drug Substances and Products. Q1A R2 Curr. Step. 2003, 4, 1–24.
44. Guideline, I.H.T. Validation of Analytical Procedures: Text and Methodology. Q2 R1 2005, 1, 5.
45. Vaidya, S.J.; Sanghai, D.B. Forced Degradation Study on Valbenazine and Application of Validated Stability-Indicating HPLC

Method. J. Reatt. Ther. Dev. Divers. 2023, 6, 1743–1752.
46. Alladio, E.; Amante, E.; Bozzolino, C.; Seganti, F.; Salomone, A.; Vincenti, M.; Desharnais, B. Effective Validation of Chromato-

graphic Analytical Methods: The Illustrative Case of Androgenic Steroids. Talanta 2020, 215, 120867. [CrossRef]
47. Gadhavi, R.; Patel, J. Development and Validation of Stability Indicating Assay Method of Haloperidol in Oral Solution. JPSBR

2014, 4, 319–329.
48. Jain, A.K.; Dubey, B.; Khare, S.; Joshi, A.; Ahirwar, M.; Jain, P. Comparison of RP-HPLC and UV Spectrophotometric Methods for

Estimation of Haloperidol in Pure and Pharmaceutical Formulation. J. Drug Deliv. Ther. 2018, 8, 277–282. [CrossRef]
49. Petkovska, R.; Dimitrovska, A. Use of Chemometrics for Development and Validation of an RP-HPLC Method for Simultaneous

Determination of Haloperidol and Related Compounds. Acta Pharm. 2008, 58, 243–256. [CrossRef]
50. Erukulla, K.K.; Renjitham, S.S. Bio-Analytical Method Development and Validation for Estimation of Zaltoprofen in Human

Plasma by Reverse Phase-HPLC Method. Curr. Pharm. Anal. 2021, 17, 774–781. [CrossRef]

22



Processes 2025, 13, 904

51. Babu, S.K.; Rao, M.V.; Babu, S.P.; Chakka, M. Chemometric Assisted Development and Validation of a Stability-Indicating Lc
Method for Determination of Related Substances in Haloperidol Decanoate Injection. Indian J. Pharm. Educ. Res. 2021, 55, 904–915.
[CrossRef]

52. Djilali, K.; Maachi, R.; Tahraoui, H.; Mesbah, Z.A.; Amrane, A. Advancing Thermal Stability Analysis of Haloperidol: Integrative
Approaches and Optimization Strategies for Enhanced Pharmaceutical Formulations. J. Mol. Struct. 2024, 1315, 138870. [CrossRef]

53. Fernandes, F.; Dias-Teixeira, M.; Delerue-Matos, C.; Grosso, C. Critical Review of Lipid-Based Nanoparticles as Carriers of
Neuroprotective Drugs and Extracts. Nanomaterials 2021, 11, 563. [CrossRef]

54. Alam, P.; Shakeel, F.; Alshehri, S.; Alhaiti, A.; Alqarni, M.H.; Foudah, A.I.; Aljarba, T.M. Analysis of the Greenness to Determine
Risperidone in Commercial Products Using a Green Stability-Indicating HPTLC Method. Arab. J. Chem. 2024, 17, 105693.
[CrossRef]

55. Soradech, S.; Kengkwasingh, P.; Williams, A.C.; Khutoryanskiy, V.V. Synthesis and Evaluation of Poly (3-Hydroxypropyl Ethylene-
Imine) and Its Blends with Chitosan Forming Novel Elastic Films for Delivery of Haloperidol. Pharmaceutics 2022, 14, 2671.
[CrossRef]

56. Alhamhoom, Y.; Kumaraswamy, T.; Kumar, A.; Nanjappa, S.H.; Prakash, S.S.; Rahamathulla, M.; Thajudeen, K.Y.; Ahmed, M.M.;
Shivanandappa, T.B. Formulation and Evaluation of pH-Modulated Amorphous Solid Dispersion-Based Orodispersible Tablets
of Cefdinir. Pharmaceutics 2024, 16, 866. [CrossRef]

57. Goud, E.S.; Reddy, V.K.; Krishnadevaraya, S. Development and validation of a reverse-phase liquid chromatographic method for
assay and related substances of haloperidol for 50 mg/mL and 100 mg/mL. Int. J. Pharm. Sci. 2013, 5, 389–396.

58. Xu, X.; Stewart, J. HPLC analysis of haloperidol and its related compound in the drug substance and a tablet dosage form using a
non-porous silica octadecylsilane column. J. Liq. Chromatogr. Relat. Technol. 1999, 22, 1857–1866. [CrossRef]

59. Ali, I.; Aboul-Enein, H.Y. Fast Determination of Haloperidol in Pharmaceutical Preparations Using HPLC with a Monolithic Silica
Column. J. Liq. Chromatogr. Relat. Technol. 2005, 28, 3169–3179. [CrossRef]

60. Driouich, R.; Trabelsi, H.; Bouzouita, K.A. Stability—Indicating assay for haloperidol syrup by high-performance liquid chro-
matography. Chromatographia 2001, 53, 629–634. [CrossRef]

61. Raggi, M.; Casamenti, G.; Mandrioli, R.; Sabbioni, C.; Volterra, V. A rapid LC method for the identification and determination of
CNS drugs in pharmaceutical formulations. J. Pharm. Biomed. Anal. 2000, 23, 161–167. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

23



Citation: Nascimento, G.M.; Cardoso,

P.H.N.; da Silva, E.M.E.; Tavares, G.F.;

Olivier, N.C.; Faia, P.M.; Araújo, E.S.;

Silva, F.S. FDM 3D Printing Filaments

with pH-Dependent Solubility:

Preparation, Characterization and In

Vitro Release Kinetics. Processes 2024,

12, 2916. https://doi.org/10.3390/

pr12122916

Academic Editor: Paolo Trucillo

Received: 21 October 2024

Revised: 10 December 2024

Accepted: 11 December 2024

Published: 19 December 2024

Copyright: © 2024 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/).

Article

FDM 3D Printing Filaments with pH-Dependent Solubility:
Preparation, Characterization and In Vitro Release Kinetics

Gustavo M. Nascimento 1, Pedro H. N. Cardoso 2, Eumara M. E. da Silva 2, Ginetton F. Tavares 3, Nelson C. Olivier 4,

Pedro M. Faia 5, Evando S. Araújo 2,* and Fabrício S. Silva 1,6

1 Postgraduate Program in Biotechnology, Department of Biological Sciences, State University of Feira de
Santana (UEFS), Feira de Santana 44036-900, Brazil; 22225018@discente.uefs.br (G.M.N.);
fabricio.souzasilva@univasf.edu.br (F.S.S.)

2 Research Group on Electrospinning and Nanotechnology Applications (GPEA-Nano), Department of
Materials Science, Federal University of São Francisco Valley, Juazeiro 48902-300, Brazil;
pedro.cardoso@discente.univasf.edu.br (P.H.N.C.); eumara.mayra@discente.univasf.edu.br (E.M.E.d.S.)

3 Research and Extension Center, Laboratory of Fuels and Materials (NPE/LACOM), Department of Chemistry,
Federal University of Paraíba, Campus I, João Pessoa 58051-900, Brazil; ginetton@reitoria.ufpb.br

4 Department of Materials Science, Federal University of São Francisco Valley, Juazeiro 48902-300, Brazil;
nelson.cardenas@univasf.edu.br

5 Electrical and Computer Engineering Department—CEMMPRE, FCTUC, Polo 2, University of Coimbra,
3030-290 Coimbra, Portugal; faia@deec.uc.pt

6 Laboratory of Experimental Pharmacology, Department of Pharmacy, Federal University of Vale do São
Francisco (UNIVASF), Petrolina 56304-917, Brazil

* Correspondence: evando.araujo@univasf.edu.br; Tel.: +55-74-2102-7645

Abstract: The process of manufacturing drug delivery systems (DDSs) by fused deposition modeling
(FDM) with 3D printing requires the availability of a polymeric filament containing the drug of
interest. This filament is fused in the printer heating system and used to print polymer/drug
volumetric parts. Polymers with pH-dependent solubility are widely known in the literature for their
controlled release and drug dissolution-enhancing properties, biocompatibility, and variety of release
profiles. Given these characteristics, the study of pH-responsive 3D printing filaments appears as a
potential alternative for the development of new 3D printing functional materials for healthcare area
applications. In this sense, this work aimed at the preparation and characterization of pH-dependent
filaments of the Eudragit E 100 copolymer (E100) containing the model drug Amlodipine (Aml)
for potential application in the manufacturing of DDSs by 3D printing. The E100/Aml filaments
with two distinct drug concentrations were produced by hot-melt extrusion at 105 ◦C. The posterior
chemical protonation treatment of the filaments for 60 min provided a significant improvement in
their flexibility. Microstructural analysis (SEM, XRD, FTIR, and DLS) and thermal studies by DSC
proved the feasibility of producing the filaments by hot-melt extrusion without the degradation of
their constituent materials. The in vitro dissolution profiles of the E100/Aml samples were evaluated
in simulated gastric and intestinal fluids. The facilitated solubility of the polymer in an acidic medium
(pH = 1.2) was preserved in the filament form, with rapid and reproducible drug release from the
polymer matrix. The saturation of the drug concentration in the medium occurred after 30 min of
testing for E100/Aml models. A customized 3D part with geometry and fill control was also printed
from E100/Aml filaments as proof of concept.

Keywords: materials characterization; pH-responsive polymer; drug delivery systems; filament fabrication

1. Introduction

The 3D printing techniques represent a set of technologies developed for the manufac-
ture of three-dimensional objects. The parts production process involves the deposition of
successive layers of the molten material of interest on the working surface of a 3D printer,
based on the user’s design, using software associated with the equipment [1,2]. Currently,
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selective laser sintering (SLS), stereolithography (SLA), and fused deposition modeling
(FDM) are the most common methods used for the development of devices such as sensors
and biosensors, supercapacitors, flexible circuits, biomedical implants, and functional and
customized drug delivery devices [3–6]. Polymers are the first choice of materials used in
these applications since they present a great diversity of synthetic and natural types with
desirable mechanical and thermal characteristics and compatibility with other chemical
materials [6,7].

FDM printing stands out for its versatility and diversity of fabricated materials for
applications in various areas of science and technology. In the process of manufactur-
ing a three-dimensional polymeric part using this technique, a cylindrical solid filament
(generally based on thermoplastic polymers and/or their composites) with a millimeter
in diameter is required. This filament is heated to a temperature higher than its glass
transition point in the 3D printer extrusion nozzle, making it reach a fluid state. With the
computer-assisted movement of the extruder nozzle and maintaining constant temperature
and extrusion flow, it is possible to form overlaid layers (layers deposited sequentially on
top of the previous one) of the material on the printer working surface until the 3D part is
completely produced [6,8].

Currently, the development of functional and pharmacologically active FDM 3D print-
ing filaments is on the rise, and an open field of research, both in academia and industry,
has formed [9,10]. Synthetic polymers such as polyethylene glycol, polyethylene oxide,
polyvinylalcohol, and polyvinylpyrrolidone, have been the preferred choice to produce
these filaments, due to their biocompatibility, biodegradability, and low melting point
in comparison to other polymers, including their interaction with drugs, and different
release profiles based on their formation with other polymers and/or additives characteris-
tics [11–13].

The use of FDM polymeric filaments proves to be an efficient and economical option
for the three-dimensional printing of dosage forms [5] due to the possibility of producing
pharmaceutical forms with different geometries, formulations with new functional ma-
terials, and production scalability in comparison with other processes and (or) protocols
that have been adopted for this purpose, such as rotary manufacturing processes [14]. The
development of controlled drug release devices, with improved drug bioavailability and
solubility at a desired pH, is also achievable based on the interaction between the drug and
the selective polymeric matrices [15,16].

In particular, the development of unconventional FDM polymer/drug filaments with
pH-dependent solubility is justified by the constant search for new materials, methods,
designs, and personalized formulations that provide the programmed action of the active
ingredient, with greater precision regarding the aimed body region, and increased admin-
istration interval concerning user’s life quality improvement [17]. Other aspects, such as
specific permeability, porosity, hydrophobicity/hydrophilicity, and drug release kinetics,
also justify the exploration of these filaments for application in the 3D printing of drug
delivery systems (DDSs) [15].

Among the polymers with pH medium solubility dependency, it is possible to high-
light the cationic block copolymer poly(dimethylaminoethyl methacrylate/butyl methacry-
late/methyl methacrylate) in a 2:1:1 monomer ratio, which belongs to the Eudragit family
of thermoplastic pH-soluble polymers (commercially known as EudragitE100) [18]. The
E100 is soluble in acidic media (below pH 5.0), biocompatible, biodegradable, and non-
genotoxic. It has no irritation and/or sensitization potential, and it is classified as safe for
use in pharmaceutical formulations by the United States Department of Food and Drugs
(with acceptable daily intakes of 20 mg/kg bw) [19].

In the case of E100, the hydration of dimethylamino groups and their molecules in
an acidic environment (for example, in gastric fluid) causes a protonation reaction, which
favors repulsion between these units. Subsequently, these units can interact with anions
in the media to form salts, breaking the original molecule and, consequently, facilitating
the polymer’s solubility (in contrast to what happens in a basic environment, where its
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polymer chain tends to become immobilized, and the material functions as a device to
protect the drug from contacting the external environment [20,21]).

This polymer is already used in the pharmaceutical industry as a coating material in
conventional pharmaceutical forms for oral administration, such as capsules and tablets,
masking the taste and odor of medicines [19]. It is also used in the production of mi-
cro/nanocapsules, where polymeric matrices act as a support for active ingredients to be
released after the ingestion of capsules [22,23]. However, studies showing its use in the
development of FDM 3D printing filaments for applications in drug delivery systems are
scarce in the literature [21,24], largely due to the difficulty of overcoming their brittle and
sticky aspect. Cardoso and his collaborators [21] developed FDM 3D printing filaments of
this copolymer containing hesperidin, a flavonoid extracted from citrus fruits. In the work
of Choudhury et al. [24], E100 FDM 3D printing filaments containing the berberine chloride
drug were fabricated. The authors cited the difficulty of producing the filaments due to
the brittle and sticky aspect of the polymer, but they overcame this problem by using an
optimized combination of additives. The filaments were used to print custom capsules of
the drug. In vitro release tests showed that the capsule models maintained the selective
solubility of the polymer in simulated gastric fluid (pH = 1.2), for which the first contact of
the drug with the medium took place at around 15 min, while the release of approximately
70% of the active ingredient occurred after 4 h. In addition, the printed parts proved to be
matrices for slow drug release in the phosphate buffer (pH = 6.8), with capsule swelling
for up to 12 h, with 90% of the drug released after 36 h. The authors concluded that the
prototypes were potential candidates for the production of personalized pharmaceutical
forms for the programmed release of active substances.

Aiming to significantly contribute to this field of research, this work proposes the
preparation and characterization of pH-soluble FDM 3D printing filaments based on the
combination of the E100 copolymer and of the model drug Amlodipine Besylate (indicated
as a first-choice medication in the treatment of hypertension and angina pectoris), and free
of chemical and graft additives.

Polymer/drug composite filaments with different concentrations of Amlodipine were
prepared by the hot-melt extrusion process. Microstructural, thermal, and mechanical char-
acterizations, combined with the drug release profiles in different media, were performed.
The main objective of the present work was to demonstrate the feasibility of developing
filaments containing both components (a support polymer and the drug of interest) and
their ability to maintain their original characteristics even after the printing process and,
consequently, their potential application in personalized drug delivery systems.

2. Materials and Methods

2.1. Materials

Poly(dimethylaminoethyl methacrylate/butyl methacrylate/methyl methacrylate)
(E100, 2:1:1, Figure 1a), in granules, and pH-soluble (below 5.0) was purchased from
Evonik Industries, Essen, Germany. The model drug Amlodipine Besylate (Aml, Figure 1b)
(C20H25ClN2O5C6H5SO3H, white powder, purity ≥ 98%, the molecular weight of 567.05,
saturation solubility of 7.4 μg/mL (in water), LD50 oral-rat at 393 mg/kg with acute toxicity
(Category 4, H302-Regulation (EC) 1272/2008 of the European Parliament and Council),
and monopotassium phosphate salt (MKP, powder) were purchased from Sigma Aldrich, St.
Louis, MO, USA. Sodium hydroxide was obtained from Êxodo Científica, Sumaré, Brazil.
All reagents were used as received.
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(a) (b) 

Figure 1. The 2D representation of the molecular structures of (a) Eudragit® E100 (E100) and
(b) Amlodipine Besylate (Aml).

2.2. Sample Preparation

Initially, variable amounts of the model drug (100 and 200 mg) were mechanically
mixed with 24 g of the polymer (samples were named E100/Aml(−) and E100/Aml(+),
respectively) in a beaker until a homogeneous dispersion of the materials was obtained
(Figure 2a). Samples of the unmixed polymer were also used for comparative purposes.

Figure 2. (a) Unmixed polymer and polymer/drug granules; (b) mini-extruder machine details; and
(c) illustration of the filaments collected in a circular coil.

Then, each sample was taken to a Filmaq3D CV mini-extruder (Filmaq3D, Curitiba,
Brazil) so that the composite filaments could be produced by the hot-melt extrusion process
(Figure 2b). In this step, the materials were physically mixed and inserted into the extrusion
machine reservoir, which was connected to a cylindrical galvanized metal tube. During
the procedure, a screw inside the tube pushed the material (rotation speed of 10 rpm) to
the other end of the cylinder (connected to the extrusion nozzle possessing a diameter of
1.75 mm). The cylindrical extruder tube was initially maintained at 110 ◦C for 1 h before
starting the extrusion process. Then, the extrusion process was activated at 105 ◦C, with an
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extrusion rate of 30 cm·min−1. Three independent samples of each filament model were
produced and then collected in a circular coil (Figure 2c) for subsequently receiving chemical
treatment (for 15, 30, 45, or 60 min) to increase their flexibility. The obtained materials were
placed in a plastic reservoir (30 × 40 × 30 cm) to which a humid air flow terminal was
initially connected (60% relative humidity concentration) and subsequently subjected to the
vapor produced from a solution of 6.8 g of MKP in 0.2 M sodium hydroxide (1 L of deionized
water, pH = 6.5). Finally, the samples were left to dry for 24 h at room temperature.

2.3. Bending Testing

The bending resistance of the filaments was evaluated in terms of the elastic modulus
(E = Δσ/Δε, Young’s modulus) and rupture time (RT), both using data obtained from the
elastic zones of the stress (strain) plots and utilizing an EMIC DL 10000 universal mechanical
testing machine (INSTRON, Brazil). For the tests, the samples were fixed using two
supports separated from each other by 4 cm, and a load cell speed (maximum normal force
of 500 N) of 10 mm·min−1 was applied in accordance with the ASTM D790 standard [25].
Three samples of each filament configuration were considered when analyzing the results.

2.4. Microstructural Properties
2.4.1. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) images were obtained on a Hitachi TM-1000
SEM device (Hitachi, Ltd., Chiyoda, Japan) with an accelerating voltage of 20 kV. Samples
were previously covered with a gold layer applied by a Q150R Quorum device (Quorum
Technologies, Lewes, UK) using a 5 nm·min−1 rate for 5 min.

2.4.2. X-Ray Diffraction (XRD)

X-ray diffraction patterns of the drug and filament samples were achieved on a Miniflex
Rigaku device (Rigaku Corporation, Osaka, Japan), Kα radiation, with a scanning rate of
0.02◦·s−1 and diffraction angle range of 5–50◦.

2.4.3. Fourier-Transform Infrared (FTIR) Spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was performed on a Shimadzu Prestige
21 device (Shimadzu Corporation, Kyoto, Japan). FTIR spectra were established in the
wavenumber range of 500 to 3500 cm−1 (90 scans and a resolution of 16 cm−1). The samples
for testing were prepared from a mixture of 10 mg of the filament and 1 g of KBr, which
was soaked and pressed into the pellets.

2.4.4. Dynamic Light Scattering (DLS) Measurements

The mean hydrodynamic size of the particle collection (Z-average size) was obtained
by the dynamic light scattering (DLS) technique (in triplicate) on a Malvern Zetasizer Nano
Analyzer (Malvern Panalytical Ltd., Malvern, UK). The z-average value is a central and
stable measurement parameter for particle size quality control analysis, as defined in the
ISO13321 standard [26] (particle size analysis–photon correlation spectroscopy).

2.5. Thermal Analysis

The thermal behavior of the samples was studied by Differential Scanning Calorimetry
(DSC). A Shimadzu DSC-60 Plus device (Shimadzu Corporation, Japan) was used for the
experiments. Aluminum mini pans with lids (2.5 mm in diameter, Shimadzu Corporation)
were used to dispose of 2 mg of each type of filament. DSC tests were conducted (i) with
one heating cycle in the temperature range of 30 to 285 ◦C (heating rate of 10 ◦C.min−1)
and (ii) with two continuous heating and cooling cycles (in the range of 30 to 150 ◦C, using
the same heating rate as above).

28



Processes 2024, 12, 2916

2.6. Statistical Analysis

ImageJ software (version 13.0.6.) was used to estimate the drug particle size and
diameter of each filament type from the SEM micrographs. Data were presented as the mean
± standard deviation, calculated from thirty observations (n = 30). The hypothesis test for
the difference between means with unknown population deviation was performed as an
inferential statistics test, with a significance level (α) of 5% (the hypothesis of statistically
equal means is accepted for p-values greater than α).

2.7. In Vitro Release Kinetics

The in vitro kinetics of the Amlodipine drug’s release from the polymeric filament-
shaped matrices was analyzed based on the results of the temporal variation in the drug
concentration in gastric (pH = 1.2) and intestinal (pH = 7.2) simulated fluids. These
acidic and basic solutions were prepared according to the procedures established in the
United States Pharmacopeia [27,28]. The gastric fluid was prepared from a solution of
3 g of NaCl dissolved in 1.5 L of deionized water. The pH of the solution was adjusted
to 1.2 ± 0.1 using dilute hydrochloric acid. The intestinal fluid was prepared from a
solution of 10 g of potassium phosphate dissolved in 1 L of deionized water. The pH of
the solution was altered to 7.2 ± 0.1 using 1 N sodium hydroxide. For testing, 30 mg of
each filament sample was immersed in 100 mL of each type of simulated fluid at 36.5 ◦C
(arranged in a 250 mL beaker) while being kept under constant stirring (rotation speed of
100 rpm) [27,28]. The concentration of Amlodipine in each fluid medium as a function of
time was determined from the drug calibration curve (absorbance versus concentration),
established at its maximum absorption peak (λ = 243 nm). Three independent samples
of each E100/Aml system were evaluated. For the tests, 2 mL aliquots of each solution
containing the filaments were analyzed at fixed time intervals in a spectrophotometer
Kasvi K-37 (Kasvi, Pinhais, Brazil). The equivalent absorbance intensities were converted
into relative drug concentration, (C t − C0)/C0, where C0 and Ct are the initial and time-
dependent concentrations, respectively. The drug release kinetics in the simulated media
were analyzed for a 165 min period.

2.8. FDM 3D Printing

A commercial direct drive 3D printer (model Kywoo3D Tycoon was used to print
the test part. In this printer, the filament is directed into a PTFE tube with an internal
diameter of 2.0 mm in contact with the hot end of the extruder nozzle. Thus, the filament
takes a short path (about 10–15 cm) to the hot end (compared to Bowden-type printers),
minimizing the clogging of the printing system due to possible filament breaks and, conse-
quently, considerable material loss. A three-dimensional dosage form model of Amlodipine
(cylindrical geometry, with 6 mm in base diameter and 12 mm in height) was designed in
a CAD environment. Thus, the part was printed using the Repetier Host slicer software
v. 2.2.4, with a grid-type infill pattern (24 layers, 20% inner density) and an extrusion
temperature of 145 ◦C.

3. Results

3.1. Structural and Morphological Characterization

Samples of the E100/Aml composite filaments are shown in Figure 2. The amount of
material used in the preparation stage resulted in a production of approximately 3.8 m of
continuous filament for each E100/Aml model (Figure 3a) without significant material loss
during the hot-melt extrusion (HME) process.
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Figure 3. (a) Sample of E100/Aml continuous filament resulting from the extrusion process at 105 ◦C.
(b) Photo image of small segments of E100/Aml filaments under bending after the chemical treatment.

It is important to highlight that the heating cylinder of the mini-extruder machine
(Figure 2), which received the material for extrusion, is composed of two heating electrical
resistors and that the entire system, including the extruder, is covered by a thermal blanket
(15 cm in length, from the extruder nozzle). With this arrangement, the temperature
gradient along the cylinder tends to decrease considerably compared to other extrusion
systems (where heating occurs only at the end of the cylinder, close to the extruder nozzle).
This directly results in a more homogeneous heat conduction through the material over a
greater range of the tube length [29].

Thus, it was possible to initially stabilize the temperature of the cylindrical extruder
tube at 110 ◦C for 1 h before starting extruding the E100/Aml mixtures using a lower
temperature of 105 ◦C. Improvements noted in the filament production process included
the reduction in the sticky aspect of the E100 (acrylic copolymer) inside the tube, which
would be observed at higher extrusion temperatures [30] and the guarantee of its fluidity
and the prevention of the thermal expansion of the filament at the exit of the extruder
nozzle, which would negatively influence the expected diameter [31,32].

Then, the polymeric filaments were subjected to the chemical process of protona-
tion [21]. Protonation is the action of adding a proton to an atom, molecule, or ion and
differs from hydrogenation, which consists of a process by which hydrogen atoms are
added to unsaturated fats and oils (unsaturated molecules are those that contain double
bonds, while saturated ones contain only single bonds, and, consequently, these double
bonds have the potential to accept hydrogen atoms and, thus, become hydrogenated);
additionally, during protonation, a change in the charge of the protonated species takes
place (and mass and chemical properties are altered), while in the hydrogenation process,
it is unaffected.

In this final phase of filament preparation, they are exposed to a vaporized protonated
solution (pH = 6.5), allowing the dimethylamino groups of their constituent molecules to
receive H+ protons from the solution. This causes the molecules to repel each other due to
electrical repulsion from these neighboring protonated groups. This effect occurs radially,
from the surface to the bulk of the material and, as a consequence, the filaments acquire
greater flexibility when no chemical treatment is applied (Figure 3b).

In this sense, the improvement in the filaments’ flexibility was quantified based on the
analysis of the elastic modulus (E) variations as a function of the sample’s exposure time, t,
to chemical treatment (Figure 4).
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(a) (b) 

  

Figure 4. (a) The σ versus ε curves for E100/Aml(−) and E100/Aml(+) filament samples without
(0 min) and with 60 min of chemical treatment; (b) elastic modulus (E) of the E100/Aml filaments as
a function of the chemical reaction time.

E100/Aml(−) and E100/Aml(+) filaments without chemical treatment displayed
purely elastic behavior (characterized by their respective σ vs. ε linear curves (0 min),
Figure 4a), with high stiffness and brittleness compared to the normal stress applied during
the bending tests. These characteristics were confirmed by the estimated average values
of the elastic modulus, E, of approximately 335 and 308 MPa, and of the rupture time, RT,
at around 43.2 and 48.4 s, for the E100/Aml(−) and E100 /Aml(+) filaments, respectively.
On the other hand, the samples that received the chemical treatment for 60 min had their
elastic behavior reduced, with the emergence of a plastic deformation phase (Figure 4a)
and a longer time for the parts to rupture.

With the increasing exposure time, from 15 to 60 min, for the polymeric matrix to the
protonation reaction, a progressive decrease in the E values was observed. The inflection
point of the E vs. t curves (Figure 4b) was observed at about 30 min of exposure time,
with E = 230 MPa and RT = 75.8 s for the E100/Aml(−) filaments and E = 245 MPa
and RT = 69.6 s for the E100/Aml(+) filaments. This represents a significant variation in
these parameters when compared with the initial mechanical properties displayed by the
filaments. The lower values of E were found for protonation reaction times in the interval
between 45 and 60 min. For the last measured reaction time, the values of E = 140 MPa and
E = 133 MPa (approximately 58% and 57% of reduction in relation to the initial E values),
and RT = 104.5 s and RT = 95.2 s (with a 141% and 98% increase for samples with low- and
high-drug concentrations, respectively) support the claim that there is an improvement in
flexibility for E100 filaments for the proposed use.

SEM micrographs of the Amlodipine Besylate (Aml) particles and of the flexible E100,
E100/Aml(−), and E100/Aml(+) filaments are shown in Figure 5. Amlodipine particles
(Figure 5a) are characterized by a microplate-type geometry and have irregular dimen-
sions [33,34]. From the analysis of the SEM micrographs, using the ImageJ software, it was
possible to verify two distinct particle size populations, centered mostly at 23.45 ± 5.23 μm
and at 2.15 ± 0.74 μm. This micrometer-scale size distribution of the Amlodipine particles
is one of the main contributing factors to its low solubility in water [33,35].
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Figure 5. SEM images of the (a) Amlodipine (Aml) particles; (b) E100, (c) E100/Aml(−), and
(d) E100/Aml(+) filaments.

Drug-free E100 filaments (E100 sample, Figure 5b) were also produced and analyzed
for comparison purposes with the E100/Aml(−) (Figure 5c) and E100/Aml(+) (Figure 5d)
filaments. They all exhibited a surface without apparent structural defects (no bubbles, no
cracks, and/or abrupt variations in diameter resulting from heating are visibly observable).
The absence of these geometric discontinuities is a determining factor for the usability of
these filaments in conventional 3D printers [36,37].

In addition, the pristine E100 filament presented an average sample diameter of
1.79 ± 2.01 mm (n = 30), while the estimated diameters of the E100/Aml(−) and E100/Aml(+)
ones were 1.81 ± 2.08 mm (n = 30) and 1.80 ± 1.25 mm (n = 30), respectively. The statistical
evaluation demonstrated that the average diameter of the filaments does not present
significant variations (p-value > α for all sample comparisons). This indicates that the
presence of the drug in the bulk of the filament does not cause evident changes in the
volume/unit length relationship and, consequently, in the surface area of the samples in
contact with the dissolution media for the study of drug release kinetics.

It is important to highlight that a low-mass concentration of the drug was used in the
mixtures to prepare the filaments, which corroborates the invariability of the filament di-
ameters. In other words, the control of these parameters shows that the drug concentration
variability, which can be released from the polymer matrix in the gastrointestinal fluids,
can be directly related to specific parameters, such as the pH-dependent solubility of the
copolymer, and to the quantity and dispersion of the drug mass in the polymeric matrix [9].

Figure 6 highlights the XRD spectra obtained for the pristine Aml and for E100,
E100/Aml(−), and E100/Aml(+) filament samples. The Aml spectrum confirmed the
crystalline nature of the drug, associated with the presence of its characteristic diffraction
peaks in the range of the 2θ angles studied (at 5.9◦, 10.4◦, 11.7◦, 13.1◦, 14.5◦, 18.1◦, 19.3◦,
20.2◦, 23.4◦, and 24.4◦) [38,39].
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Figure 6. Characteristic X-ray diffraction patterns of the Amlodipin (Aml) drug and E100,
E100/Aml(−), and E100/Aml(+) filament samples.

The X-ray spectrum of the E100 type filaments showed a broad peak, with the vertical
displacement of the baseline, in a wide 2θ range between 10 and 25◦, as a signature of an
amorphous solid matrix. This result is in agreement with the XRD data of the polymer in
its original form [40].

The XRD spectra of the E100/Aml filaments showed similar characteristics, as dis-
played in Figure 6. The diffractograms of the E100/Aml(−) and E100/Aml(+) filament
samples showed a broad peak in the same 2θ angle region as observed for the pure E100
filament, which could be attributed to the predominance of the polymeric phase in the
polymer/drug sample. In addition, in this 2θ range, although the Aml peaks were not as
explicit as in the spectrum of the pure drug sample, it was possible to distinguish small
peaks over the trace, indicating the presence of the Aml crystalline phase. This is probably
due to the small amount of drug in the samples and/or the decrease in the degree of
crystallinity of the drug due to its interaction with the polymeric matrix.

The molecular vibrations of the filament samples were studied by FTIR spectroscopy
(Figure 7). The spectrum of pristine Amlodipine (as provided by the manufacturer) ex-
hibited all of its characteristic vibrational bands, as follows: 3305 cm−1 for the molecular
vibration of valence electrons of the N-H bond; 3159 cm−1 for valence electrons of the
C-H bond (aromatic); 2982 cm−1 for valence electrons of the C-H bond (aliphatic); 1695
cm−1 for valence electrons of the C = O bond (aliphatic); 1675 cm−1 for valence electrons
of the C = C bond (aliphatic); 1614 cm−1 for valence electrons of the C = C bond (aro-
matic); 1497 cm−1 for the out-of-plane folding of N-H bonds; 1304 cm−1 for the coplanar
folding of pyridine; 1267 cm−1 for symmetric stretching of the C-O bond; 1207 cm−1 for
asymmetric stretching of the S = O bond; 1090 cm−1 for symmetric stretching of the
S = O bond; 1015 cm−1 for symmetrical stretching of the C-O-C bond; 758 cm−1 for the
out-of-plane folding of the C-H bond; 730 cm−1 for the vibration of valence electrons of the
C-S bond (aliphatic); 690 cm−1 for the coplanar folding of the C-S bond; and 565 cm−1 for
the out-of-plane folding of the C-N bond [33,38,41–46].
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Figure 7. FTIR spectra of the pristine Aml, E100, and E100/Aml filaments. The details show the
region of the polymer and drug C=O vibrational bands.

The FTIR spectrum of the E100 filament sample showed the typical bands of the
copolymer in its original form, centered at 2956 cm−1 (with asymmetric stretching of
the C-H bond), 2875 cm−1 (with symetric stretching of the C-H bond), 2820 cm−1 (with
asymmetric stretching of the H3C-N-CH3 bond), 2772 cm−1 (with symmetric stretching of
the H3C-N-CH3 bond), 1730 cm−1 (with symmetric stretching of the C = O bond of the
ester group), 1460 cm−1 (with asymmetric stretching of the H-C-H bond), 1388 cm−1 (with
the coplanar folding of the C-H bonds), and 1150 cm−1 (with the asymmetric stretching of
the C-O bond of the ester group) [41,47–49].

In addition, the FTIR spectra of the E100/Aml(+) and E100/Aml(−) filaments exhib-
ited molecular vibration bands through the whole wavenumber range of interest (without
significant differences). Whether using a high or low concentration of the drug dispersed
in the polymer matrix, it is possible to discern the presence of a considerable number of
vibrational bands for both constituent materials. In other words, the presence of most
of the vibration bands for both the polymer and drug in the E100/Aml samples, located
at the respective characteristic wavenumbers of the isolated substances, highlights the
predominance of the physical interaction between the polymer and drug molecules. In
fact, the molecular structures of these components (Figure 1) do not support significant
chemical interactions for the formation of chemical complexes between these materials [50].
The most evident change in the FTIR spectrum of the E100/Aml filament samples is the
intensity decrease in the C = O carbonyl vibrational bands (at 1730 cm−1 for the polymer
and at 1695 cm−1 for the drug) in relation to the spectrum of the pristine Amlodipine and
the E100 filament. This characterizes polar interactions between the drug and the polymer,
which are important to demonstrate the physical interaction concerning the constituent
materials and the molecular stability of the drug after the HME process.

The thermal characteristics of the pristine Amlodipine drug (Aml), E100, E100/Aml(−),
and E100/Aml(+) filaments were analyzed by DSC (Figure 8). The DSC spectrum of the
Aml sample shows a narrow and well-defined peak at 210 ◦C, already known as its melting
point (Figure 8a) [34,51]. This result is characteristic of a crystalline material, which was
already validated by the XRD results. In addition, Aml degradation signals were not
detected in the spectrum, demonstrating the thermal stability of the component in the
analyzed temperature range.
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Figure 8. (a) DSC spectra (heating) of the Aml (pristine drug) and E100, E100/Aml(−), and
E100/Aml(+) filaments; (b) DSC curves, with two continuous heating and cooling cycles for the
E100/Aml(−) and E100/Aml(+) filaments (temperature range of 30–150 ◦C).

The DSC spectra of the E100 and polymer/drug filaments showed an endothermic sig-
nal at 54 ◦C due to the glass transition temperature of the E100 copolymer (Figure 8a) [30,52].
In these samples, the peaks observed at 283, 271, and 270◦C are a signature of the degra-
dation point of the E100 copolymer in E100, E100/Aml(−) and E100/Aml(+) filaments,
respectively [52]. These data indicate that the extrusion process of the polymer/drug
filaments at 105 ◦C (which exposes the materials thermally) is adequate without altering
the properties of the drug and polymer molecules.

It is also possible to observe the absence of the drug melting point in the DSC spectra
of the E100/Aml(−) and E100/Aml(+) filaments. Thus, as the presence of Amlodipine in
these samples was confirmed by XRD and FTIR, the absence of its melting point in the DSC
spectra suggests the better dispersion of the drug in the amorphous matrix. Specifically,
a significant portion of the micrometric particles of Amlodipine (as confirmed by SEM
analysis) tend to dissolve and decrease in size in the bulk of the filament, increasing the
drug contact area [21]. This behavior is mentioned in the literature for solid dispersions
of Amlodipine with other polymers, such as poly(vinyl pyrrolidone), chitosan, microcrys-
talline cellulose, and poly(lactic acid-co-glycolic acid), all aiming to facilitate the dissolution
of the drug in the medium of interest [53–56].

The analysis of the hydrodynamic particle size of the Amlodipine drug obtained by
DLS (Figure 9) in the acidic medium confirms this hypothesis. The drug particles, as
supplied by the manufacturer, showed a heterogeneous particle size distribution, with
three main populations at 175.5 ± 60.71 nm, 607.6 ± 203.2 nm, and 5380.0 ± 322.9 nm
(with 31%, 23%, and 46% intensity, respectively). In addition, DLS data showed that the
Z-average size for the drug particles was estimated to be 691.7 nm.

On the other hand, the Amlodipine particles that were released from the E100/Aml(−)
and E100/Aml(+) matrices in the same medium presented two well-defined particle size
populations, centered at 327.6 ± 173.2 nm (87% intensity) and 4626.0 ± 823.8 nm (13%
intensity) for the E100/Aml(−) model, and centered at 321.5 ± 157.0 nm (93% intensity)
and 4590.0 ± 838.8 nm (7% intensity) for the E100/Aml(+) model. In addition, their Z-mean
calculated values were 332.4 nm and 284.8 nm for the filaments with low and high drug
concentrations, respectively. Thus, it is possible to infer from the results that the interaction
of the drug with the polymer promotes not only a significant reduction in the intensity
of the micrometric particles of Amlodipine but also makes the majority of the population
particles, around 90% of the intensity of the measurements, display at about 320 nm, and
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as a consequence, a reduction in the mean hydrodynamic size (Z-mean value) of the drug
in the fluid medium occurs.

Figure 9. Hydrodynamic particle size in accordance with intensity of the (a) Amlodipine drug
supplied by the manufacturer in an acidic medium and (b) Amlodipine drug released from the
bulk of the E100/Aml(−) and (c) E100/Aml(+) filaments in an acidic medium. Three rounds of
measurements were performed for each sample.

In fact, the pressure that disintegrates particles is significantly higher the smaller their
size. Drugs characterized by a smaller particle size are known to have greater interfacial
solubility due to a thinner diffusion layer and greater surface area, which is generally prefer-
able for the oral administration of drugs [57]. The encapsulation of Amlodipine under these
conditions in the pH-dependent matrix of the E100 polymer is another differentiating factor
regarding the programmed release of the drug. It is known that the dispersion of drugs
poorly soluble in water and with a low dissolution rate (such as Amlodipine) in amorphous
solid solutions of the E100 copolymer can abruptly increase the drug dissolution [48,58]. A
higher dissolution of Amlodipine can be expected from solid dispersion, probably due to
the presence of amorphous Aml-particles incorporated into the E100 matrix. This indicates
that the polymer can inhibit the recrystallization of the drug molecules [55].

In this sense, the choice of the E100 polymer for the production of 3D printing filaments
can be justified, firstly, because it increases the surface area of action of the Amlodipine
particles dispersed in the matrix and, secondly, since it provides 3D printing filaments of
amorphous solid dispersions of the drug with much smaller particles than those supplied
by the manufacturer, with a consequent improvement in its dissolution and bioactivity.

Figure 8b shows the DSC results of the E100/Aml filament samples subjected to
two complete and continuous cycles of heating and cooling, in the range of 30–150 ◦C.
It is important to highlight that the components of these samples (polymer and drug)
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had, previously, been subjected to a heating process at 105 ◦C in the heated tube of the
extrusion machine. The thermal behavior study of the E100/Aml samples through two
new cycles allowed the temperature gradient with which these filaments were subjected in
conventional FDM 3D printers to be stimulated during the three-dimensional printing of
the engineered solid pharmaceutical products, and/or on the possible reuse of the waste
materials after FDM 3D in the production of new filaments (in both cases, considering a
second and/or a third heating/cooling moment).

The results show that, in both cycles, the thermal signatures of the E100/Aml(−)
and E100/Aml(+) samples are preserved in relation to the DSC spectrum obtained for
the same samples after the first heating process (in the same temperature range). In
the spectra, the original amorphous characteristic of the E100 copolymer is kept, and no
degradation signal of the constituent materials is observed [21]. The data obtained are
in agreement with the earlier reported results, which demonstrated that the initial mass
loss and subsequent complete degradation of the drug [51] and polymer [30,59,60] only
occurs at high temperatures (above 200 ◦C, and reaching up to 600 ◦C, to attain the total
degradation of the drug).

3.2. Drug Release Evaluation

The drug release profiles from the polymeric matrix of the filaments in simulated
gastric (pH = 1.2, acidic medium) and intestinal (pH = 7.2, basic medium) fluids are
presented in Figure 10. It is possible to observe the kinetics of the average concentration of
Amlodipine available in the acidic environment, which in the first few minutes of the trials
displayed an exponential behavior for both E100/Aml(−) and E100/Aml(+) filaments.
The low variability of the concentrations observed at each evaluated time indicates the
homogeneous and reproducible distribution of the drug in the bulk of the filaments since
the average concentration was obtained for independent samples of each E100/Aml system.

 

Figure 10. In vitro release kinetics of Amlodipine in acidic (pH = 1.2) and basic (pH = 7.2) media
from the polymeric matrix of the E100/Aml(−) and E100/Aml(+) filaments.

The drug concentrations released into the medium as a function of time assumed an
asymptotic behavior (saturation value) around 30 min after the tests were initiated for both
hybrid filaments, achieving saturation concentrations of 1.38 μg/mL and 2.81 μg/mL for
the E100/Aml(−) and E100/Aml(+) filaments, respectively.
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These characteristics are typical of the E100 copolymer supplied by the manufacturer
and confirm that the pH-dependent solubility of the polymer is maintained for usage as
a pH-responsive 3D printing filament. When the Eudragit® E100 solid matrix containing
Amlodipine is placed in contact with the simulated acid fluid, the superficial radial layers
of the filament are hydrated, and the copolymer chains in this region are relaxed and
then dismantled, releasing the drug into the medium via an erosion mechanism of the
polymer matrix. This release mechanism is established rapidly from the surface to the core
of the filament until all the previously encapsulated drugs are available in the solution. In
addition, the rapid-release profile of Amlodipine in the acidic medium was successfully
modeled using the Weibull function (with solid lines following the experimental data in
Figure 8) for the case of drug diffusion from cylindrical matrices [61,62]:

Ct

C∞
= 1 − exp

(
−atb

)
. (1)

In this expression, Ct is the available concentration of the drug at time t; C∞ is the
asymptotic concentration of the drug; a is the time scale factor; and b is the parameter
representing the degree of kinetics release. The modeling allowed a value of b = 1 for
both E100/Aml(−) and E100/Aml(+) samples to be estimated, which is quantitatively in
accordance with the exponential kinetics of the drug release pattern found. The combi-
nation of these results indicates that the E100/Aml filaments provide the rapid release of
Amlodipine, with reproducibility and a typical diffusive characteristic.

On the other hand, a negligible concentration of the drug available in the basic medium
was observed throughout the analyzed time interval, indicating that the E100 matrix acted
as a barrier device to minimize the drug’s contact with the external medium.

The application of E100/Aml filaments in FDM 3D printing was exemplified by
printing a model part of one typical pharmaceutical form previously designed in CAD
software (https://www.autodesk.com/hk/solutions/3d-cad-software, accessed on 20
October 2024) (Figure 11).

Figure 11. (a) CAD project of a 3D model part with a cylindrical shape and a photo image of the
corresponding pharmaceutical form, produced from E100/Aml filaments; (b) CAD design and SEM
image of the lateral surface of the part; (c) design of the part inner circular section and SEM image of
the printed material; and (d) interior of the printed part seen from section α.
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As mentioned in Section 2.8 (FDM 3D printing), the fabricated filaments were used
with a commercial direct drive 3D printer to create a volumic shape as proof of concept.
One part, with cylindrical geometry (Figure 11a), was previously subdivided into 24 layers
(details in Figure 11b) using the slicer software. A grid type with internal filling was used
(layers with parallel filling lines, perpendicular to the parallel filling lines of the subsequent
layer—see details of the CAD project of the internal region of the part in Figure 11b,c), with
a filling factor of 20%. The extrusion temperature of 145 ◦C was suitable so that the printing
process could take place on the flat working surface of the printer. The total printing time
of the part was 5 min and 24 s.

Figure 11b shows an SEM image of the lateral surface of the printed pharmaceutical
form. It is possible to observe in detail the overlapping layers of E100/Aml material in
the cylindrical geometry. SEM images in Figure 11c,d detail, in that order, the normal
and parallel cross-sections (relative to the z-axis) of the three-dimensional printed part,
demonstrating the high execution level of the printing procedure, even considering the
small dimensions of the designed geometry. In this sense, given the characteristics observed
for the polymer/drug filament, the filling level of the part obtained with them is an
important factor to consider when determining the amount of drug available for parts with
the same external dimensions.

As previously explained, although the importance of the E100 polymer in the phar-
maceutical industry is recognized, a limited number of studies on the development of
3D printing filaments from E100 polymer are found in the literature [21,24]. The acrylic
nature of the polymer, with brittle and sticky aspects, makes it difficult to obtain filaments
with adequate flexibility for their workability in FDM 3D printers (given their extruded
cylindrical geometric shape with millimeter diameters).

Cardoso and his collaborators [21] developed FDM 3D printing filaments of this
copolymer containing hesperidin, which is a flavonoid extracted from citrus fruits. The
authors highlighted the difficulties in optimizing filament extrusion process parameters.
One of the actions involved was adapting the design of a commercial mini-extruder machine
so that the mixture between the drug and polymer would be uniform in the heated reservoir
of the device and so that the extruded filaments would not display surface defects and
possess a constant diameter. The filaments were produced at a temperature of 130 ◦C and
were then used to print cylindrical three-dimensional parts, 10 mm in diameter and 3 mm in
height, with a grid-type infill pattern (60% infill), using a printing temperature equal to that
of the filament production. The results of microstructural and thermal characterization and
in vitro drug release tests demonstrated the feasibility of the materials for the production
of customized pharmaceutical forms of the drug.

In the work by Choudhury et al. [24] E100 FDM 3D printing filaments containing the
drug berberine chloride were fabricated and applied to print customized hollow capsules.
The authors cited the difficulty of producing E100 filaments, but they overcame the problem
by using an optimized combination of talc (20% w/w) and triethyl citrate (3.5% w/w) as
additives. Microstructural and thermal analyses showed that the extrusion of the filaments
at 100 ◦C and the printing process of the prototypes at 160 ◦C did not cause the degradation
of either the polymer or drug, therefore preserving the original chemical characteristics of
both materials in the printed parts.

Sadia et al. [63] used fused deposition modeling 3D printing to fabricate pH-soluble
pharmaceutical tablets capable of the immediate release of various model drugs. They
investigated the addition of non-melting fillers to the methacrylic matrix to facilitate
FDM 3D printing and explored the impact of the filler nature, the compatibility with
the gears of the 3D printer, and the polymer/filler ratio on the 3D printing process. The
optimized filaments were based on Eudragit E and TCP (tribasic calcium phosphate).
Following the two thermal fabrication processes, hot melt extrusion and fused deposition
modeling 3D printing and drug contents of 94.22%, 88.53%, 96.51%, and 93.04% of 5-ASA,
captopril, theophylline, and prednisolone, respectively, were added to the filaments. They
concluded that the optimal range of the non-melting component of 20–50% within the
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filament composition enabled the fabrication of well-defined caplets. The level of drug
incorporation was above 94% after the thermal fabrication steps, remaining intact in the
tablets for the cases of theophylline, 5-ASA, and prednisolone, whilst a significant drop in
captopril content was observed.

In comparison with previous results, the present study demonstrated that the pro-
duction of E100 filaments containing the model drug Amlodipine was viable, significantly
contributing to this field of study. The use of the chemical protonation process in the
post-extrusion preparation of the filaments improved their flexibility for use in FDM 3D
printers, eliminating the need for chemical additives and grafting. Potential challenges
for production scalability and/or programmed modification in the release rates of three-
dimensional drug parts produced from these filaments involved the adequate control of
printing parameters such as extruder nozzle diameter, printing speed, geometry, and the
infill rate of these parts.

4. Conclusions

The combination of the mechanical, microstructural, and thermal characterization
results proved appropriate as the hot-melt extrusion process parameters were chosen
for the production of flexible and uniform E100 filaments containing Amlodipine. The
extrusion process was set at 105 ◦C, and one exemplifying three-dimensional parts was
printed at 145 ◦C using the produced filament. The thermal stability of the polymer and
the drug was preserved in the hybrid filaments after two heating and cooling cycles, and
a smaller Z-average size of the drug particles released from the amorphous matrix was
observed (with a reduction from 691.7 nm, as provided by the manufacturer to 332.4 nm
and 284.8 nm 284.8–332.4 nm after their interaction with the polymer and release in the
acidic medium). These observations were important to demonstrate the efficiency of the 3D
printable Amlodipine delivery systems with improved action and the possibility of reusing
the material to produce new filaments.

In vitro release tests showed that the pH-dependent characteristic of the polymer
was preserved in the filaments, with rapid release of the drug occurring only in an acidic
environment. In addition, the saturation of the accumulated drug concentration in the
acidic medium occurred after 30 min of testing. The low variability of the mean drug
concentration values in the acidic medium as a function of time, observed for independent
filament samples, indicates a homogeneous dispersion of Amlodipine in the cylindrical
polymeric matrix in accordance with the results of thermal and microstructural characteri-
zations. The 3D printing of the amorphous solid solution of the drug (which was projected
with customized surface and filling geometry) from these filaments, using a conventional
FDM 3D printer, proved the potential of the technique for the development of new phar-
maceutical forms of Amlodipine, with reproducibility, individualized therapy, controlled
release, and improved drug dissolution.

After the satisfactory results of this initial study, future research will be continued
by the authors, with the objective of studying variations in the drug release profile from
copolymer matrices with different three-dimensional geometries of the same specific surface
area (evaluating simultaneously the reproducibility of the printing process); establishing
a correlation between the fill rate of a polymer/drug part and the concentration of the
available drug; developing E100 filaments with other poorly water-soluble drugs and/or
with broad-spectrum antimicrobial drugs for innovative applications in biotechnology.
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Abstract: Currently, the development of innovative materials for the treatment of various diseases is
highly interesting and effective. Additionally, in recent years, environmental changes, including the
search for a sustainable world, have become the main goal behind developing sustainable and suitable
materials. In this context, this research produced innovative hydrogels that incorporate cellulose
nanocrystals and nanofibres from underutilised fibres from a semiarid region of Brazil; the hydrogels
were loaded with vitamin D to evaluate controlled drug release for the treatment of diverse diseases.
Spectroscopic (FTIR, Raman, UV–VIS), X-ray diffraction, zeta potential and morphology (SEM, TEM)
analyses were used to characterise these hydrogels. In addition, biocompatibility was assessed using a
resazurin assay, and the in vitro kinetic accumulative release of vitamin D was measured. The results
showed that nanocrystals and nanofibres changed the structure and crystallinity of the hydrogels.
In addition, the chemical groups of the hydrogels were red- and blueshifted in the FTIR spectra
when the nanocrystals, nanofibres and vitamin D were incorporated. Moreover, the nanocrystals
and nanofibres were homogeneously spread into the hydrogel when vitamin D was loaded into
the hydrogel matrix. Furthermore, the cytotoxicity was greater than 90%. Additionally, the in vitro
accumulative kinetic data of vitamin D release were robust (close to 40 ng·mL−1), with equilibrium
being reached in the first 30 min. These results confirm the potential of using these hydrogels as
therapeutic biomaterials for diverse diseases and problems in humans, mainly in women, who are
the most harmed by vitamin D deficiency.

Keywords: women’s health; sustainability; social and economic increase; nanomaterial

1. Introduction

Currently, climate change, the rapid growth of the population and animal production,
energy consumption and various other transformations have garnered human research
on diverse frontiers, here with the goal of searching for a more sustainable, economic and
social world. Along these lines, the UN has promoted 17 goals for reaching the sustainable
development of the planet. Among these 17 goals, it is important to highlight some that
are linked to human health: zero hunger and sustainable agriculture, health and wellness,
poor eradication, affordable and clean energy, industry, innovation and infrastructure,
sustainable cities and communities, responsible production and consumption, decent work
and economic growth [1]. Brazil can be characterised as a semiarid region, a poor region
with sparse rain during the year and a climate that is difficult for agriculture. Additionally,
there are unique plant yields that produce a large amount of fibre in the spring, namely
Ceiba speciosa. Ceiba speciosa produces fibre that is underutilised and discharged into the
environment every year; however, this fibre could be modified to produce an innovative
nanomaterial that can have social and economic benefits [2]. Indeed, these nanomaterials
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are incredible materials for diverse areas, such as pharmaceuticals, energy, biomaterials
and agriculture.

These nanomaterials have been highlighted for their use in pharmaceutical products,
such as systems used to transport molecules of therapeutic interest. The nanoparticles that
mediate this transport can be solid materials or stable colloidal suspensions, or they can
be used to transport substances and control their release in cells and tissues because of
their small size (10−9 m) [3]. In this context, different types of nanoparticles have been
produced, including polymeric nanoparticles, which have attracted increasing attention
because of their therapeutic potential and better stability in biological fluids, and magnetic
nanoparticles; these nanoparticles have a wide range of functions, such as hyperthermia
and disease diagnosis, and the application of these nanomaterials is immense, ranging
from agriculture to medical applications [4].

Currently, investments in nanotechnology are enormous, and more than 60 countries
possess national and/or private initiatives aimed at developing nanoscale materials, with
investments exceeding USD 15 billion [5]. This nanotechnology has been applied in diverse
sectors and has improved material properties, reduced costs and improved living standards.
In this context, several studies have been conducted in academic and industrial contexts
to implement this technology in everyday life [5]. Furthermore, because of its range of
applications, nanotechnology presents a multidisciplinary approach because it involves
physics, chemistry, biology, mathematics and engineering [5].

Based on this, investments in different sectors have become promising in nanotechnol-
ogy, and interest in this class of materials has been exponentially increasing [6]. Considering
this, over the past two decades, nanotechnology has played a crucial role in the medical sec-
tor, leading to significant improvements in diagnosis, monitoring, control, prevention and
disease treatment. This intersection between nanotechnology and medicine has resulted
in the rise of an innovative disciplinary field known as nanomedicine. The application
of nanomedicine has had a significant impact on areas such as drug delivery, therapy,
diagnosis and biomaterials [7].

One of the most promising areas of nanomedicine is controlled drug delivery. Nanopar-
ticles can be designed to transport drugs in a targeted and controlled manner to specific
locations in the body, such as tumours. This allows for a gradual and prolonged release
of the medication, increasing its effectiveness and reducing its side effects. Furthermore,
nanoparticles can be functionalised by targeting molecules that bind to specific receptors
on target cells, thereby increasing treatment selectivity [8].

Nanoparticles loaded into hydrogel systems have great potential for minimising
pharmacotherapeutic problems, increasing the therapeutic efficacy of chemotherapeutic
agents and reducing their side effects and toxicity. Furthermore, these systems present
high drug encapsulation efficiency, protecting them against degradation and reducing the
possibility of allergies in patients because of their polymeric coating [9]. In drug release,
these materials and technologies have been used to construct nanodelivery systems [10].

These hydrogels can be synthesised from a variety of polymers, including polyacry-
lates, polyacrylamides, alginates, collagen and gelatine. Each type of polymer has specific
characteristics that determine the properties of the resulting hydrogel, such as its adsorption
capacity, mechanical resistance and biocompatibility [9]. Because of their properties, hydro-
gels have been widely used in various applications, such as wound dressings, controlled
drug release systems and supports for tissue engineering [11]. They are also applied in
cosmetic products, such as moisturising creams and facial masks, because of their ability to
retain moisture and promote skin hydration [12].

In summary, hydrogels are often used as wound dressings because of their ability
to maintain a moist environment and promote healing. They can adsorb wound exu-
date, providing a sterile environment and promoting tissue regeneration [13]. They are
also excellent materials for use in the controlled release of bioactive molecules, such as
medicines or growth factors. The porous structure of hydrogels allows molecules to be
incorporated into their matrix and released gradually over time, providing a sustained
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and controlled release [14]. Ghorbanzadeh et al. [15] developed hydrogels with vitamin D
incorporated within as a way to treat psoriasis, a hard disease that affects the skin. Their
research promoted a nanocarrier for vitamin D, a hydrophobic drug, using chitosan as a
polymeric hydrogel matrix, with promising results for psoriasis treatment. In addition,
these hydrogels have been used in biomedical implants such as contact lenses, intraoc-
ular devices and dermal fillers. Their ability to retain water and their biocompatibility
make them suitable for applications where a soft and flexible material is required [16].
Furthermore, they can be functionalised with specific biomolecules for detecting analytes
or biological markers. These functional hydrogels can be used in biosensors to monitor the
presence or concentration of substances in biological samples [17].

In this analysis, diverse studies on controlled drug release systems are constantly
growing because they aim to improve and prolong the control of drug administration
and avoid uncontrolled use. These hydrogels offer a versatile and effective platform for
controlled drug delivery, providing sustained and controlled release over time [18]. This is
particularly useful for medications that require constant or prolonged dosing to obtain the
desired therapeutic effect [19].

In addition, vitamin D, or cholecalciferol, is a steroid hormone whose main function is
to regulate calcium homeostasis, bone formation and reabsorption through its interaction
with the parathyroid glands, kidneys and intestines, and it can be incorporated into the
hydrogel matrix. However, studies have shown that it is difficult to incorporate this
hormone into hydrogels because of its high hydrophobicity [15]. Moreover, evidence
obtained in the laboratory indicates that vitamin D3 induces a series of extraskeletal
biological responses, including the regulation of skin cell proliferation, effects on the
cardiovascular system, and protection against several autoimmune diseases, multiple
sclerosis, cancer, obesity and chronic intestinal inflammation [20,21].

Vitamin D deficiency can cause a range of health problems, including rickets in
children, osteoporosis in adults and autoimmune diseases. Furthermore, a lack of vitamin
D may also be associated with a greater risk of developing chronic diseases such as diabetes,
cancer and heart disease. Based on this, many people resort to vitamin D supplementation
to ensure adequate levels of vitamin D in the body [22]. Additionally, vitamin D plays a
crucial role in calcium adsorption and bone health [22]. Some studies have also suggested
that vitamin D deficiency may be associated with irregularities in the menstrual cycle, such
as longer or irregular cycles. Vitamin D plays a role in hormonal regulation, and a lack
of vitamin D can negatively affect female hormonal balance [23]. Moreover, vitamin D
plays an important role in female fertility, and vitamin D deficiency may be associated with
ovulation problems and pregnancy difficulties. Furthermore, studies have shown a possible
link between vitamin D deficiency and reduced success rates in assisted fertility treatments;
for example, research has indicated that vitamin D deficiency is linked to the development
and worsening of polycystic ovarian syndrome [24]. Furthermore, a deficiency of this
steroid hormone has been linked to an increased risk of ovarian cancer, with reduced
vitamin D levels being observed in ovarian cancer patients [25].

Thus, considering how critical it is to produce innovative materials for sustainable
development—mainly in the area of new materials for controlled drug release with the
potential for tissue regeneration—and for promoting poor Brazilian regions, the present
research synthesised new nanocrystals and nanofibres from underutilised fibres from a
semiarid region of Brazil and incorporated them into a hydrogel matrix modified with
vitamin D3 for use in controlled drug delivery systems. These hydrogels were intensively
characterised using different techniques. Biological analyses, including in vitro accumula-
tive kinetic drug release, were subsequently performed to determine the biocompatibility
and potential of the novel controlled drug delivery system. Similar systems have been
developed in the literature [6,10,12,15,16], but to the best of the authors’ knowledge, no
systems using nanocellulose with different morphologies of this fibre from the Brazilian
region that successfully incorporated vitamin D3, a common hormone with a hydrophobic
character, have been evaluated. Thus, this is the first time that these systems have been pro-
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posed and evaluated for their high potential as drug delivery systems in diverse treatments
where a lack of vitamin D is a major problem.

2. Materials and Methods

2.1. Materials

Sodium salt of carboxymethyl cellulose (CMC) (≥99.5%, Synth, Brazil, DS = 0.7,
Mw = 250,000 g·mol−1), citric acid (C6H8O7, ≥99.5%, Synth, Brazil), sodium hydroxide
(Neon, Brazil, ≥99%, NaOH), (CH3)2CHOH), acetic acid (Synth, Brazil, 99.8%,
MM = 60.05 g·mol−1, CH3CO2H), hydrochloric acid (Neon, Brazil, 36.5–38.0%, HCl), sulfu-
ric acid (Synth, Brazil, 99.8%, H2SO4) and sodium chlorate (Synth, Brazil, 99.9%, NaCl) were
used. Deionised water (DI water) (Millipore Simplicity™, Merck, Darmstadt,
Germany) with a resistivity of 18 MΩ·cm was used. Fibres from Ceiba speciosa (a typical
plant of the semiarid/Brazilian Cerrado) were used as feedstocks to produce nanocrystals
and nanofibres (CNCs). The fibre collected from Ceiba speciosa was the ‘seed hair’ that
spreads throughout the seeds in the spring in Brazil. The fibres were collected in the
northern region of Minas Gerais (a semiarid region), Brazil, in the municipality of Janaúba
at 15◦48′10′′ S 43◦18′32′′ O during the spring (a unique time at which the fibres appeared).
Cholecalciferol 50,000 UI (50,000 ng·mL−1) from Myralis pharmaceutics (Brazil) was used.

2.2. Carboxymethyl Cellulose Hydrogel Conjugation with Cellulose Nanocrystals and Vitamin D3

The hydrogel was produced using sodium salt carboxymethyl cellulose (CMC) and cit-
ric acid (AC); this was done by incorporating cellulose nanocrystals and nanofibres (CNCs)
extracted from Ceiba speciosa via two different chemical routes, as described in our previous
research [2], and using cholecalciferol (vitamin D3) for controlled drug delivery. First, 2%
CMC was dissolved in deionised water for 24 h under moderate stirring (CMC_CNC solu-
tion). Then, 1 mL of CNCs was added to the CMC solution and left under moderate stirring
for 24 h to homogenise the system. Subsequently, 100,000 UI of cholecalciferol (vitamin
D3) was added to the CMC_CNC solution and left for 48 h under moderate stirring for full
homogenisation. Then, 10% (m/m of polymer) of citric acid was added to the solution and
left under moderate stirring for 20 min. Finally, the solution was put into a polystyrene
Petri dish and placed in an oven at 40 ◦C for 24 h to remove the water. The temperature
was increased to 80 ◦C for cross-linking among the citric acid and CMC chains, producing
the hydrogel. The procedure was performed on both types of CNCs extracted by diverse
chemical routes in the same way.

2.3. Carboxymethyl Cellulose Hydrogel Conjugated with CNCs and Vitamin D3 Characterisation

The hydrogels were characterised by Fourier transform infrared spectroscopy (FTIR)
on a Nicolet 6700 device (Thermo Fisher, Waltham, MA, USA), with attenuated total
reflectance (ATR) in the wavelength range of 675 to 4000 cm−1 and 48 scans. Additionally,
SEM analysis was used to characterise the hydrogels. Images were recorded on a Zeiss
Ultra Plus system with accelerating voltages of 2–6 kV at a working distance of 4–5 mm
and an in-lens detector. EDX spectra were acquired at 15 kV on an Oxford Inca EDX
detector. Transmission electron microscopy (TEM) analysis was performed using an FEI
Titan G2 80-300FEG S/TEM instrument with a Schottky-type electron gun operated at
300 kV and a Bruker XFlash 6T-30 detector (resolution: 129 eV). In addition, X-ray diffraction
(XRD) analysis was carried out using a PANalytical Empyrean (UK) diffractometer (Cu-Kα
radiation with λ = 1.5418◦ Å). Measurements were performed in the 2θ range from 15.0021
to 69.9941◦ with steps of 0.04◦ at 2 ◦C/min. Moreover, the absorbance wavelength was
determined by ultraviolet visible spectroscopy with a BEL UV-Visible spectrometer (BEL
UV-MX, Italy) in the range of 190 to 800 nm.

To determine the physiological adsorption in tissue and the kinetic dissolution of
the hydrogel, the swelling (SD) and gel fraction (GF) procedures were used. Then, all
hydrogels were then put into a phosphate-buffered saline (PBS) solution (pH = 7.0). The
kinetic intervals were 1, 2, 3, 4, 6, 8, 24 and 48 h to reach equilibrium for both procedures.
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Altogether, 14 samples were used for each system (n = 14, with 7 samples in two different
syntheses). The results were statistically equivalent (ANOVA, one-way included Tukey’s
test, p < 0.05, software Origin v.8.1, OriginLab Corporation, Northampton, MA, USA).

2.4. Biological Analyses of Carboxymethyl Cellulose Hydrogels Conjugated with CNCs and
Vitamin D3
2.4.1. Cell Culture

Human dermofibroblast (HDF) cells were used as a cell line to evaluate drug delivery
in tissue regeneration. The cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% (v/v) foetal bovine serum (FBS), streptomycin sulphate
(10 mg/mL), sodium penicillin G (10 units/mL) and amphotericin-b (0.025 mg/mL), all of
which were supplied by Gibco BRL (New York, NY, USA), in an oven with 5% CO2 and at
a temperature of 37 ◦C.

2.4.2. Cell Viability Assay with Resazurin

HDFs were trypsinised and plated (3 × 104 cells/well) in 24-well plates. As a reference
control, cells plus culture medium (DMEM + 10% SFB) were used, and as a positive control,
Triton X-100 (2% v/v in phosphate-buffered saline) and PBS (Gibco BRL, New York, NY,
USA) were used. A total of 500 μL of hydrogel was added to each well, and the culture
medium was added. After 24 h of treatment, the medium was aspirated and replaced with
culture medium (DMEM + 10% SFB) supplemented with 10% resazurin solution in PBS at
a proportion of 5%, then incubated for 3 h in an oven with 5% CO2 at 37 ◦C. Then, 100 μL
of this solution was transferred to a flat 96-well plate and subjected to spectrophotometric
analysis at wavelengths of 530 nm and 590 nm using Varioskan equipment (Thermo Fisher).
The cell viability was measured using Equation (1).

Cell viability (%) = (Abs o f sample and cells/Abs o f control)× 100 (1)

Additionally, LIVE/DEAD® Viability/Cytotoxicity was used. The HDF cells at pas-
sages 13 and 8 were synchronised in serum-free medium for 24 h. Sequentially, the cells
were trypsinised, seeded (3 × 105 cells/well) on hydrogels (1 mg of hydrogel and 200 μL
of medium, w/v) and placed in a 96-well plate. The reference controls were cultured in
DMEM supplemented with 10% FBS. Subsequently, all the media were aspirated, and
the cells were washed twice with 10 mL of PBS (Gibco BRL, NY, USA). The cells were
treated with the LIVE/DEAD® kit (Life Technologies of Brazil Ltd., São Paulo, Brazil) for
30 min according to the manufacturer’s specifications. Images of fluorescent emissions
were acquired with an inverted optical microscope (Leica DMIL LED, Wetzlar, Germany)
and revealed calcein at 530 ± 12 nm and EthD-1 (ethidium homodimer-1) at 645 ± 20 nm.

2.5. In Vitro Accumulative Kinetic Drug Delivery in Carboxymethyl Cellulose Hydrogels
Conjugated with CNCs and Vitamin D3

Kinetic experiments were performed to determine the time to equilibrium for vitamin
D3 delivery in tissue. The accumulative kinetics of drug delivery were determined in
triplicate at 37.0 ± 0.1 ◦C in ethanol (pH 7.4). Hydrogels with an area of 1 cm2 were placed
inside a plastic basket immersed in 15 mL of ethanol under magnetic stirring, and drug
release was monitored for 96 h (n = 3). At each time interval, 1 mL of ethanol medium was
collected and analysed by UV-VIS to determine the vitamin D3 concentration based on the
Beer–Lambert correlation curve (λ = 246 nm).

3. Results and Discussion

3.1. Visual Characterisation of Hydrogels

A visual qualitative evaluation was performed on the hydrogels with incorporated
nanocrystals and nanofibres. In this analysis, complete solubilisation of carboxymethylcel-
lulose occurred, as characterised by the clear and transparent appearance of the hydrogels
(Figure 1A). After the hydrogels were dried, a smooth, homogeneous and transparent
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hydrogel was observed (Figure 1). In the case of hydrogels with vitamin D, a more flexible
film was observed, which was also translucent and homogeneous (Figure 1B). This can be
justified by the fact that vitamin D also cross-linked the hydrogel, enabling greater elasticity
of the hydrogel, although future mechanical analysis is necessary to evaluate this elasticity.

Figure 1. (A) Carboxymethyl cellulose hydrogel with CNCs without vitamin D3 and (B) car-
boxymethyl cellulose hydrogel with CNCs and vitamin D.

3.2. Spectroscopy Analyses

In our previous research [2], the FTIR spectra of pure Ceiba speciosa showed bands at
3100 cm−1, 2982 cm−1, 1282 cm−1 and 1109 cm−1 related to OH, -C-H, -CH2 stretching,
-C-O-C and -C-H vibrations, respectively, associated with cellulose chemical groups [2,26,27].
In the case of the CNCs obtained by two different chemical routes, slight differences were
detected at 3010 cm−1, 2975 cm−1, 2987 cm−1, 1382 cm−1, 1119 or 1109 cm−1 and 898 cm−1,
associated with -OH, -C-H, -CH2 stretching, -C-O-C and -C-H vibrations, respectively [2];
for example, the disappearance of hydroxyl groups may be caused by the formation of acid
sulphate (O-SO3H) groups in the hydrolysis step [2,28]. This formation should help with
the incorporation of vitamin D because it may provide a more hydrophobic character to
the hydrogel [29].

Additionally, in the CMC, bands related to OH groups at 3100–3300 cm−1 were ob-
served. Moreover, for all hydrogels (CMC_AC, CMC_CNC_H2SO4, CMC_CNC_H2SO4/HCl,
CMC_CNC_H2SO4_D, and CMC_CNC_H2SO4/HCl_D), this band increased in intensity
compared with that of pure CMC because of the interaction between citric acid and CMC
(Figure 2). Moreover, in the case of hydrogels with vitamin D (CMC_CNC_H2SO4_D,
CMC_CNC_H2SO4/HCl_D), a slight increase was observed, probably because of the in-
corporation of vitamin D (Figure 2 inset) [2,30]. Furthermore, the intensity of the band
at 2916 cm−1 decreased for hydrogels with vitamin D and almost disappeared, probably
because of the incorporation of vitamin D [30,31]. In addition, bands at 1651 and 1719 cm−1

related to C=O groups were more intense in hydrogels with vitamin D associated with
fatty acids [31]. The band related to the (-N+ (CH2)3) group of vitamin D at 1060 cm−1 was
blueshifted in the hydrogels (CMC_CNC_H2SO4_D, CMC_CNC_H2SO4/HCl_D) [32,33].

UV-VIS spectroscopic analysis was performed for both CNCs in our previous re-
search [2], which showed that bands at 230 and 280 nm were linked with cellulose I and
n–π* (surface functional groups), which are associated with the C=C, carbonyl and hy-
droxyl groups in CNC structures [2,34]. For the hydrogels (CMC-AC, CMC-CNC-H2SO4,
CMC-CNC-H2SO4/HCl, CMC-CNC-H2SO4/D, CMC-CNC-H2SO4/D and CMC-CNC-
H2SO4/HCl/D), the same bands were observed but with slight differences in intensity
(Figure 3), mainly in the band at 280 nm, which was more intense for the hydrogels with vi-
tamin D; this is probably associated with chromophores in the chemical structure of vitamin
D. Additionally, the opacity of all the hydrogels was calculated based on Equation (2) to
evaluate the passage of light through the hydrogels, which can affect the chemical structure
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of vitamin D in the presence of sunlight [34,35]. The values of transparency found based
on Equation (2) for all hydrogels were very close: 80 ± 1%, 81 ± 1%, 78 ± 1%, 79 ± 1% and
74 ± 1% for CMC-AC, CMC-CNC-H2SO4, CMC-CNC-H2SO4/HCl, CMC-CNC-H2SO4/D
and CMC-CNC-H2SO4/HCl-D, respectively. These results indicate good transparency for
the passage of sunlight through hydrogels for skin applications.

Figure 2. FTIR spectra of the (a) CMC, (b) CMC-AC, (c) CMC-CNC-H2SO4, (d) CMC-
CNC_H2SO4/HCl, (e) CMC-CNC-H2SO4/D and (f) CMC-CNC-H2SO4/HCl/D hydrogels (inset,
schematic of the chemical linkage in the hydrogel with vitamin D).

Transparency (%) = log (%T600)/x (2)

here, %T600 is the percentage of transmittance of light at 600 nm and x is the thickness of
the hydrogel [36].

3.3. Microscopy Analysis

SEM analyses were performed on the CNCs and all the hydrogels (CMC, CMC-
AC, CMC-CNC-H2SO4, CMC-CNC-H2SO4/HCl, CMC-CNC-H2SO4/D and CMC-CNC-
H2SO4/HCl/D). In the case of the CNCs, as previously shown in our research [2], SEM
images did not reveal the real morphology of the CNCs, and TEM analysis was sub-
sequently performed, which revealed that the presence of nanocrystals and nanofibres
depended on the chemical route used (Figure 4G,H). The SEM images of the hydrogels
revealed a homogenous hydrogel (Figure 4), even though slight differences were detected
between the hydrogels with citric acid (Figure 4B) and those with CNCs (Figure 4C,D). In
the hydrogel with citric acid (chemical cross-link) (Figure 4B), some roughness was not
detected in the hydrogel with pure CMC (Figure 4A); this morphology is likely because of
the cross-linking process performed with citric acid, which slowly evaporates (48 h). In the
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hydrogels with nanocrystals (Figure 4C) and nanofibres (Figure 4D), slight differences in
morphological agglomeration with different colours were observed between the two hydro-
gels, which may be caused by the clustering of nanocrystals and nanofibres in the hydrogel
during cross-linking. Additionally, TEM images of the nanocrystals and nanofibres showed
that, in the case of the CNCs produced by the chemical route using H2SO4, the nanocrystals
were similar to those reported in the literature (Figure 4H), but in the case of the chemical
route with the introduction of HCl, nanofibres were predominant (Figure 4I). Moreover, in
the hydrogels with vitamin D3 (Figure 4E,F), no difference was observed, indicating that
vitamin incorporation promoted a more homogeneous spread of CNCs, independent of the
type of morphology.

Figure 3. UV-VIS spectra of the (a) CMC-CNC-H2SO4/HCl, (b) CMC-CNC-H2SO4/HCl/D, (c) CMC-
AC, (d) CMC-CNC-H2SO4 and (e) CMC-CNC-H2SO4/D hydrogels.
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3.4. XRD Analysis of Hydrogels Loaded with Nanocrystals and Nanofibres Modified with
Vitamin D

An XRD analysis of the CNCs revealed peaks at 15◦, 17◦ and 34.3◦ (Figure 5), which
were associated with cellulose I [2,39,40], and a prominent peak at 22.6◦ linked to the
pattern (0 0 2) [2,40–42]. Additionally, the sizes found according to Equation (3) were
10 nm and 20 nm for CNC_H2SO4 and CNC_H2SO4/HCl, respectively, which were very
close to the sizes determined via TEM analysis. Moreover, the crystallinity based on the
total area and the amorphous area was determined, and the values were 81% and 77% for
CNC_H2SO4 and CNC_H2SO4/HCl, respectively.

Crystallinity (%) = (crystalline area/total area)× 100 (3)

Figure 5. XRD diffractograms of the (a) CMC, (b) CMC-AC, (c) CMC-CNC-H2SO4/HCl, (d) CMC-
CNC-H2SO4, (e) CMC-CNC-H2SO4/HCl/D and (f) CMC-CNC-H2SO4/D hydrogels.

A slight difference was detected between the hydrogels containing vitamin D and
the other hydrogels (Figure 5). In these hydrogels, a slight amorphisation process was
observed, mainly in the samples with CNCs extracted with H2SO4 and HCl because a
small shift in the peaks associated with cellulose in the nanocrystals (CNC_H2SO4) and
nanofibres (CNC_H2SO4/HCl) was observed, probably because of the incorporation of
vitamin D, which promoted a decrease in the crystallinity of the hydrogels. Moreover, a
peak at 44◦ was observed, which was attributed to the NaOH that remained in the CNCs
after extraction, even after dialysis. This accumulation in hydrogels with vitamin D was
expected considering the visual analysis described in Section 3.1, where greater elasticity
was visualised in these hydrogels than in the other hydrogels. However, as mentioned
before, future mechanical analyses should be performed.
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3.5. Swelling and Gel Fraction of Hydrogels Loaded with Nanocrystals and Nanofibres Modified
with Vitamin D

An important parameter for biomaterials is physiological fluid adsorption and degra-
dation/dissolution in the physiological environment. Thus, swelling (SD) and GF (solvent
dissolution) tests were performed on the hydrogels. The results are presented in Figure 6. In
the case of GF, the behaviours of the hydrogels without vitamin D were very similar, show-
ing good chemical stability when compared with the hydrogels in the literature [43–45].
In the case of hydrogels with vitamin D, greater swelling was observed, mainly in the
hydrogels with nanofibres (CMC-CNC-H2SO4/HCl/D), probably because of the presence
of CNCs with a nanofibre morphology, which may enhance the entanglement of vitamin D3
and promote faster fluid release compared to the other hydrogels (CMC-CNC-H2SO4/D).
However, the dissolution of fluid in the medium indicated by GF was greater after the first
few hours, which may be a good indicator of the controlled release of the drug.

Figure 6. Cont.
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Figure 6. (A) Swelling of hydrogels (a) CMC-CNC-H2SO4, (b) CMC-CNC-H2SO4/HCl, (c) CMC-
CNC-H2SO4/D and (d) CMC-CNC-H2SO4/HCl/D. (B) Photography of hydrogels with vitamin
D (a) before swelling, (b) after swelling and (c) after gel fraction. (C) Gel fractions of hydrogels
(a) CMC-CNC-H2SO4, (b) CMC-CNC-H2SO4/HCl, (c) CMC-CNC-H2SO4/D and (d) CMC-CNC-
H2SO4/HCl/D.

3.6. In Vitro Kinetic Studies of Vitamin D Release

Vitamin D3—or cholecalciferol—is a precursor of the steroid calcitriol, a regulator of
calcium and phosphate metabolism in the body. This prohormone is soluble in lipids and
plays a fundamental role in the development of bone tissue, skeletal muscles and several
other areas of the body [46]. A lack of vitamin D in the body causes several problems,
including low bone density, bone fractures, osteopenia, osteoporosis and muscle injuries,
and some studies have indicated infertility problems in women [47]. Furthermore, studies
have indicated that vitamin D has anti-inflammatory effects on immune system cells and
can affect several processes [46–48]. These anti-inflammatory effects have been linked to
the regulation of proinflammatory cytokines. Additionally, the skin has been shown to
play an important role in the modification of 7-dehydrocholesterol in cholecalciferol when
exposed to ultraviolet radiation [49]. Furthermore, studies have proposed a strong role
for vitamin D3 in protecting against colon and breast cancer, diabetes and other health
problems [15].

In this context, promoting biomaterials to control vitamin D3 release is a great idea for
diverse biomedical applications. Thus, one of the main proposals of the present research
was to evaluate the potential of incorporating CNCs and vitamin D3 into hydrogels pro-
duced from carboxymethyl cellulose and citric acid via a friendlier chemical route using a
raw material from a semiarid region in Brazil. For this purpose, hydrogels with innovative
cellulose nanocrystals and nanofibres conjugated with vitamin D3 were evaluated for their
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in vitro kinetics of vitamin D3 release, determining the cumulative amount of vitamin D3
released over time, here using 96 h of analysis (Figure 7).

Figure 7. (A) Kinetics of vitamin D3 release in vitro over time in (a) CMC-CNC-H2SO4/D and
(b) CMC-CNC-H2SO4/HCl/D hydrogels; (B) cumulative vitamin D released at 48, 72 and 96 h in
both hydrogels with vitamin D (CMC-CNC-H2SO4/D and CMC-CNC-H2SO4/HCl/D) (inset shows
the vitamin D3 release from the two hydrogels in the first 30 min).

The results of vitamin D3 release showed a great discharge in the first 30 min, but
there was a slight difference between the two hydrogels (inset Figure 7). Additionally,
these releases reached nearly 40 ng·mL−1 of vitamin D3 accumulated in the medium, a
value slightly higher than that recommended by the National Institutes of Health (NIH)
(≥20 ng·mL−1) but lower than an excess daily intake of the vitamin (>50 ng·mL−1) [50].
Moreover, the release of vitamin D3 from the CMC_CNC_H2SO4/HCl_D hydrogel was
greater than that from the CMC_CNC_H2SO4_D hydrogel and occurred faster in the
first 15 min (Figure 7 inset). Most research [45–50] has shown slower vitamin D release,
over a period close to 2 days, at which point the release equilibrium of the vitamin is
reached. Although hydrogels are not suitable for conjugation with hydrophobic drugs,
as is the case for vitamin D [48,51], the present research showed strong results because
the release of vitamin D reached its equilibrium in hours, not days, and the daily value
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of equilibrium approached that recommended by the NIH. Additionally, there was a
slight difference between the hydrogels (38.0 ± 0.5 ng·mL−1 and 39.0 ± 0.5 ng·mL−1

for CMC-CNC-H2SO4/D and CMC-CNC-H2SO4/HCl/D, respectively), even though the
equilibrium results were very close. This slight difference in vitamin release may be related
to the CNC morphology in the hydrogel with nanofibres (CMC-CNC-H2SO4/HCl/D),
which promoted better vitamin D release.

3.7. Cytotoxicity Evaluation of Hydrogels Loaded with Nanocrystals and Nanofibres Modified with
Vitamin D

In our previous research [2], it was shown that different concentrations of CNCs were
nontoxic when the nanocrystals and nanofibres were formed via two chemical routes.
However, because the present research focused on hydrogels loaded with nanocrystals
and nanofibres modified with vitamin D, it was important to evaluate the cytotoxicity of
the hydrogels. Therefore, for this evaluation, HDF cells were used. As described above,
vitamin D is crucial to the health of many organs in the body, including effects on fertility
and some cancers that affect reproductive organs in women [21,24,25,46–48,52].

Various studies have indicated that hydrogels have promising features, such as me-
chanical performance, biodegradability, chemical stability and tissue compatibility [53],
most of which are associated with their polymeric matrices, which can also improve drug
delivery linked with physiochemical characteristics, allowing for better controlled release
and pharmacokinetic behaviour in biomedical areas [53,54]. In the current study, the cel-
lular viability of hydrogels with and without vitamin D3 was assessed using an assay
with resazurin and LIVE/DEAD in HDFs to evaluate the cytotoxicity of the nanomate-
rial (Figure 8). Figure 8G shows that the positive control performed with Triton X-100 (a
nonionic surfactant for cell lysis) was the only one that showed a significant difference
when compared with the reference control. All hydrogels, when in contact with HDFs, did
not show toxicity when compared with the control group. Furthermore, the incorporation
of CNCs and vitamin D3 into the hydrogel matrix did not cause toxicity, as indicated by
the LIVE/DEAD ratio and cell viability, indicating that these hydrogels can be used for
controlled drug release applications.

(A)

(B)

Figure 8. Cont.
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(C)

(D)

(E)

(F)

(G)

Figure 8. (A) Micrographs and LIVE/DEAD® assays of HDFs after 168 h of incubation (live cells
(green) and dead cells (red) in the control group at 200× magnification) with (A) CMC, (B) CMC-AC,
(C) CMC-CNC-H2SO4, (D) CMC-CNC-H2SO4/HCl, (E) CMC-CNC-H2SO4/D and (F) CMC-CNC-
H2SO4/HCl/D. (G) Histogram of the viability of HDFs in the presence of all hydrogels and in the
control groups.
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4. Conclusions

The present research described the production of new CMC hydrogels with the incor-
poration of different CNCs (nanocrystals and nanofibres) obtained from a new Brazilian
semiarid biomass source and loaded with vitamin D3 for controlled drug release. These
innovative hydrogels produced with the incorporation of CNCs from Ceiba speciosa fibres
are a potential sustainable alternative for improving the semiarid Brazilian region both
socially and economically; thus, they can promote poverty eradication, zero hunger and
sustainable agriculture in this area. Additionally, the results for these hydrogels showed
that the different physiochemical characteristics and morphologies of the CNCs changed
the vitamin D3 release performance. Moreover, the swelling and GF behaviour of the hy-
drogels treated with vitamin D3 differed, probably because of the incorporation of vitamin
D3, as shown by spectroscopy analysis. Furthermore, no differences in cytotoxicity were
detected, indicating the high potential of applying these hydrogels for controlled vitamin
D3 release in diverse biomedical applications.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/pr12071437/s1. Figure S1: Calibration curve of vitamin D3.
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Abstract: Nanodiamonds (ND-COOH) are used as drug delivery systems because of their attractive
properties, as they allow for optimized transport of therapeutic agents in cellular models. Metformin
(MET) is a drug used in diabetes mellitus therapy and exhibits anti-cancer properties. In this
study, dispersed nanodiamonds were functionalized with metformin by directly binding them to
1,6-hexanediol (ND-MET), and their effects on the cytotoxicity of breast and ovarian cancer cells
were evaluated in vitro. A simple synthesis of ND-MET was performed and characterized using
FT-IR, XPS, Boehm titration, RAMAN, XDR, TEM, and dynamic light scattering (DLS). Data showed
an increased intensity of the C-N bond band, indicating the presence of metformin in ND-MET.
We detected signals at 1427 cm−1 and 1288 cm−1 corresponding to the C-N and C-H bonds, and
adsorptions at 1061 cm−1 and 3208 cm−1 corresponding to the N-O and N-H bonds, respectively.
The deconvolution of the C1s binding energy was also found at 286.24 eV. The biological effects of
ND-MET were tested in both SKOV3 ovarian cancer and Hs-578T and MDA-MB-231 triple-negative
breast cancer cell lines. In SKOV3 cells, the IC50 for the ND-MET complex was 35 ± 14 μg/mL, while
for Hs-578T and MDA-MB-231 breast cancer cells, the IC50 for ND-MET was 759 ± 44 μg/mL and
454 ± 49 μg/mL, respectively. Our data showed that ND-MET could be used as an intracellular
delivery system for metformin in cancer cells. Cell viability assays evidenced a reduced viability of
all cell lines in a time and dose-dependent manner, with a significant sensitivity observed in SKOV3
ovarian cancer cells treated with ND-MET.

Keywords: nanodiamonds; biguanide; functionalization; ovarian cancer; breast cancer

1. Introduction

Nanodiamonds (ND-COOH) are extensively used as drug delivery systems. Due
to their chemical and physical surface properties, nanodiamonds allow for optimized
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delivery of various therapeutic agents [1–4], and can diffuse within cells due to their
lipophilicity [5–7]. In addition, longer drug retention has been observed when associated
with nanodiamonds compared to the drug alone. Since metformin (MET) can be conjugated
via ionic bonds, covalent bonds, or physical adsorption to the nanodiamond, it is possible
to have a prolonged and controlled pH-mediated release. This conjugation minimizes
anti-cancer drug side effects and maximizes delivery efficiency [8].

MET is a drug used in treating type II diabetes since it inhibits gluconeogenesis [9], and
also seems to exert a cytotoxic effect on cancer cells. Its potential use in anti-cancer processes
is currently being investigated [10–16]. The effect of MET on primary breast cancer cells
(PBCC) has been studied, and assays show a dose-dependent reduction of viability and
proliferation in ER+, PR+, and HER2- type cancers. MET, at an effective dose (25 mM,
24 h), can inhibit tumor cell proliferation and metastasis by modulating the expression of
metalloproteinases MMP-2 and MMP-9, and interfering with NF-kB protein signaling in
PBCC [17]. Also, MET has been delivered to graphene oxide nanoparticles, loaded with
hyaluronic acid (HA-GO-MET), and targeted to both CD44 receptors and overexpressing
cancer cells, with MET as the therapeutic agent and hyaluronic acid (HA) as the active
targeting system. Results indicated an inhibition of cell migration of MDA-MB-231, a triple-
negative breast cancer (TNBC) line, when treated with significantly lower doses of HA-GO-
MET (20 μg/mL) compared to metformin alone (300 μg/mL); it attained 50% viability. The
GO-MET system evaluated at a 50 μg/mL dose, and showed no significant inhibition in
cell viability [18].

MET requires high doses to inhibit cancer cell growth depending on the type and
subtype of cell line [19], the metformin derivative [12], and the duration of treatment being
evaluated. For example, the IC50 at 48 h of MET treatment for SKOV3 was 14.92 mM [16],
and for Hs578t and MDA-MB-231, it was 16.3 mM and 51.4 mM, respectively [19]. This
high dose is a disadvantage; however, it can be overcome using efficient drug delivery
systems that selectively transport MET to the target cells [20]. Therefore, functionalizing
nanodiamonds with MET is an interesting way to evaluate their effect on cancer cell
lines [21,22].

Since we are interested in the search for a compound that can serve as a treatment
against tumor cells, we decided to work with two types of cancer that are difficult to treat
because they present resistance to conventional therapies. We looked at triple-negative
breast cancer and serous ovarian cancer subtypes. Triple-negative breast cancer is resistant
to hormonal therapies and serious breast cancer to chemical therapies. Considering this,
we chose representative and widely used cell lines to study these tumor subtypes, MDA
and HS (triple negative), and SKOV (serous).

The resistance of tumor cells to specific therapies represents a significant challenge in
cancer treatment. In breast cancer, the subtype that typically exhibits a lower response to
therapies and has a poorer prognosis is triple-negative breast cancer (TNBC) [23]. TNBC is
characterized by the absence of specific molecular markers on the cell surface: estrogen,
progesterone, and HER2/neu receptors. These markers are crucial in targeted therapy
against other breast cancer subtypes. The lack of these receptors in TNBC renders this
type of cancer unresponsive to hormone-targeted therapies, such as tamoxifen, which are
effective in tumors expressing estrogen or progesterone receptors. Moreover, due to the
lack of HER2/neu receptor expression, triple-negative breast cancer does not respond to
HER2-targeted therapies like trastuzumab [24–26].

Consequently, the inefficacy of these specific therapeutic options makes TNBC more
challenging to treat when compared to other subtypes of breast cancer. Hence, we decided
to evaluate nano-compounds’ effects on the viability of TNBC tumor cells (MDA-MB-231
and Hs578t). Additionally, TNBC is highly aggressive, and cell lines of this subtype serve
as excellent models for studying invasion and metastasis processes, making them relevant
models for advanced-stage cancer.

In ovarian cancer (OC), the serous subtype is highly prevalent. It can exhibit high
aggressiveness and be associated with a poor prognosis and reduced responsiveness to
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therapies compared to other OC subtypes. SKOV3 is a cell line derived from serous ovarian
carcinoma. It has been extensively employed as a study model due to its resistance to
certain chemical compounds traditionally used for OC treatment, such as Paclitaxel and
Adriamycin [27,28].

This study evaluated the cytotoxic capacity of nanodiamonds (ND-COOH) modified
with MET in different cancer cell lines. The objective was to verify whether the action of
ND-MET can reduce the amount of MET necessary to induce appreciable biological effects.
Moreover, the functionalization of nanodiamonds with metformin was achieved using a
straightforward method.

2. Materials and Methods

2.1. Regents

Carboxylated nanodiamonds (ND-COOH) monodispersed in water with a concen-
tration of 10 mg mL−1 and a particle size of 5–6 nm were obtained from Sigma-Aldrich
(Milwaukee, WI, USA). 1,6-hexanediol (C6H14O2), N, N-dimethylformamide (DMF), water
(H2O), and sodium hydroxide (NaOH) were obtained from MACRON Fine Chemicals
(Xalostoc, Estado de México, Mexico). Acetone (CH3COCH3) was obtained from Química
Tech SA de CV (MX). Ethanol (EtOH) was obtained from CTR Scientific (MX). Sulfuric
acid (H2SO4) and potassium permanganate (KMnO4) were obtained from Fermont (MX).
Hydrochloric acid (HCl) was obtained from JT Baker (Phillipsburg, NJ, USA), and the
Metformin 850 mg tablet was obtained from the Pisa pharmaceutical company (San Diego,
CA, USA).

2.2. ND-MET Synthesis
2.2.1. Metformin Hydrochloride Extraction (MET*HCl)

Eight metformin tablets, each containing 850 mg, were triturated and added to an Er-
lenmeyer flask with 400 mL of ethanol, forming a suspension, and left in constant agitation
at 25 ◦C for 2 h. It was filtered to separate the solids, then the solution was recovered and
concentrated at a constant pressure until a white crystalline solid was obtained. Metformin
was extracted by the Universidad Autónoma de Chihuahua Department of Chemistry.

2.2.2. Obtention of ND-MET Complex

The functionalization of the nanodiamonds started with a Fisher esterification re-
action using 1,6-hexanediol and ND-COOH in a 1:10 mass ratio. In total, 2 mL of N,
N-dimethylformamide (DMF) and 20 μL of H2SO4 were added. The mixture was placed in
an oil bath at 100 ◦C and stirred for 6 h. It was then cooled to 25 ◦C, centrifuged at 900 rpm,
washed twice with deionized water, and once with acetone. The dispersion was sonicated
between each wash. Then, the solvent was evaporated at 25 ◦C to obtain NDhexa (Figure 1a).
Liu et al. functionalized nanodiamonds with 1,6-hexanediol using SOCl2 to bind them to
biopolymers [29] covalently.

The functionalization of the nanodiamonds was continued with the oxidation of
the primary alcohols from 1,6-hexanediol to obtain the carboxylic functional groups
(-COOH) [30]. A solution of NaOH 1 N was mixed with 100 mg of NDHEXA. After-
ward, a solution of KMnO4 0.17 equivalents relative to 1,6-hexanediol was prepared and
added dropwise to the previous solution in an ice bath, then stirred for 30 min. The ice
bath was removed to stir for 18 h. The pH was adjusted to 3–4 with HCl 0.1 N, centrifuged
at 900 rpm, washed with deionized water with 5 min sonication between each wash, and
dried at 25 ◦C to obtain the NDHEXA-CO2H, as shown in Figure 1b.

MET was linked to NDHEXA-CO2H through a neutralization reaction between the
carboxylic acids group (which has a pKa of 4.75) and the MET’s amino group (pKa of 10.73).
The reaction produces electrostatic interactions between the drug and the nanodiamond,
which allows its transport and easy delivery. For drug binding, 50 mg of NDHEXA-CO2H
was mixed with 50 mg of metformin on agitation for 12 h at 25 ◦C, washed with deionized
water, then dried at room temperature to obtain ND-MET.

65



Processes 2023, 11, 2616

 
Figure 1. Reaction sequence for the synthesis of the ND-MET complex, (a) 1:10 ND-COOH:1,6-
hexanediol, DMF, and H2SO4, (b) 1N NaOH, KMnO4 and HCl, (c) Metformin.

2.3. Characterization

The characterizations of ND-MET complex synthesis were performed by FT-IR, XDR,
XPS, and RAMAN. The particle size and shape help determine nanoparticle chemical and
physical stability.

2.3.1. Fourier Transform Infrared Spectroscopy

Functional groups were identified using an FT-IR spectrometer (IR Affinity 1S, Shi-
madzu, Kyoto, Japan). Spectra were obtained by reflectance using a Smiths ATR (Total
Attenuated Reflectance) accessory, model Quest, with a one-step diamond window.

2.3.2. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) analysis was performed on the Escalab 250Xi
(ThermoFisher, Waltham, MA, USA) to confirm the presence of carboxyl groups. An Al K
alpha source, with a 650 μm spot size, was used in CAE analysis mode with a pass energy
of 200 eV and an energy step size of 1.000 eV.

2.3.3. Bohem Titration

The Bohem titration was performed with an automatic titrator Metrohm model 848
Titrino Plus. An HCl 0.1 M solution was prepared to titrate the NaHCO3 0.05 M base
containing the sample and quantify the carboxyl groups of ND-COOH.

2.3.4. RAMAN Spectroscopy

A RAMAN spectrometer (LabRamHR Vis-633, Horiba, Kyoto, Japan) complemented
functional group characterization. The sample was excited to analyze the molecular struc-
ture with a laser λ = 325 nm.
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2.3.5. X-ray Diffraction Analysis

X-ray diffraction (XRD) was run on the X’PertPRO (PANalytical, Boston, MA, USA)
diffractometer using CuKα radiation with λ = 1.54056 Å in the scanning range 2θ = 10◦–100◦,
with a step of 0.01 and a time of 100 s/step, with Bragg Brentano. The analysis was
performed to identify the nanodiamond crystalline structure and crystallite size.

2.3.6. Transmission Electron Microscopy

Transmission electron microscopy (TEM) with an energy dispersive system (EDS) was
performed on JEM 2200FS+CS (JEOL, Ciudad de México, MX) equipment, with a spherical
aberration corrector of the condenser lens for the scanning transmission mode (STEM),
operated at 200 kV. With this technique, the nanoparticles’ morphology and particle sizes
were obtained.

2.3.7. Dynamic Light Scattering

The hydrodynamic radius and Z-potential measurements were carried out with the
Zetasizer nano series (Malvern Panalytical’s, Worcestershire, UK) to analyze the parti-
cle size and charge. Nine measurements were performed using distilled water as the
solution medium.

2.4. Biological Assays
2.4.1. Cell Culture

SKOV3 ovarian cancer cells, MDA-MB-231, and Hs578t breast cancer cells were pur-
chased from ATCC (Manassas, VA, USA) and maintained in a DMEM/F-12 (Dulbecco’s
Modified Eagle Medium/Nutrient Mixture F-12; Gibco, BRL, Grand Island, NY, USA)
medium supplemented with 10% fetal bovine serum (FBS; Gibco BRL, Grand Island, NY,
USA) and 1% penicillin/streptomycin antibiotics (Gibco BRL, Grand Island, NY, USA). The
cells were cultured in a humidified atmosphere with 5% CO2 at 37 ◦C and subcultured
every 2–3 days.

2.4.2. Cytotoxicity Assay

The cytotoxic capacity of the ND-MET bioconjugates on the breast and ovarian can-
cer cell lines was evaluated using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) colorimetric assay. The different cell lines were cultured in vitro in 96-well
plates (10,000 cells per well) until they reached 70–80% confluency. Subsequently, the cells
were treated with different concentrations (15, 30, 60, 125, 250, 500, and 750 μg/mL) of the
ND-MET nanoparticles, which were then dissolved in a DMEM-F12 complete medium.
Afterward, they were incubated at different times (24, 48, and 72 h) at 37 ◦C and 5% CO2.
Cells without treatment were used as an experimental control. When post-treatment times
were complete, cell viability was analyzed using MTT assays. Thus, the medium with
the treatment was removed and replaced with 100 μL of an MTT solution (0.5 μg/mL
in DMEM-F12 medium), which was then incubated for 4 h at 37 ◦C and 5% CO2. After
the medium with MTT was aspirated, 100 μL of extraction buffer (0.1 N HCl dissolved in
isopropanol) was added to each well to dissolve the resulting purple formazan crystals. The
absorbance of the resulting solution was measured at 570 nm in a microplate reader (Elx800-
BioTek Instruments). A plot of absorbance versus concentration was generated to determine
the IC50 value using Quest Graph TM IC50 2023 software (ATT Bioquest) [31]. The values
obtained from the control cells, without treatment, were considered 100% viable and were
used to calculate the viability of the tumor cells treated with ND-MET nanoparticles.

For IC50 data, a one-way analysis of variance (ANOVA) and a Turkey post-hoc test
were conducted to investigate differences in the IC50 across three treatment groups [32].
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3. Results and Discussion

3.1. ND-MET Characterization

Figure 1 illustrates the reaction sequence to obtain the ND-MET complex, where
an electrostatic interaction occurs between the carboxylic group of the NDHEXA-CO2H
reaction intermediate and the amino groups of the MET’s molecule, since an attractive force
is occurring between two opposite ionic species.

The FT-IR spectrum was used to identify the functional groups of the nanodiamond
particles (ND-COOH), the products of the different functionalization steps, and the ND-
MET complex. Figure 2 shows the transmission bands of ND-COOH attributed to the
stretching bond of the hydroxyl group at 3387 cm−1, the stretching of the carbonyl group
at 1763 cm−1, the bending of the hydroxyl bond at 1630 cm−1, and the stretching bond of
C-OH at 1245 cm−1, which all confirm the presence of carboxylic acids in the structure
of the nanodiamond. It is worth mentioning that nanodiamonds present various oxygen-
functional groups on the surface, such as aldehydes, ketones, hydroxyls, and carboxylic
acids, making it ideal for surface functionalization [33].

Figure 2. (a–d) show infrared spectra of nanodiamonds (ND-COOH) functionalized with MET,
(e) deconvolution of C1s of nanodiamonds, (f) deconvolution of O1s of nanodiamonds, (g) deconvo-
lution of C1s of ND-MET and (h) deconvolution of O1s of ND-MET.
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When the nanodiamonds were esterified with 1,6-hexanediol, the stretching of the
C-O bond of the ester formed can be observed at 1259 cm−1, and the signal from the
primary -OH of 1,6-hexanediol can be observed at 1075 cm−1, as shown in Figure 2b.
The surface oxidation reaction of the primary alcohols present in the nanodiamond to
generate carboxylic acid groups (Figure 2c) was carried out using potassium permanganate
(KMnO4). The formation of the acid groups is confirmed by the presence of the signals at
1778 and 1632 cm−1 corresponding to the stretching of the carbonyl group and the bending
of the hydroxyl, respectively.

MET presents several primary amines (-NH2) in its structure (Figure 1c). These
functional groups show signals between 1640–1560 cm−1 and 3500–3400 cm−1. When
metformin reacts with NDHEXACO2H, the intensity of the signals coming from the primary
amines decreases. In addition, a new signal appears at 2850 cm−1 due to the quaternization
of the nitrogen of the amine that reacted with the acid groups of the NDHEXACO2H.
Secondary amines appear at 1427 cm−1. Moreover, the ND-MET spectrum (Figure 2d)
presents the signals from the bond stretching of the carbonyl group that decreases in
intensity at 1778 cm−1. The two signals at 1427 and 1288 cm−1 corresponding to the C-N
and CH3 bonds, respectively, confirm the formation of the ND-MET.

XPS analysis was performed to confirm the abundance of carboxylic groups and to
determine the presence of bonds in ND-COOH and ND-MET. The C1s and O1s of both
samples were deconvoluted using the Lorentzian fit. Figure 2e shows the deconvolution of
the ND-COOH C1s peak into five binding energy bands at 288.48 eV (COOH), 286.89 eV
(C=O), 285.86 eV (C-O), 284.60 eV (sp3), and 283.60 eV (sp2). In Figure 2f, the O1s peak was
deconvoluted into two binding energies at 530.94 eV (C=O, OH-) and 534.32 eV (C-OH,
C-O-C, H2O).

It is possible to observe that the large area of the carbonyl deconvolution curve for
the C1s and O1s of ND-COOH shown at 286.89 eV and 530.94 eV (C=O) binding energies,
respectively, indicate a high density of the carbonyl functional group on the ND-COOH
surface [33].

Figure 2g indicates the deconvolution of the C1s of the ND-MET complex at three
binding energies: 284.19 eV (sp3), 284.83 eV (C=C, C-C), and 286.24 eV (C-N). Figure 2h
shows the deconvolution of the O1s of ND-MET at two binding energies: 532.09 eV (C=O)
and 534.28 eV (C-OH, C-O-C, H2O). Comparing Figure 2e,g, it is observed that the area of
COOH at 288.49 eV no longer appears in the ND-MET sample, which could be attributed
to the binding of metformin to this functional group. In addition, an atomic percentage of
3.96% belongs to the C-N bond, which presents a binding energy at 286.24 eV in Figure 2g.

Boehm titration was used to quantify the carboxylic groups on the ND-COOH sur-
face. Table 1 shows the COOH sites for both the nanodiamond (ND-COOH) and the
nanodiamond oxidized with KMnO4, increasing from 1.10 ± 0.04 COOH per nm−2 to
9.36 ± 1.42 COOH per nm−2, respectively. The acid-oxidized nanodiamonds reported aver-
age carboxylic group values of 0.85 COOH per nm−2 after treatment [34,35]. Using KMnO4
to oxidize the primary alcohol to carboxylic acid proved more efficient for enhancing this
functional group.

Table 1. COOH sites for ND-COOH and NDHEXA-CO2H.

Sample COOH Sites (COOH/nm2)

ND-COOH 1.10 ± 0.04

NDHEXA-CO2H 9.36 ± 1.42

RAMAN spectroscopy was used to complement molecular structure characterization.
Figure 3a–e show the Raman spectra for ND-COOH, MET, and each of the derivatives
obtained during the functionalization, indicating the changes in the molecule. ND-COOH
exhibits stretching modes for C-Hx and O-H near 3000 and 3500 cm−1, respectively. As seen
in Figure 3a, around 1330 cm−1, the nanodiamond shows an asymmetric peak, denoted as
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the D-band, representing the sp3 hybridization of the diamond. Amorphous carbonaceous
compounds show a band denoted G in the range 1400–1800 cm−1; this band does not
appear when the sp3 carbon form is pure. Some interpretations for this band are the
existence of sp2 carbon, an sp2 cluster, an sp2/sp3 mixture, surface hydroxyl groups, and
C=C as defects within the diamond structure [36,37]. Mochalin et al. assigned it to surface
O-H bending vibrations or absorbed water. For the ND-MET complex in Figure 3d, two
bands would indicate the binding of metformin to the nanodiamond; the vibrational mode
at 1061 cm−1 as ascribed to the N-O bond, which is the one that would be formed, and
the presence of N-H at 3208 cm−1, evidences the metformin molecule [38]. The RAMAN
spectrum of MET in Figure 3e includes the C-N-C deformation at 480 cm−1 and 724 cm−1,
the C=N stretching vibration at 1592 cm−1, the methyl group -CH3 stretching at 2951 cm−1,
the presence of nitrogen near the methyl group which reduces the CH3 stretching symmetry,
and at 3183 cm−1, the N-H bond of the C=N-H stretching. This vibration frequency usually
decreases in the presence of the hydrogen bond [39]. Other bands at 3300–3800 cm−1

represent C-H and N-H [40,41]; the bands at 3355 cm−1 and 3183 cm−1 are specific for the
asymmetric and symmetric N-H stretching vibrations, respectively [39].

Figure 3. (a–e) Raman spectrum of ND-COOH, MET, and its derivatives and (f–i) XDR of ND-COOH
and its derivatives from functionalization of ND-MET.

The crystallinity of ND-COOH and ND-MET was investigated using X-ray diffrac-
tion. The diffraction patterns are shown in Figure 3f–i. The XRD spectrum of ND-COOH
(Figure 3f) indicates three dominant peaks at 2θ = 43.81◦, 75.54◦, and 91.81◦, corresponding
to the (111), (220), and (311) planes, respectively. These results evidence the crystallinity
of ND-COOH, corresponding to a cubic structure (PDF ICDD 03-065-6329). In addi-
tion, the interplanar distance (d) measured on the high-resolution micrograph (Figure 4a),
d = 2.10 ± 0.02, corresponds to the most intense line (111) of the XDR.
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Figure 4. (a) High resolution micrograph of ND-MET, (b) particle size distribution of ND-MET,
(c) Z-potential of ND-COOH, ND-MET, and its derivatives, and (d) diffraction pattern of ND-MET.

A band in the 20◦–35◦ range is observed; this band is associated with amorphous car-
bon [42,43] because the crystalline nanodiamond’s surface can undergo a phase transition
during synthesis. This phase transition is also verified using XPS analysis in Figure 2e,
where the area under the curve, corresponding to the sp2 hybridization of the nanodia-
mond, is shown. In Figure 3g, the intensity of the amorphous band is increased by adding
1,6-hexanediol; this occurs because it is an amorphous organic compound that contributes
to the increase of the intensity of the 20◦–35◦ band. In NDHEXACO2H, oxidizing the alcohol
with KMnO4 also oxidizes the surface of graphene, forming oxidized graphene (GO), which
shows a peak around 10◦ [43], as seen in Figure 3h.

When the drug is added, the intensity of the (111) and (311) planes of the nanodiamond
decreases, which indicates that the percentage of crystallinity decreases. For all derivatives,
the peaks remain constant in the same position during the process, so it is possible to
determine that the cubic phase of the nanodiamond is maintained.

71



Processes 2023, 11, 2616

High-resolution TEM, Figure 4a, presents the morphology of ND-MET. As noted, the
material exhibits a globular morphology and interplanar distance of about 2.059 ± 0.020 Å,
corresponding to the (111) plane of the nanodiamond. The sample shows a group of parti-
cles of uniform size, Figure 4b. The individual size of the ND-MET averages 5.1 ± 1.3 nm
in diameter, similar to that obtained for ND-COOH, which was 5.3 ± 1.3 nm.

The particle size determines nanoparticles’ biocompatibility, toxicity, and surface area.
The charge and size of the nanoparticle also depends on their particle size distribution.
Positively charged particles are retained in the liver, spleen, and lungs, while the neutral or
slightly negatively charged ones show prolonged circulation in the blood [44].

Figure 4c shows the Z potential, obtained by DLS, of ND-COOH, ND-MET, and their
functionalization derivatives obtained by DLS. The ND-COOH presented a hydrodynamic
radius of 13.80 ± 0.04 nm (±SD) on average, and a Z potential of −41.0 ± 0.7 mV (±SD);
this value indicates a stable system, free of agglomeration [45]. The degree of ionization of
the carboxylic groups determines the strength of the interparticle interaction. When the
carboxylic groups are ionized, the ND-COOH particles become negatively charged, and
the repulsion between them becomes significant, resulting in a size decrease [33].

Figure 4c shows the decrease of the Z potential value for the functionalization deriva-
tives (NDHEXA and NDHEXACOOH). This change in the Z potential is attributed to the
conversion of anionic carboxylate groups on the surface of the nanodiamond to charge the
neutral 1,6-hexanediol, giving a network of decreasing negative charge on the particle’s
surface. The Z potential varies if the pH changes. The Z potential for pH 7 corresponds to
−21 mV for the carboxylated nanodiamond. This change indicates the deprotonation of
the -COOH group, causing the nanodiamond (ND-COOH) surface to become negatively
charged [33], making it possible to obtain better functionalization.

On the other hand, Figure 4d displays the diffraction pattern of the ND-MET, showing
the rings associated with interplanar distances 2.11 Å, 1.30 Å, and 1.10 Å, corresponding to
the (111), (220), and (311) planes, respectively.

3.2. Cytotoxicity Evaluation of ND-MET in Breast and Ovarian Cancer Cell Lines

Antitumor properties of nanodiamonds (ND-COOH), drug MET alone, and ND-MET
complex on ovarian cancer (SKOV3) and triple-negative breast cancer (Hs578t and MDA-
MB-231) cell lines were evaluated using a MTT assay. The rationale for the use of these
cancer cell lines have been documented in many publications. Hs578t and MDA-MB-231
breast cancer cells exhibit a lower response to therapies and have a poorer prognosis; they
are an example of triple-negative breast cancer (TNBC). The lack of estrogen, progesterone,
and HER2/neu receptors in TNBC renders this type of cancer unresponsive to hormone-
targeted therapies, such as tamoxifen, which are effective in tumors expressing estrogen
or progesterone receptors. Moreover, due to the lack of HER2/neu receptor expression,
TNBC does not respond to HER2-targeted therapies, like trastuzumab. Consequently, the
inefficacy of these specific therapeutic options makes TNBC more challenging to treat when
compared to other subtypes of breast cancer. Hence, we decided to evaluate the effect of
nano-compounds as a novel therapeutic tool. For ovarian cancer (OC), the serous subtype
is highly prevalent and can exhibit high aggressiveness, and is also associated with a poor
prognosis and reduced responsiveness to therapies. SKOV3 is a cell line derived from
serous ovarian carcinoma and has been extensively employed as a study model due to its
resistance to certain chemical compounds.

We found that SKOV3 cells treated for 24 and 48 h, with different concentrations (15,
30, 60, 125, 250, 500, and 750 μg/mL) of the compounds, showed a significant reduction in
cell viability in a time- and concentration-dependent manner. However, the most notable
effect was observed when the cells were treated with the ND-MET complex, as shown in
Figure 5a,b. Some studies indicate that the inhibition of cell viability also depends on the
size and shape of the nanoparticles [1,4,6]. It has been reported that ND does not exhibit
toxicity for SKOV3 with sizes of 95 nm at a concentration of 10 μM/mL [46].
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Figure 5. (a–h) Dose-response curves were generated for three cancer cell lines (SKOV3, MDA-MB-
231, and Hs578t) and treated with different concentrations of metformin, ND-COOH, and ND-MET
for 24, 48, and 72 h. All the values are expressed as average and standard deviation (n = 3).

The half maximal inhibitory concentration (IC50) of MET alone at 24 and 48 h was
914 ± 127 μg/mL and 632 ± 116 μg/mL, respectively. The IC50 of ND-COOH at 24 and
48 h was 458 ±139 μg/mL and 157 ± 64 μg/mL, respectively. The ND-MET complex was
the one that most effectively decreased the cell viability of ovarian tumor cells since IC50
was 24 ± 7 μg/mL and 35 ± 14 μg/mL at 24 and 48 h, respectively (Figure 5a,b; Table 2).

Table 2. Half-maximum inhibitory concentration (IC50) values for metformin, nanodiamonds (ND-
COOH), and nanodiamond-coupled metformin (ND-MET) in three cancer cell lines at 24, 48, and 72 h.

Cancer
Cell Lines

Time

24 h 48 h 72 h

SKOV3
MET ND-

COOH ND-MET MET ND-
COOH ND-MET MET ND-

COOH ND-MET

914 ± 127 458 ± 139 24 ± 7 ** 632 ± 116 157 ± 64 35 ± 14 ** UD UD UD

MDA-MB-
231 UD UD 842 ± 81 UD UD 801 ± 37 UD UD 454 ± 49

Hs578T UD UD UD UD UD UD UD UD 759 ± 44

UD = Undetermined. Statistical analysis was performed using a one-way ANOVA test (** p < 0.001).
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Preliminary tests that we carried out with the two breast cancer lines (MDA-MB-
231 and Hs578t) showed that the effect of the different compounds on these lines is less
compared to the ovarian line (SKOV3). Therefore, we decided to carry out the cytotoxicity
assays at an additional time point (72 h), and the range of concentrations analyzed was
increased from 60 to 750 μg/mL (Figure 5c–h).

As observed in Figure 5c–e and Table 2, only ND-MET resulted in an inhibition
percentage greater than 50% for the MDA-MB-231 cell line under the study conditions.

The IC50 values calculated for ND-MET in MDA-MB-231 at 24, 48, and 72 h were
842 ± 81, 801 ± 37, and 454 ± 49 μg/mL, respectively. Likewise, in the Hs578t cell line,
only the ND-MET complex achieved an inhibition percentage of 50% up to 72 h, with
an IC50 value of 759 ± 44 μg/mL (Figure 5h; Table 2). For the other compounds alone
(MET and ND-COOH), 50% cell inhibition was not reached even after incubating with the
maximum concentration of the compounds and the maximum exposure time (Figure 5e,h).
These analyses show that the cytotoxicity of the different nano-compounds depends on the
concentration, treatment time, and cell type.

Finally, the IC50 values for ND-MET were analyzed (Table 2) and compared with the
IC50 of a PLGA-PEG nanoparticle complex loaded with metformin [16], both evaluated
in the ovarian cell line SKOV3. We observed that ND-MET presented a 50% inhibition of
35 ± 14 μg/mL at 48 h of treatment, while with the PLGA-PEG complex loaded with MET,
it was 1295.51 (no deviation standard reported) μg/mL for the same treatment duration.
This result shows a high percentage of inhibition of the synthesized complex.

4. Conclusions

A simple method to functionalize dispersed nanodiamonds with metformin by direct
binding to 1,6-hexanediol was proposed. The cytotoxic effect of nanodiamonds coupled
with MET on cancer cell lines is higher than their components. This cytotoxicity is attributed
to the effect of metformin and the characteristics of the ND-MET complex. The size
of the complex also makes it a biocompatible material, which is an essential factor for
various biomedical applications. Furthermore, it is a compound with a homogeneous
and monodisperse solubility. This property is because the functionalization makes the
1,6-hexanediol act as an anionic surfactant, which improves its biodistribution and makes
it more stable. Additionally, functional groups like carboxyl and amino increase the
solubility of MET, which have low bioavailability, thus allowing the molecule to interact
electrostatically with the nanodiamond system. Some drugs are efficiently incorporated
with this type of electrostatic interaction because the ND-COOH, given its liposolubility,
can carry it to the interior of the cell, and the inhibition obtained is attributed to these
characteristics. All these factors allow an effective and directed biomolecular interaction,
so it is estimated that once evaluated in vivo, it will reduce the side effects.

We found that SKOV3 cancer cells treated for 24 and 48 h with different concentra-
tions of the compounds showed a significant reduction in cell viability in a time- and
concentration-dependent manner. However, the most notable effect was when the cells
were treated with the ND-MET complex. Some studies indicate that the inhibition of
cell viability also depends on the size and shape of the nanoparticles. Unexpectedly, our
findings suggest that the carrier exhibits a pronounced effect on SKOV3 cells, surpassing
that observed in breast cancer cell lines, which has been reported in different studies;
thus we expected to find some toxicity with nanoparticles alone. Therefore, the use in
preclinical models such as mouse models will require additional standardization, as the
carrier’s impact in a clinical setting will depend on a variety of factors including new doses,
inoculation method, weight, and immune system status.
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Abstract: Azithromycin (AZ) is an azalide macrolide antibiotic that is frequently employed for treat-
ing bacterial skin infections. It suffers from limited oral bioavailability, which results from incomplete
absorption or extensive first-pass metabolism. Therefore, preparing azithromycin formulations for
topical administration is highly recommended to avoid first-pass metabolism and to boost the concen-
tration of the drug on the skin. The objective of our investigation was to formulate and evaluate the
efficacy of AZ-loaded nanoemulgel as an antimicrobial drug. The physical appearance, spreadability,
viscosity, particle size, in vitro drug release, ex vivo permeation investigations, and antimicrobial
efficiency of the prepared formulations were evaluated. The prepared formulation loaded with AZ
exhibited good physical quality. AZ-loaded nanoemulgel had a greater ex vivo drug permeation
across rabbit skin than other formulations (AZ-loaded gel and AZ-loaded emulgel), revealing im-
proved drug permeation and greater transdermal flux in addition to enhanced antibacterial efficacy
(p < 0.05). Overall, our findings imply that tea-tree-oil-based nanoemulgel would be a promising
delivery system for enhancing the antimicrobial efficiency of azithromycin.

Keywords: Azithromycin; anti-bacterial activity; nanoemulgel; emulgel; tea tree oil

1. Introduction

E. coli is a Gram-negative bacterium that is typically found in feces and the lower
intestine of warm-blooded animals. The most common cause of food- and water-borne
diarrhea in people is E. coli. Moreover, E. coli is a frequent reason for infection in surgical
wounds, especially those following abdominal operations, where it is frequently found
combined with other gut bacteria. Compared to a number of multi-drug resistant bacteria
(MDR), E.coli (Escerichia coli) strains have developed progressively stronger resistance to
antibiotics [1]. Rai et al. argue that infections caused by MDR bacteria are more challenging
to treat and need broad-spectrum antibiotics, which are harmful and expensive [2].
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Azithromycin is an azalide, which is a subclass of macrolide antibiotics with a broad
spectrum that has bacteriostatic activity against a variety of Gram-negative and Gram-
positive bacteria [3]. Azithromycin inhibits the synthesis of bacterial proteins by blocking
both the assembly of the 50S ribosomal subunit and the transpeptidation/ translocation pro-
cess of protein synthesis [4]. Unlike erythromycin, azithromycin has a methyl-substituted
nitrogen atom in the macrolide ring; this property makes it more stable, tolerated, and
effective than erythromycin [5]. Azithromycin has limited oral bioavailability, which results
from incomplete absorption or extensive first-pass metabolism [6]. Therefore, preparing
azithromycin formulation for topical administration is highly recommended to avoid sys-
temic side effects, including nausea, diarrhea, and abdominal pain. It also avoids first-pass
metabolism, enhances patient acceptance, and reduces dose via direct contact with the
pathologic site [7].

Essential oils are natural compounds derived from natural sources, and because of
their efficiency and safety, they have been widely used in many formulations [8]. Tea tree
oil is an essential oil that is derived from the leaves of Melaleuca alternifolia, a small tree
that is indigenous to New South Wales and Queensland, Australia [9]. It is commonly
known as melaleuca oil, which refers to its place of origin. Tea tree oil demonstrated
broad-spectrum action, including effects against bacterial and fungal skin conditions,
preventing infection, and promoting healing [10]. It demonstrates anticancer and an-
tioxidant activity, in addition to its known antimicrobial and disinfecting activity [11],
which can be attributed to terpoen-4-ol, which is the major constituent of tea tree oil. The
formulation of this essential oil in a suitable drug delivery system could be beneficial
because of the several advantages of tea tree oil.

Many pharmacological substances, especially those that are poorly water-soluble and
have a narrow therapeutic index, have been transported via the skin using the transdermal
drug delivery system (TDDS) [12,13]. TDDS enables the pharmacological agent to cross
the epidermis reach the circulatory system, then be transported to the body via the blood-
stream [14]. The transdermal administration route may offer benefits, such as lengthening
the duration of action, avoiding first-pass hepatic metabolism, improving pharmacological
efficacy, reducing undesirable side effects, and enhancing patient compliance. [15]. There-
fore, the transdermal system development for the treatment of numerous clinical disorders,
such as skin infection, has a feasible potential.

TDDSs include transdermal patches, gel, emulgel, and nanoemulgel [16]. Conven-
tional dosage forms, including ointments, creams, gels, emulsions, and emulgels, have
limited therapeutic applications due to the low drug permeability through the skin be-
cause of their large particle size. Therefore, the nanoemulgel concept was developed as
an approach to solving the permeability issue [17]. Nanoemulgels effectively help the
delivery of both lipophilic and hydrophilic medications, compared to hydrogels, which
have a limitation in the transportation of lipophilic pharmaceuticals [18]. Additionally, na-
noemulgels have a larger surface area than emulgels, which permits the rapid permeation
of the drug through the pores of the skin and more effective transport of the drug into the
circulatory system.

In the current study, we investigated the effectiveness of a nanoemulgel in strengthen-
ing the antimicrobial activity of azithromycin transdermal administration. The inclusion of
azithromycin into nanoemulgel effectively increases its percutaneous penetration, which, in
turn, enhances its antibacterial activity against skin infection. As far as we are aware, there
has not been much information regarding the combination of tea tree oil and azithromycin in
a nanoemulgel formulation meant to treat skin infections. The combination of azithromycin
and tea tree oil into a nanoemulgel formulation intended for skin infection.
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2. Materials and Methods

2.1. Materials

Tea tree oil was obtained from NOW® Foods, USA. Azithromycin (AZ), hydroxypropy-
lmethyl cellulose (HPMC) ethyl alcohol, PEG 400, and Tween 80 were purchased from
Sigma-Aldrich (St Louis, MO, USA).

2.2. Formulation of Topical Preparations Loaded with Azithromycin
2.2.1. Formulation of Gel

A suitable amount of HPMC (4% w/w), a synthetic gelling agent [19], was added to
water, and the mixture was agitated until the formation of a hydrogel base using a magnetic
stirrer. A known quantity of the medication was mixed with ethanol and vortexed for
five minutes. To create a uniform gel, the initial mixture was subsequently added to the
prepared hydrogel base [20].

2.2.2. Emulgel Preparation

Emulgel is a type of gelled emulsion made by adding gelling agents to an emulsion. For
the oily phase preparation of emulsion, a known quantity of Azithromycin was dispersed
in tea tree oil. The aqueous phase was created by adding the weighted amount of Tween
80 (surfactant), PEG 400 (co-surfactant), and ethanol (solvent) to water. This mixture was
vortexed for five minutes. The primary emulsion was then created by continuously stirring
the aqueous phase with the oily phase. On the other hand, as was previously noted, a
gelling agent was used to prepare the gel base. A homogeneous emulgel was developed
by adding the previously prepared emulsion that was loaded with AZ to the gel base and
thoroughly mixing it for five minutes [21].

2.2.3. Nanoemulgel Preparation

For the nanoemulgel, the nanoemulsion is mixed with a gelling agent. The same
method that was used to create the emulsion loaded with AZ was also applied here,
followed by the homogenization with a homogenizer mixer for 10 min at 6000 rpm (20 high-
speed digital, Ika-Eurostar, Staufen, Germany) to obtain nanoemulsion. A homogenous AZ-
loaded nanoemulgel was created by adding the AZ-loaded nanoemulsion to the hydrogel
base (4% HPMC) and blending for 10 min. The different topical AZ-loaded formulations’
compositions are outlined in Table 1.

Table 1. Constituents of 2% w/w AZ-loaded formulations.

Formulation
Azithromycin

(%w/w)
Gelling Agent

(%w/w)
Tea Tree Oil

(mL)
Ethyl Alcohol

(mL)
Tween 80

(mL)
PEG400

(mL)
Water

Up to (mL)

Gel 2 4 _ 1 _ _ 50
Emulgel 2 4 5 1 1 1 50

Nanoemulgel 2 4 5 1 1 1 50

2.3. Characterization of the Formulated AZ-Loaded Topical Formulations
2.3.1. Organoleptic Assessment

The color, homogeneity, and appearance of the topical preparation loaded with
azithromycin were examined visually. Moreover, pH values were checked at RT, utilizing a
pH meter (PCT-407, Taipei City, Taiwan) [22].

2.3.2. Viscosity

The Brookfield viscometer (Model DV-II, USA, Spindle number 06 at 10 rpm, at 25 ◦C)
was used to assess the formulations’ viscosity. The viscosity was measured in triplicate [23].
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2.3.3. Spreadability Measurement

The spreadability regulates the area on the skin where the formulation can spread
freely after use. One gram of the developed preparations was sandwiched between
two glass slides under a standard load. The spreadability value was determined by calcu-
lating the formulations’ spreading areas diameter [21].

2.3.4. Extrudability Determination

The extrudability is the weight in grams required to extrude a preparation from a
collapsible tube of at least a half-centimeter ribbon in 10 s. Ten grams of the AZ-loaded
formulations was packaged in a collapsible tube, and the preparation was forced out when
the cap was removed by pressing the tube’s crimped end [24]. The following equation was
used to determine the extrudability (g/cm2):

Extrudability =
Applied weight to extrude 0.5 cm ribone like gel from collipsible tube in 10 seconds (Gram)

Area (cm2)

2.3.5. Size and Size Distribution

The polydispersity (PDI) and particle size of emulgel and nanoemulgel loaded with AZ
were measured using Malvern Zetasizer Apparatus (Worcestershire, UK). The assessments
were carried out at a scattering angle of 90◦ and 25 ◦C [25].

2.3.6. Morphological Assessment

One milliliter of distilled water was employed to dilute ten-milligram samples, and
then, a sample of one drop was coated with gold after being dried at room temperature
and checked using a scanning electron microscopy [21].

2.3.7. Determination of Drug Content

Half a gram of the generated formulations was dissolved in 100 mL of PBS, pH 7.4,
and stirred continuously for a half-hour. The final product was filtered through Whatman
filter paper. The ultraviolet-visible spectrophotometer was used to detect the solution’s
absorbance at 232 nm, and the following equation was used to determine the amount of
AZ included [22].

Drug content percentage =
Drug actual amount in the formuation

Drug theoretical amount in the formulation
× 100

2.4. In Vitro Release of Azithromycin-Loaded Preparations

Using the previously described process by Abdallah et al. [22], with certain modifi-
cations, USP dissolution apparatus II was used for assessing the azithromycin in in vitro
release profiles. Briefly, a half gram of the generated preparation containing ten milligrams
of AZ was placed within glass tubes with a cellophane membrane (MWCO 14,000) at-
tached to one end. The tubes were attached to the dissolution apparatus, and they were
permitted to revolve in 100 mL of phosphate buffer at 50 rpm while maintaining a tem-
perature of 37 ± 0.5 ◦C (pH 7.4). Samples were taken out at predetermined intervals and
replaced with fresh media to maintain the sink condition throughout the investigation.
Spectrophotometry was used to analyze samples at a maximum wavelength of 232 nm [26].

2.5. Stability Studies of the Developed AZ-Loaded Formulations

The samples were kept in tightly closed containers for three months at 4 ± 0.5 ◦C in
the refrigerator and at 25 ± 0.5 ◦C. The samples’ physicochemical properties and in vitro
drug release at the predefined duration were assessed.
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2.6. Ex Vivo Skin Permeation Experiment
2.6.1. Rabbit Skin Preparation

Skin permeation experiments were conducted using white albino male rabbit skin
because of its comparatively low cost and availability. An electric clipper was used to shave
the white albino male rabbits’ abdominal skin. The abdominal skin was detached, and
the adipose tissue was then removed after scarifying the animals. The skin samples were
stored at 4 ◦C overnight in PBS (pH 7.4).

2.6.2. Azithromycin Permeation from Various Formulations

Using locally fabricated diffusion cells, a skin permeation investigation of AZ was
conducted through male albino rabbits’ skin [22]. The donor compartment faced the
stratum corneum side of the mounted rabbit skin, which was placed in between the donor
and receptor compartments. Half a gram of the formulation corresponding to 2.5 mg of AZ
was applied to the skin in the donor compartment. The receptor medium, which contained
PBS pH 7.4 (100 mL) and sodium azide (0.02% w/v), was constantly swirled at 100 rpm while
being maintained at a temperature of 37 ± 0.5 ◦C using the dissolution apparatus II [27].
At regular intervals, samples (5 mL) were collected and analyzed spectrophotometrically at
λmax 232 nm, using the appropriate receptor media as a blank to prevent any interference.
To keep a constant volume of receptor media, an equal volume of fresh buffer was added.
Ex vivo permeation characteristics of AZ through rabbit skin were estimated, including

Jss =
Amount o f permeated drug
area o f permeation X time

ER =
Jss (test)

Jss (control)

where Jss is steady state transdermal flux (μg/cm2.h), and ER is the enhancement ratio.

2.7. Antibacterial Investigation

The antimicrobial efficiency of the generated nanoemulgel loaded with AZ against
Escherichia coli (E. coli), Gram-negative bacteria was evaluated utilizing the agar diffusion
technique according to Zafar et al. with some adjustment [28]. Initially, the Petri dishes
were sterilized at 160 ◦C for 60 min in a hot-air oven [29]. Afterward, ten milliliters of sterile
nutrient agar media, sterilized in an autoclave at 121 ◦C for 15 min, were added to each
plate. The microorganism was introduced into the plates after solidification under aseptic
conditions [28]. A cork borer was used to make three millimeter-diameter cups in the
plate, and the samples (placebo nanoemulgel, AZ-loaded gel, and AZ-loaded nanoemulgel)
were then inserted to test their effectiveness [30]. The Petri dishes were left for thirty
minutes at room temperature for efficient drug diffusion; then, they were incubated for a
twenty-four-hour period at 37 ◦C [31]. The antibacterial efficacy was assessed by measuring
the diameter of the inhibitory zone using a graded scale.

2.8. Statistics

Mean ± standard deviation (n = 3) was used to express the collected data. One-way
ANOVA (GraphPad Prism version 5) was used for the statistical analysis. The difference
was considered statistically significant if p was less than 0.05.

3. Results

3.1. Determination of pH and Organoleptic Assessment

The physical characteristics of the various topical AZ preparations (gel, emulgel,
and nanoemulgel) that were effectively generated are provided in Table 2. Homogenous,
smooth, and white formulations were produced, free from coarse particles. All formulations
had pH levels that ranged from 5.8 to 6.4, which were deemed to be appropriate and would
not irritate the skin when applied.
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Table 2. Organoleptic evaluation of AZ-loaded formulations.

Properties AZ-Loaded Gel AZ-Loaded Emulgel AZ-Loaded Nanoemulgel

Color and homogeneity White homogenous White homogenous White homogenous
pH 5.8 ± 0.1 6.4 ± 0.2 6.3 ± 0.3

Viscosity (cP) 70,700 ± 1868 99,100 ± 1015 * 84,500 ± 1400 *,#

Spreadability (mm) 60.33 ± 2.5 51.33 ± 2.08 * 42.67 ± 1.53 *,#

Extrudability (g/cm2) 154.67 ± 4.62 135.33 ± 5.03 * 106.67 ± 6.11 *,#

Drug content (%) 97.76 ± 2.92 98.92 ± 1.75 96.74 ± 3.23
# compared to AZ-loaded emulgel, * compared to AZ-loaded gel (p < 0.05).

3.2. Viscosity Determination

The data regarding viscosity determination are demonstrated in Table 2. It was
demonstrated that the emulgel’s viscosity (99,100 ± 1015 cP) was much higher than that of
gel and nanoemulgel (70,700 ± 1868 and 84,500 ± 1400 cP). These results were consistent
with those of Mohamed et al., who concluded the highest viscosity of the topical emulgel
loaded with atorvastatin compared to gel and nanoemulgel [32].

3.3. Spreadability and Extrudability Determination

The spreadability and extrudability are important criteria for topical preparations.
They are considered essential aspects for the uniform application of topical preparations
and patient compliance. The AZ-loaded gel, emulgel, and nanoemulgel formulations
had spreadability values of 60.33 ± 2.5, 51.33 ± 2.08, and 42.67 ± 1.53 mm, respectively,
and extrudability values of 154.67 ± 4.62, 135.33 ± 5.03, and 106.67 ± 6.11 g/cm2,
respectively (Table 2). These results indicate that the generated formulations have great
skin spreadability and can be easily extruded by pressing down with the thumb. These
findings are equivalent to those attained by Ali et al., who estimated extrudability and
spreadability importance as the crucial factors for uniform distribution and patient
compliance in the gel preparations [24,33].

3.4. Assessment of Drug Content Percent

The AZ-loaded gel has a 97.76 ± 2.92% drug content percentage; the AZ-loaded
emulgel has a 98.92 ± 1.75 drug content percentage, while AZ-loaded nanoemulgel has a
96.74 ± 3.23 drug content percentage. This outcome demonstrated that the drug content
was within the specified range (100 ± 10%). This revealed that the drug was dispersed
uniformly throughout the generated formulations.

3.5. Polydispersity Index and Particle Size

The average particle size of emulgel loaded with azithromycin was 707.3 ± 17 nm,
while the average particle size of AZ-loaded nanoemulgel was 227.8 ± 12 nm (Figure 1). Ad-
ditionally, the polydispersity index (PDI) of the nanoemulgel and the emulgel loaded with
AZ were estimated. AZ-loaded emulgel had a PDI of 0.631, while AZ-loaded nanoemulgel
had a PDI of 0.395. Therefore, our findings supported the uniform size distribution of the
nanoemulgel formulations. Additionally, the nanoemulgel’s smaller particle size and lower
PDI value are considered positive indicators of formulation stability and contribute to the
enhanced drug penetration in the skin [34].
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Figure 1. Size distribution of formulated (a) AZ-loaded nanoemulgel; (b) AZ-loaded emulgel.

3.6. Morphological Assessment

The morphology of the nanoemulgel loaded with AZ was estimated using SEM. Small
spherical vesicles of nanoemulsion are dispersed throughout the macromolecular polymer
network, as shown in Figure 2. Additionally, no visible AZ crystals were found, indicating
adequate drug solubility.

Figure 2. Observation of AZ-loaded nanoemulgel using a scanning electron microscope (SEM).

3.7. Azithromycin In Vitro Release Investigation

The percentage of AZ released after 6 h was 70.93 ± 2.21, 60.33 ± 2.82%, and
51.78 ± 2.70 for the gel, nanoemulgel, and emulgel, respectively, while AZ suspension
showed a 97.94 ± 2.04% release after 4 h (Figure 3). In comparison to the free drug, all
of the formulations’ percentages of AZ released were significantly (p < 0.05) reduced.
In addition, a significantly greater AZ amount was released from gel than from other
formulations (p < 0.05) (nanoemulgel or emulgel). This is a result of the increased water
proportion of the gel formula, which facilitates the drug’s diffusion into the releasing
medium. However, the significantly decreased release of AZ from nanoemulgel and
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emulgel, in contrast to the gel formulation, was explained by the higher viscosity, which
could hinder the drug diffusion in addition to the decreased aqueous composition and
tea tree oil incorporation [35]. It is interesting to note that the nanoemulgel’s significantly
larger drug release (p < 0.05) may be due to its smaller average particle size than the
emulgel, as illustrated in Figure 1.

Figure 3. In vitro release study of AZ from different AZ-loaded formulations. # compared to AZ-
loaded gel, * compared to free AZ (p < 0.05).

3.8. Study of Stability

The physical characteristics and the percent of AZ released from all preparations under
investigation were calculated during a 6-month period at 25 ◦C and 4 ◦C; the findings are
demonstrated in Table 3 and Figure 4. Our findings demonstrated insignificant variation in
the homogeneity, color, viscosity, extrudability, or spreadability after six months of storage
at either temperature. Furthermore, compared to the corresponding fresh preparations,
there were no noticeable variations (p < 0.05) in the released amount of AZ from the
preserved formulations at either 25 ◦C or 4 ◦C (Figure 4). In fact, HPMC used for gel
preparation may be responsible for the stability of the AZ-loaded gel. Elmataeeshy et al.
reported similar results and claimed that thickening agents are essential for the stability of
the preparation [36].

Table 3. Physical properties of AZ-loaded formulations after storage for 6 months at different
storage conditions.

Condition At 4 ◦C At 25 ◦C

Formulation
Color and

Homogeneity
Spreadability

(mm)
Viscosity (cp)

Color and
Homogeneity

Spreadability
(mm)

Viscosity (cp)

AZ-loaded
gel

White
homogenous 60.67 ± 1.53 72,100 ± 1418 White

homogenous 62.67 ± 1.15 71,000 ± 1127

AZ-loaded
emulgel

White
homogenous 53.33 ± 0.58 * 100,100 ± 1386 * White

homogenous 54.33 ± 0.58 * 98,600 ± 964 *

AZ-loaded
nanoemulgel

White
homogenous 44.00 ± 1.73 *,# 85,100 ± 1039 *,# White

homogenous 43.67 ± 1.15 *,# 83,500 ± 361 *,#

# compared to AZ-loaded emulgel; * compared to AZ-loaded gel (p < 0.05).
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Figure 4. Study of the AZ in vitro release from different formulations upon storage for 6 months at
different storage conditions.

3.9. Ex Vivo Study

Figure 5 estimates the skin permeation of AZ from different topical formulations
compared to AZ suspension permeation. It was obtained that the cumulative amount of
AZ (μg/cm2) penetrated from nanoemulgel through rabbit skin was significantly larger
compared to the AZ-loaded emulgel, AZ-loaded gel, or AZ suspension (Figure 5). The
SSTF flux (Jss) of the AZ suspension was noticeably lower than those of the other gener-
ated formulations under evaluation, as indicated in Table 4. Contrarily, gel formulation
increases AZ permeation by 1.72 folds with a Jss of 148.04 ± 6.09 μg/cm2.h compared to
free drugs. This increase could be related to the gel’s colloidal characteristics [37]. Interest-
ingly, nanoemulgel formulation could significantly (p < 0.05) enhance the skin permeability
properties of AZ compared to AZ-loaded gel and emulgel since it had the largest SSTF
value (206.68 ± 7.99 μg/cm2.h) and the largest ER (2.41 ± 0.17). Actually, the AZ flux
from emulgel and nanoemulgel might be improved by the addition of the penetration
enhancer (oil) and surfactant. Additionally, the external water phase may hydrate the
stratum corneum, cause cell swelling, and facilitate the drug transport [21]. Moreover,
the improved permeation of nanoemulgel containing AZ could related to the nano-scaled
particles, which provide a greater surface area for AZ penetration and facilitate the release
of a large portion of the drug [36]. Our findings were consistent with those of Shehata et al.,
who found that niosomal emulgel considerably increased the skin penetration of insulin
compared to insulin solution and niosomal gel [38].

Table 4. Skin permeation characteristics of various AZ-loaded preparations after ex vivo studies.

Formula SSTF μg/cm2.h ER

Free AZ 85.93 ± 5.29 1
AZ-loaded gel 148.04 ± 6.09 * 1.72 ± 0.05 *
AZ-loaded emulgel 176.95 ± 4.38 *,# 2.06 ± 0.11 *,#

AZ-loaded nanoemulgel 206.68 ± 7.99 *,#,$ 2.41 ± 0.17 *,#,$

# Compared to AZ-loaded gel. * compared to AZ suspension. $ compared to AZ-loaded emulgel (p < 0.05).
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Figure 5. Permeability pattern of AZ from various AZ-loaded formulations. # compared to AZ-loaded
gel. * compared to AZ suspension. � compared to AZ-loaded emulgel (p < 0.05).

3.10. Investigation of Antibacterial Properties

Figure 6 displays the results of the antibacterial activity of the generated formulations
against Escherichia coli (Gram-negative bacteria) using the agar diffusion technique by
measuring the zones of inhibition. The macrolide azithromycin works by preventing the
production of proteins in bacterial cells [39]. Azithromycin suppresses protein production
by reversibly trussing to 50S ribosomal subunits of affected microorganisms, which effec-
tively prevents the growth of bacteria. Azithromycin has the capacity to penetrate bacterial
outer membranes, which is a kind of bacterial self-defense [39].

The results showed that AZ-loaded nanoemulgel was effective against Escherichia coli
and that it produced a zone of inhibition that was significantly greater than that produced
by placebo nanoemulgel and the AZ-loaded gel formulation (p < 0.05). The AZ-loaded
nanoemulgel displayed zones of inhibition of 16 ± 1.8 mm (after 12 h) and 22 ± 1.7 mm
(after 24 h) against E.coli. The zones of inhibition against E.coli for the AZ-loaded gel were
10 ± 1.3 mm (twelve hours) and 15 ± 1 mm (twenty-four hours). Furthermore, the placebo
formulation (nanoemulgel free from AZ) showed that the inhibition zones against E.coli
were 6 ± 0.5 mm and 8 ± 1 mm after twelve hours and twenty-four hours, respectively. It
is interesting that the placebo nanoemulgel formulation with tea tree oil demonstrated a
considered bacterial growth inhibition, which was undoubtedly caused by the antibacterial
effects of the tea tree oil. The use of tea tree oil, which has antibacterial properties, may have
contributed to the fact that the placebo formulation (nanoemulgel free from AZ) showed
a certain suppression of bacterial growth. Moreover, the higher antibacterial activity of
AZ-loaded nanoemulgel may be due to the antibacterial synergism between AZ and tea
tree oil. The action of terpinen-4-ol compound, the main constituent in tea tree oil, may
be responsible for the observed antibacterial efficacy of the placebo formulation [40]. It
has been demonstrated that tea tree oil prevents respiration in the cells of E. coli, and by
rupturing the microbial membrane’s permeability, the oil inhibits bacterial cell growth
and causes the cells to die [41]. According to previous studies, tea tree oil combined
with different antibiotics, such as doxycycline [42] and neomycin [43], exhibits additional
efficiency against E. coli. These conclusions were confirmed by the results of our current
investigation, which also demonstrated the antibacterial efficiency of tea tree oil combined
with Azithromycin.
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Figure 6. Antimicrobial assessment of (a) AZ-loaded nanoemulgel, (b) AZ-loaded gel, and (c) placebo
nanoemulgel against E.coli after (I) 12 and (II) 24 h. � versus AZ-loaded gel (p < 0.05); and * versus
placebo nanoemulgel (p < 0.05).

4. Conclusions

In the current study, a nanoemulgel formulated with azithromycin was evaluated for
its ability to reduce bacterial growth. The developed azithromycin-loaded nanoemulgel
displayed favorable physical properties, viscosity, pH, extrudability, spreadability, and
particle size to be applied topically. Additionally, compared to AZ-emulgel or AZ-gels,
AZ-nanoemulgel demonstrated better antibacterial efficiency. Therefore, the current study
may offer a novel method for the efficient therapy of bacterial infection using azithromycin
and a natural product (tea tree oil) formulated into nanoemulgel.
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Abstract: Quinine hydrochloride (QHCl) has remained a very relevant antimalarial drug 400 years
after its effectiveness was discovered. Unlike other antimalarials, the development of resistance
to quinine has been slow. Hence, this drug is to date still used for the treatment of severe and
cerebral malaria, for malaria treatment in all trimesters of pregnancy, and in combination with
doxycycline against multidrug-resistant malaria parasites. The decline in its administration over
the years is mainly associated with poor tolerability due to its gastrointestinal (GIT) side effects
such as cinchonism, complex dosing regimen and bitter taste, all of which result in poor compliance.
Hence, our research was aimed at redesigning quinine using nanotechnology and investigating an
alternative route for its administration for the treatment of malaria. QHCl nanosuspension (QHCl-NS)
for intranasal administration was prepared using lipid matrices made up of solidified reverse micellar
solutions (SRMS) comprising Phospholipon® 90H and lipids (Softisan® 154 or Compritol®) in a
1:2 ratio, while Poloxamer® 188 (P188) and Tween® 80 (T80) were used as a stabilizer and a surfactant,
respectively. The QHCl-NS formulated were in the nanosize range (68.60 ± 0.86 to 300.80 ± 10.11 nm),
and highly stable during storage, though zeta potential was low (≤6.95 ± 0.416). QHCl-NS achieved
above 80% in vitro drug release in 6 h. Ex vivo permeation studies revealed that formulating QHCl
as NS resulted in a 5-fold and 56-fold increase in the flux and permeation coefficient, respectively,
thereby enhancing permeation through pig nasal mucosa better than plain drug solutions. This
implies that the rate of absorption as well as ease of drug permeation through porcine nasal mucosa
was impressively enhanced by formulating QHCl as NS. Most importantly, reduction in parasitaemia
in mice infected with Plasmodium berghei ANKA by QHCl-NS administered through the intranasal
route (51.16%) was comparable to oral administration (52.12%). Therefore, redesigning QHCl as NS
for intranasal administration has great potential to serve as a more tolerable option for the treatment
of malaria in endemic areas.
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1. Introduction

The discovery of quinine in the 17th century and its use for malaria treatment was
the first successful use of a chemical compound to treat an infectious disease. Unlike
other antimalarials, the development of resistance to quinine (QHCl) has been slow, with
the first reported case in 1910 [1], hence its use has continued to date. The decline in
its administration over the years is mainly associated with poor tolerability due to its
gastrointestinal side effects such as cinchonism (nausea, vomiting, dysphoria, tinnitus,
and high-tone deafness). Adverse events such as hypoglycemia are also associated with
quinine use, especially in pregnancy. Other drawbacks of quinine include its complex
dosing regimen and bitter taste, all of which result in poor compliance [1].

Despite these shortcomings of quinine, its use has continued to date because of its
defiance to resistance by malaria parasites. Intravenous (IV) quinine still finds use as a
second-line treatment for severe malaria, after IV artesunate [2]. Quinine is considered safe
for malaria treatment in all trimesters of pregnancy. Quinine in combination with doxycy-
cline is effective against multidrug-resistant parasites [3]. Another important advantage of
quinine compared to other antimalarials is its affordability; this is a major deciding factor
in most endemic regions which also come under the low- or middle-income countries. For
instance, in Nigeria, a complete dose of quinine for a seven-day course costs about $1.2,
while a three-day treatment using artemether/lumefantrine (Coartem®) costs about $2.5.

Artemisinin-based combination therapy (ACT), which has become the mainstay for
the treatment of uncomplicated malaria, is bedeviled with challenges including the devel-
opment of resistance and high cost in resource-limited settings. Less than 50 years after
its discovery in the 1970s, artemisinin resistance was first reported in 2009. Since then,
a good number of reports have continued to surface of the malaria parasite’s resistance
to artemisinins [4]. There is therefore a great need to discover new, potent therapies for
malaria or repurpose existing drugs [5].

Hence, our research was aimed at redesigning quinine using nanotechnology and
investigating an alternative route for its administration for the treatment of malaria. To the
best of our knowledge, no research investigating the intranasal administration of quinine
for the treatment of malaria has been published. However, quinine nasal spray is being
investigated for the prevention of infection by the SARS-CoV-2 virus [6]. In this study, a
nanosuspension of quinine was formulated to suit intranasal administration.

The nasal cavity is highly vascularized with a relatively large surface area (96 m2),
making it an attractive route for drug administration [7]. Therefore, this route of drug
administration can be exploited for drugs such as quinine, which are beset with numerous
GIT side effects. The relatively reduced surface area of the nasal cavity compared to the
GIT may reduce the rate of saturation of the systemic circulation with quinine, thereby
preventing side effects such as cinchonism, which is dependent on the concentration of
quinine in circulation [8]. The intranasal route also offers the advantage of ease of applica-
tion and painless self-administration, just like the oral route. Unlike the oral route, drugs
administered through this route can avoid first-pass metabolism, as well as achieve direct
brain access through the olfactory region [9]. A previous study targeting intravenously
administered quinine to the brain by means of conjugation to Transferrin, aimed at reduc-
ing the serum concentration, toxicity and improving efficacy in the treatment of cerebral
malaria has been reported [10]. Other side effects that may be avoided by administering
quinine through the nasal route include hypotension (which may occur when the drug is
given too rapidly, e.g., through intravenous injection), venous thrombosis (this is usual
with intravenous administration), pain and sterile abscesses at the site of injection (which
happens when intramuscularly administered) [1]. Furthermore, delivery of quinine into
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the brain through the nasal route in cerebral malaria patients would rapidly eradicate
the parasite, averting the initiation of vascular occlusion and disseminated intravascular
coagulation and neurological damage.

The rectal route is yet another route which may offer a slower administration of
quinine, in addition to avoidance of GIT exposure; however, a negative cultural perception
of the rectal route may limit its use [11].

Nanotechnology has been employed innovatively [12] for the revival of drugs and
enhancement of their therapeutic potentials, in addition to the reduction of side-effect
profiles [13], and enhancement of solubility of poorly water-soluble entities [14]. A good
number of antiparasitic drugs such as halofantrine, primaquine, atovaquone as well as
quinine [15] have been prepared as nanoformulations in order to improve drug solubility,
enhance drug release, and achieve specific drug targeting. The designing of quinine as
a nanocapsule was found to increase interaction between quinine and the erythrocyte,
resulting in an increase in its in vivo efficacy in malaria-infected rats [15]. It is based on this
premise that a nanosuspension of quinine was designed to suite intranasal administration.

In this study, the ability of the redesigned and rerouted quinine to treat malaria was
investigated by formulating nanosuspension of quinine using different lipids. Characteri-
zation of NS was performed, after which QHCl-NS were administered intranasally to mice
infected with Plasmodium berghei ANKA. The results obtained were compared with orally
administered quinine and plain unprocessed quinine solution in water.

2. Materials and Methods

2.1. Materials

QHCl (purity ≥ 95%) was obtained from Sigma-Aldrich (England, UK). Softisan®

154 (S154) and Miglyol® 812 N (medium-chain triglycerides (MCT)) were gifts from IOI Oleo
GmbH, (Witten, Germany). Compritol® 888 ATO (C888) (Glycerol dibehenate), Compritol®

HD 5 ATO (CHD 5) (Behenoyl polyoxyl-8 glycerides), and Transcutol® HP (THP) (Di-
ethylene glycol monoethyl ether) were also gifts from Gattefossé SAS (Saint-Priest Cedex,
France). Free samples of Phospholipon® 90H (P90H) were obtained from Lipoid GmbH
(Ludwigshafen, Germany). Stearic acid, Poloxamer® 188 (P188) and Tween® 80 (T80) were
purchased from Sigma-Aldrich (England, UK). Ultrapure water was sourced from ELGA
Purelab Ultra Genetic Water Purification System (UK). All other reagents were of analytical
grade and purchased from standard commercial suppliers.

2.2. Methods
2.2.1. Determination of QHCl Solubility in Solid and Liquid Lipids

The solubility of QHCl in solid lipids (stearic acid, S154, CHD 5, and C888) as well as
liquid lipids (Miglyol® 812 N and glyceryl monooleate) and the solvent (Transcutol® HP),
were determined using a modified version of the shake-flask technique [16]. A 1:2 and 1:3
(w/w) ratio of the drug to lipid were prepared in each case and vortexed for 2 min. For the
solid lipids, drugs were added to melted lipid (after 15 min heating at 10 ◦C above their
melting temperatures). The solid and liquid lipids were selected for the formulation based
on the transparency of the drug–lipid mixture [16].

2.2.2. Formulation of SRMS Lipid Matrices

The SRMS lipid matrices consisting of 1:2 (30:70) mixtures of P90H and either of the
lipids: S154, or CHD 5, or C888, were prepared by fusion method [17]. Each of the lipids
and P90H were weighed using an electronic balance (Mettler Toledo-X A204 Delta range),
melted together on a hot plate (BioCote® Stuart hotplate stirrer) at 70 ◦C and stirred with
the help of a magnetic bead at 200 rpm. The temperature was reduced to room temperature
after melting, and mixing was completed to allow for solidification of lipid matrices. These
were gently scraped out of the beakers and stored in air-tight glass bottles.
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2.2.3. Preparation of QHCl-NS

QHCl-loaded NS were prepared by the combined ultrasonication technique, first with
a cup-horn sonicator, and then a probe sonicator [9]. SRMS lipid matrix (3%) and MCT
served as the solid and liquid lipids, respectively, while T80 (2, 3, or 5%) was the surfactant.
P188 (1%) and sorbitol (5%) served as the stabilizer and cryoprotectant, respectively. First,
melting of the solid lipid was done at 70 ◦C on a magnetic hot plate (BioCote® Stuart
hotplate stirrer); subsequently, QHCl was dissolved in a mixture of THP and MCT and
then added to the melted solid lipid matrix and mixed thoroughly at 300 rpm. An aqueous
surfactant solution was added to the melted oil phase in drops with the help of a burette [18].
The aqueous surfactant solution contained T80, P188, and sorbitol and was heated to the
same temperature as the lipid phase. The mixing of the two phases was carried out briefly
on a magnetic stirrer at 70 ◦C before sonication was performed in a cup-horn sonicator
for 30, 60, or 90 min at 100 amp at 43 ◦C. Additional sonication was achieved with a
probe sonicator for 3 min at 70 ◦C. The same procedure was repeated for NS containing
no drug (blanks), which served as placebos. All the NS were divided into two, one part
was freeze-dried (Labconco FreeZone 6 Plus, Kansas City, MO, USA) at −80 ◦C and at
a pressure of 0.01 mmHg, while the other portion was used for some characterizations
and stability studies. The compositions of QHCl-NS and the cup-horn sonication times of
different formulations are stated in Table 1.

Table 1. Quantities of materials used for the formulation of QHCl-NS.

QHCl-NS Lipid Type
Concentration (%)

Cup-Horn Sonication
Time (min)

QHCl Solid Lipid MCT THP T80 P188 Sorbitol

Q1 S154 1.5 3 1.5 1.5 3 1 5 30

Q3 S154 1.5 3 1.5 1.5 3 1 5 90

Q9 S154 1.5 3 1.5 1.5 2 1 5 60

Q10 S154 1.5 3 1.5 1.5 5 1 5 60

Q13 CHD 5 1.5 3 1.5 1.5 3 1 5 60

Q14 CHD 5 1.5 3 1.5 1.5 3 1 5 60

Q15 CHD 5 1.5 3 1.5 1.5 3 1 5 60

Q5 CHD 5 1.5 3 1.5 1.5 2 1 5 30

Q6 CHD 5 1.5 3 1.5 1.5 5 1 5 30

Q7 CHD 5 1.5 3 1.5 1.5 2 1 5 90

Q8 CHD 5 1.5 3 1.5 1.5 5 1 5 90

Q2 C888 1.5 3 1.5 1.5 3 1 5 30

Q4 C888 1.5 3 1.5 1.5 3 1 5 90

Q11 C888 1.5 3 1.5 1.5 2 1 5 60

Q12 C888 1.5 3 1.5 1.5 5 1 5 60

Key: QHCl = Quinine hydrochloride, S154 = Softisan® 154, C888 = Compritol® 888 ATO, CHD 5 = Compritol®

HD 5 ATO, MCT = Medium-Chain Triglyceride, THP = Transcutol® HP, T80 = Tween® 80, P188 = Poloxamer® 188.

2.2.4. Characterization of QHCl-NS
Determination of Particle Sizes, Polydispersity Indices, and Zeta (ζ) Potentials of NS

Particle size, polydispersity indices, and zeta potential determination was done us-
ing a nanosizer (Malvern-Zetasizer Nano series, Malvern Panalytical, Malvern, United
Kingdom) immediately after formulation, as well as 30 and 90 days post formulation.
Determination was carried out at 25 ◦C after dilution, and three replicates were obtained
for each measurement. Data are presented as mean ± standard deviation (SD) [19].
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Determination of the Morphology of QHCl-NS

(1) Transmission Electron Microscopy (TEM) of QHCl

A transmission electron microscope (JEOL JEM-1400 USA, Inc., Peabody, MA, USA)
was used in the determination of the morphology of the QHCl-NS. Appropriate dilution
of QHCl-NS (a 100 μL volume of each preparation diluted to 30 mL) using deionized
water was done before placing NS on a 300-mesh carbon-coated copper grid (FC300Cu,
Formvar/Carbon film on Copper). A drying time of two minutes was allowed to enable NS
to adhere to the carbon substrate. Negative staining with 2% uranyl acetate and subsequent
air-drying at room temperature for 1 min was carried out before observation was performed
using TEM at 300 k magnification and voltage of 120 kV [9].

(2) Cryo-Scanning Electron Microscopy (cryo-SEM) and Field Emission SEM (FESEM)
of NS

Morphological characterization was also done using cryo-SEM and field emission
SEM. A drop of appropriately diluted QHCl-NS was placed on metal stubs and rapidly
frozen with slush nitrogen until −210 ◦C and sublimated at −90 ◦C for 90 s. Coating was
achieved with palladium under vacuum, and samples were fractured, transferred to the
chamber, and examined using FESEM (Philips XL30 FEG ESEM). The observations were
done at −150 ◦C [20], while micrographs were obtained at an accelerated voltage of 5 kV
at a pressure of 0.6 mmHg [21]. Morphology of the dry samples (such as excipients, pure
drug samples of quinine as well as freeze-dried NS) was carried out using normal FESEM.
Samples were placed on double-sided tapes stuck to an aluminum stud. The samples
were coated for three minutes with gold using a sputter coater (EMS 7620 Mini Sputter
Coater/Glow Discharge System) with deposition control adjusted to 25 mA. Afterwards,
the coated samples were loaded into FESEM (Philips XL30 FEG ESEM) and micrographs
were obtained at an accelerated voltage of 15 kV, at a pressure of 0.6 mmHg [19].

Fourier Transform Infrared (FTIR) Spectroscopic Analysis

Fourier transform infrared spectroscopy (ATR-FTIR) of the freeze-dried QHCl-NS and
excipients was performed on a PerkinElmer Spectrum fitted with a universal ATR sampling
accessory and recorded in the range of 4000 to 650 cm−1 at ambient temperature. Evalua-
tions were performed using a 16-scan-per-sample cycle and a fixed universal compression
force of 80N. Subsequent analyses were carried out using spectrum software [17,22].

Thermal Analysis

Thermal analyses of freeze-dried samples of QHCl-NS, drug, physical mixtures of
lipids and drug and other excipients were conducted using a differential scanning calorime-
ter (DSC) (TA Instruments, DSC-25, U.K.). Samples were weighed into aluminum pans,
hermetically sealed, and determinations were performed at a heating rate of 10 ◦C/min
over a temperature range of 10–200 ◦C under nitrogen purge at a flow rate of 80 cm3/min.
Data analyses, and the determination of melting points and enthalpies were done using TA
Rheology Data Analysis software (TA Instruments Trios Version 4.1.33073, UK) [23].

Powder X-ray Diffractometry (XRD)

XRD patterns of drug, excipients, and QHCl-NS were obtained using a diffractometer
(SIEMENS/BRUKER D5005, Munich, Germany). The samples were exposed to Cu-Kα ra-
diation (40 kV, 35 mA), and measurements were carried out at room temperature. Scanning
was carried out at 2θ from 5◦ to 90◦, for 30 min (for excipients) or 1 h (for NS) [9].

Time-Dependent pH Stability Studies of NS

The pH of QHCl-NS as well as blanks were analysed in triplicate, and at room temper-
ature on day 1, 30, and 90 using a pH meter (pHep® Hanna Instruments, Italy) [24].
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Osmolality Determination

The osmolality determinations of NS were done using an Osmometer (Osmomat®

3000, Gonotec, Germany). A 100 μL quantity of each formulation was used, and the average
of three determinations was obtained [25].

2.2.5. Solubility Analysis of QHCl in Simulated Nasal Fluid and Alcoholic Buffer

A concentration above the expected solubility level of QHCl (8%) was prepared in
simulated nasal fluid (SNF) (8.77 g NaCl, 2.98 g KCl, and 0.59 g CaCl2 per 1000 mL
of demineralised water, pH of 6.4) [9]. Suspensions were kept in an incubator/shaker
(Multitron Infors HT, Bottmingen, Switzerland) maintained at 37 ± 0.5 ◦C with continuous
stirring at 100 rpm. After 24 h, samples were carefully withdrawn and filtered through
0.45 μm nylon syringe filters, diluted 1000 times, and analysed using HPLC [26].

2.2.6. In Vitro Release Studies of QHCl-NS

Release studies were conducted in SNF. Amounts of freeze-dried QHCl-NS contain-
ing 5 mg of the drugs were placed in polycarbonated dialysis membrane (length: 6 cm;
pore size: 2.4 nm; molecular weight cut-off: 12, 000–14, 000 Da) which was previously
soaked overnight in distilled water prior to the procedure, and immersed in 100 mL of
release media [9,17]. The set-up was maintained at 37.0 ± 0.5 ◦C and stirred at 60 rpm
for 24 h. At predetermined time intervals, a 1 mL portion of the dissolution media was
withdrawn for HPLC analysis and replaced with 1 mL of fresh medium. The amount of
drug released at each time point was calculated with reference to the relevant calibration
plot. In vitro dissolutions of pure QHCl were also carried out following the same method.
Each procedure was performed in triplicate. Kinetic evaluation of release profiles was done
by fitting the data into zero-order, first-order, and Higuchi square root models [18]. The
Korsmeyer–Peppas equation was also taken into consideration for determination of the
release mechanism [27]. For the Korsmeyer–Peppas model, only the data points with less
than 60% release were used for model fitting [28].

2.2.7. Ex Vivo Permeation Studies of QHCl-NS

Franz diffusion cells were used for the determination of the permeation efficacy
of QHCl-loaded NS across porcine nasal mucosa from one selected formulation (Q9).
Diffusion cells with a surface area of 6.6 cm2 and volume of 10 mL were used. Appropriate
volumes of deaerated SNF (pH 6.4) were placed in each of the Franz diffusion cells and
allowed to equilibrate at 37.0 ± 0.5 ◦C for 15 min on a heated magnetic block. Fresh nasal
pig tissue was obtained at the local slaughterhouse with prior permission from concerned
authorities at the abattoir. Moreover, all animal experimental protocols were carried out in
accordance with the guidelines of the Animal Ethics Committee of the University of Nigeria,
Nsukka, and EU Directive 2010/63/EU for animal experiments. The nasal mucosa was
detached from the septum, connective, and cartilaginous tissues and stored in phosphate-
buffered saline (pH 6.4) during transportation. During each procedure, the nasal mucosa
was individually placed on the Franz diffusion cells and clamped between the donor and
receptor compartments, and sealed with Parafilm® to prevent loss of moisture during
the 3 h period. Before sealing was done, amounts of Q9 NS containing 0.5 mg of QHCl
were placed on the membrane surface on the donor compartment, and stirring was done
at 600 rpm. A gel-loading pipette tip attached to a micropipette was used to withdraw
600 μL of the media from the receptor compartment at predetermined time intervals and
replaced with the same volume of fresh SNF [18,29]. Permeations of pure unprocessed
QHCl were also carried out to serve as the positive control. The results obtained were used
to construct a permeation profile by plotting the amount of drug permeated per unit surface
area (mg/cm2) versus time (min). The steady-state flux (Jss, mg/cm2 min) was calculated
from the slope of the linear portion of the plot using linear regression analysis [9].
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The drug apparent permeability coefficient (Papp) was calculated according to the equation:

Papp =
dQ
dt

× 1
A.C0.60

(1)

where Papp is the apparent permeability coefficient (cm/s); dQ/dt is the cumulative amount
of drug permeated vs. time per unit area (flux); A is the effective surface area (cm2); and C0
is the initial concentration (μg/cm3).

2.2.8. In Vivo Pharmacodynamic Studies

The guidelines of the Animal Ethics Committee of the University of Nigeria, Nsukka,
and EU Directive 2010/63/EU were observed while conducting the in vivo pharmacody-
namic studies in mice. CBA/J mice, weighing 18–20 g, were made to develop malaria by
intraperitoneal inoculation of 2 × 105 Plasmodium berghei ANKA-parasitized erythrocytes
from a previously infected mouse [30,31]. Grouping into 5 sets of 6 was done on day seven
(7) post infection, as shown in Table 2. Table 2 also shows the treatments administered,
doses, as well as routes of administration.

Table 2. In Vivo studies design.

Formulation/API Group Treatment Dosing Route

QHCl

G1 Q9 20 mg/kg at 0 h,
10 mg/kg every 12 h for

4 days

IN
G2 Plain QHCl solution

G3 Q9 Oral

Placebo
G4

Blank NS
20 mg/kg at 0 h,

10 mg/kg every 12 h for
4 days

IN

G5 Oral
Key: QHCl = Quinine hydrochloride, G1 to G4 = Groups of 6 mice; Q9 = Q9 (QHCl-NS containing 1.5% w/v
QHCl, 3% w/v S154, 2% w/v T80 and sonicated for 60 min); IN = Intranasal.

Mice receiving treatment intranasally were slightly anesthetized using ketamine at
a dose of 75 mg/kg. To administer NS intranasally, each mouse was held using the left
hand and restrained by anchoring the tail between the small finger and the palm [32,33],
after which the mice were held in a supine position with the head elevated. Using the
right hand, gel-loading tips attached to a micropipette were used to slowly introduce the
right dose of each formulation through the external nares. Dose volumes were adjusted to
≤20 μL to avoid suffocation and death [34,35]. Mice were maintained in a standing position
until they recovered from the effect of the anaesthesia. On day 13 post infection, each
mouse was tail-bled, and a thin blood film was made on a microscope slide. The films were
fixed with methanol, stained with gentian violet solution, and examined microscopically to
monitor the parasitaemia level. The level of parasitaemia at day 1 post infection was used
for comparison.

The percentage of parasitaemia in the blood was calculated using the expression:

% Reduction in Parasitaemia = 100−
{No. of parasitized RBC/(No. of parasitized RBC + No. of nonparasitized RBC)}

×100
(2)

Antimalarial activity of formulations and pure drug was determined by using the equation:

Activity(%) = 100 −
(

Mean parasitaemia in treated group
Mean parasitaemia in control group

)
× 100 (3)

RBC (Red blood cell).
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2.2.9. Histopathological Studies

After intranasal administration with Q9 NS, mice were sacrificed by cervical dislo-
cation. Histopathological examination of samples collected from the nasal mucosa and
lungs was conducted after the samples were fixed with 10% neutral-buffered formalin and
dehydrated in graded concentrations of ethanol. Samples were subsequently cleared in
xylene and embedded in paraffin wax. Exactly 5-μm-thick sections of the samples were
cut and mounted on a glass slide, and later stained with hematoxylin and eosin (H & E).
Micrographs of sections were captured using a Moticam Images Plus 2.0 digital camera
(Motic China Group Ltd., Fujian, China) attached to a Leica binocular light microscope [36].

2.2.10. Data and Statistical Analysis

Results were expressed as mean ± standard deviation. For group comparisons, statisti-
cally significant differences were determined at p < 0.05 using one-way analysis of variance.
Statistical analyses were done using GraphPad Prism version 8.2.0 (Prisma, Graphpad
Software, La Jolla, CA, USA) [37].

3. Results and Discussion

3.1. Solubility of QHCl in Solid Lipids and Liquid Lipids

Since the solubility of any drug (especially hydrophilic drugs such as QHCl) is crucial
in any lipid-based drug delivery system, the solubility of QHCl was analysed in selected
solid and liquid lipids. Of all the solid lipids analysed, CHD 5 was a better solvent for
QHCl, with stearic acid showing the least solubility (Table 3). Solubilization of QHCl in
stearic acid was only possible after heating at 80 ◦C for up to 15 min. The Compritol® lipids
(CHD 5 and C888) and S154 were selected for the preparation of NS, because QHCl was
better solubilized in them and at lower temperatures. On the other hand, after the solubility
test, QHCl was significantly dissolved in all the liquid lipids tested, with THP exhibiting
the highest solubility. Hence, THP and Miglyol® 812 N were selected as the cosolvent and
liquid lipid, respectively. Transcutol® HP, the highest purity grade of diethylene glycol
monoethyl ether, has been known to exhibit good solubility for poorly soluble drugs such
as risperidone [38] due to the presence of an ether and an alcohol functional groups in its
molecule [39]. It is therefore used as cosolvent and surfactant. THP was also selected for
use in this intranasal formulation due to its skin permeation enhancement property [40].
Despite its high solubility, it could not be used alone as the solvent, because it is toxic at
high concentrations [41].

Table 3. Solubility of QHCl in solid and liquid lipids.

Solid Lipids Stearic Acid Softisan® 154
Compritol® HD

5 ATO
Compritol®

888 ATO

QHCl Solubility + ++ +++ ++

Liquid Lipids
Glyceryl

monooleate Transcutol® HP

QHCl Solubility +++ +++ ++++
Key: + = Sparingly soluble; ++ = Slightly soluble; +++ = Soluble; ++++ = Freely soluble, QHCl = Quinine hydrochloride.

3.2. Mean Particle Size and Particle Distribution Indices Analyses of QHCl-NS

Even though CHD 5 produced a higher solubility of QHCl, lipid matrices made with
C888 and S154 were also used in the formulation of NS. In addition, three concentrations of
surfactant and different sonication times were employed to determine the effect of varying
these process parameters on average particle sizes and PDI of NS. All QHCl-NS had mean
particles in the nanometer size range (68.60 ± 0.86 to 300.80 ± 10.11 nm) (Table 4; Figure 1).
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Table 4. Particle size (24 h, 30 and 90 days), PDI and Zeta potential of QHCl-NS.

QHCl-NS 24 h 30 Days 90 Days

Particle Size
(nm)

PDI
Zeta

Potential
Particle Size

(nm)
PDI

Particle Size
(nm)

PDI

Q1 194.76 ±
4.495 0.441 ± 0.006 6.72 ± 0.259 199.27 ±

0.4225 0.433 ± 0.011 192.1 ± 2.371 0.427 ± 0.013

Q3 118.4 ±
0.7216 0.426 ± 0.017 3.24 ± 0.304 143.4 ±

0.6202
0.406 ±
0.2646 177.0 ± 3.704 0.237 ± 0.016

Q9 117.5 ± 1.53 0.282 ± 0.004 6.95 ± 0.416 112.2 ± 1.715 0.279 ± 0.004 113.7 ±
0.7550 0.279 ± 0.007

Q10 80.9 ± 1.57 0.465 ± 0.015 4.74 ± 0.371 68.15 ±
0.8786 0.456 ± 0.003 60.85 ±

0.5901 0.442 ± 0.013

Q13 92.9 ± 2.765 0.564 ± 0.032 4.81 ± 0.067 97.51 ± 0.767 0.431 ± 0.029 90.58 ± 0.747 0.315 ± 0.003

Q14 109.4 ± 0.814 0.599 ± 0.011 4.92 ± 0.096 115.2 ±
0.7092 0.443 ± 0.005 130.2 ±

0.4173 0.211 ± 0.011

Q15 120.5 ± 4.828 0.574 ± 0.027 4.28 ± 0.180 97.67 ± 1.640 0.425 ± 0.015 104.2 ±
0.7024 0.280 ± 0.003

Q5 83.52 ± 0.676 0.467 ± 0.008 6.19 ± 0.396 86.92 ± 0.999 0.319 ± 0.020 92.82 ±
0.5046 0.255 ± 0.010

Q6 150 ± 1.595 0.475 ± 0.007 5.36 ± 0.106 120.5 ± 0.808 0.371 ± 0.006 130.8 ± 0.625 0.268 ± 0.005
Q7 68.6 ± 0.861 0.491 ± 0.003 5.93 ± 0.18 79.9 ± 2.87 0.261 ± 0.010 87.31 ± 1.160 0.225 ± 0.005
Q8 90.36 ± 0.520 0.445 ± 0.003 4.36 ± 0.076 90.50 ± 2.859 0.307 ± 0.028 97.51 ± 0.197 0.307 ± 0.028
Q2 300.8 ± 10.11 0.603 ± 0.029 4.23 ± 0.294 206 ± 27.97 0.596 ± 0.146 186.9 ± 16.12 0.557 ± 0.073
Q4 121.5 ± 39.62 0.397 ± 0.132 2.31 ± 0.061 121.5 ± 39.62 0.397 ± 0.132 143.3 ± 1.739 0.441 ± 0.012

Q11 119.4 ± 0.945 0.511 ± 0.008 0.738 ± 0.138 109.1 ± 1.649 0.488 ± 0.006 113.2 ± 4.192 0.475 ± 0.017
Q12 118.6 ± 1.093 0.492 ± 0.022 2.16 ± 0.659 103.5 ± 1.580 0.434 ± 0.007 111.8 ± 4.925 0.318 ± 0.037

Figure 1. Particle size and PDI of QHCl-NS within 24 h.

In all the lipid matrices used, increasing sonication time from 30 to 90 min did better
at reducing the particle size than increasing the surfactant concentration from 2 to 5%. In
the case of QHCl-NS prepared with CHD 5 and C888, increasing the concentration of the
surfactant resulted instead in an increase in particle size (compare Q5 and Q7, and Q6
and Q8, Figure 2). Hence, it can be concluded that it is not in all cases that increasing the
concentration of the surfactant will result in a reduction in particle sizes [42]. Increasing the
surfactant concentration may produce smaller particle sizes than increasing sonication time,
especially when the concentration of the liquid lipid is high [9]. NS formulated with S154
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produced more predictable results in terms of the particle sizes of QHCl-NS. Increasing
sonication or the surfactant resulted in a reduction of particle sizes, even though increasing
sonication time still yielded a smaller particle size better than using a higher concentration
of surfactant (Q1 compared with Q3, and Q9 compared with 10; Table 4).

Figure 2. Effect of duration of sonication and concentration of T80 on particle size of QHCl-NS.

The differences observed in the particle sizes of the QHCl-NS made from the three
lipid matrices can be attributed to their constituents and characteristics; S154 is hydro-
genated palm oil made up of C14–C18 fatty acids and has a melting point of approxi-
mately 55 ◦C [43]; while C888 is docosanoic acid, monoester with glycerine, having a
melting point of 69–74 ◦C. In addition to the constituents of C888, CHD 5 also contains
poly(ethylene)glycol and melts at a lower temperature (56–63 ◦C) [44,45].

The PDIs of QHCl-NS formulations were in the range of 0.282 ± 0.004 to 0.603 ± 0.029
immediately after formulation, and the PDI of QHCl-NS prepared with C888 (Q2, Q4, and
Q11) were all significantly higher (p < 0.05) than NS prepared with CHD 5, and especially
S154 (Table 4). It was observed that PDI increased with a reduction in mean particle size.
Thus, smaller particles had higher PDI than larger particles (compare Q9 with Q7 and Q10
in Table 4).

The nanosizes obtained may be beneficial to the usefulness of QHCl, since drugs in
such sizes can access the brain through the olfactory region of the nasal cavity. It can also
improve permeability through the nasal mucosa. Deductions made from the results on
the influence of sonication of duration and concentration of surfactant show that these pa-
rameters significantly affect the final size of lipid nanoparticles. Therefore, preformulation
studies to monitor average particle size while varying these parameters must be performed
in order to determine the optimal conditions that would yield monodispersed, nano-sized
lipid particles.

3.2.1. Stability Studies of QHCl-NS

The QHCl-NS formulated were very stable after 90 days. Only 6 formulations out
of the 12 increased in size (negligibly) after 1 month. In some cases, a reduction in size
and PDI was recorded (Table 4). This has been reported by other researchers [9,46,47] and
is caused by a loss of solubilized water situated within the core of the nanoformulation.
It may still be due to the ultrasonic energy used for size reduction, which is known to
cause the collision of smaller oil droplets to form large ones [48,49], a phenomenon termed
“sonication induced aggregate formation” [16,50]. Removal of the ultrasonic energy during
storage may have led to a stable system resulting in a reduction in particle size and PDI.
The high stability of the QHCl-NS formulation may be due to the surfactant (T80) and
stabilizer use (P188) during formulation.

3.2.2. Surface Charge (Zeta (ζ) Potential) of NS

The low zeta potential values recorded for QHCl-NS (0.738 ± 0.138 to 6.720 ± 0.259 mV)
are attributed to the use of non-ionic surfactants (T80 and P188) (Tables 4 and S1) [51].
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The zeta potential of blank formulations was higher than that of the drug containing NS
(Table S1). All QHCl-NS were positively charged within the first 24 h after preparation;
however, some C888-containing formulations became slightly negatively charged after
30 and 90 days of storage. The low zeta potential did not cause an increase in sizes of
nanoparticles in storage. This stability in sizes in storage may be due to the presence of
P188, which is known to cause steric stabilization [52,53].

Three QHCl-NS formulations (Q7, Q9, and Q12) representing the three lipid matrices
used (CHD 5, S154, and C888, respectively) were selected for further characterizations
based on their acceptable particle sizes, PDI (highlighted on Table 4), and high stability
during storage.

3.3. Time-Dependent pH Stability Studies and Osmolality of QHCl-NS

The pH of QHCl-NS formulations (5.03–5.55) were within the acceptable pH range
for nasal formulations (pH of 4.5 to 6.5) [54], and remained stable for 90 days while being
stored at 8 ± 2 ◦C (Figure 3). Osmolality of the formulations ranged from 422.3 ± 12.3
to 517.0 ± 21.7 mOsmol/kg (Table 5), which is within the range of most marketed nasal
products (300–700 mOsmol/kg) [55]. Therefore, nasal irritation due to pH disparity or
tonicity is unlikely to occur during administration.

Figure 3. pH stability study of QHCl-NS.

Table 5. Osmolality, ex vivo permeation results and drug release mechanism and kinetics of QHCl-NS.

Batches
Osmolality

(mOsmol/kg)
Flux

(μg/cm2min)

Permeation
Coefficient

(cm/s)
Zero Order First Order Higuchi Korsmeyer–Peppas

r2 r2 r2 r2 n

Q7 422.3 ± 12.3 - - 0.7807 0.9161 0.9939 0.9756 0.5055

Q9 492.7 ± 17.9 320.710 2.18 × 10−2 0.7466 0.8885 0.9298 0.9993 0.8869

Q12 517.0 ± 21.7 - - 0.8603 0.9611 0.9710 1 0.7730

Plain Solution
of QHCl

- 56.973 3.87 × 10−4 - - - - -
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3.4. Morphology of QHCl-NS

The micrographs obtained from both TEM and SEM revealed round and oval-shaped
particles (Figure 4A–D). During our experiments, we observed that cryo-SEM was a better
method for visualizing NS compared to SEM (Figure 4C,D). Cryo-SEM was able to reveal
more distinct particles (Figure 4D). The images obtained from SEM were clumped together,
making visualization of individual particles difficult (Figure 4C). This difference may have
been caused by lyophilization, since the samples used in SEM were lyophilized solid
samples, while NS formulations in liquid form were used for cryo-SEM analysis. The
micrographs of excipients and other NS formulations are presented in Figure S2.

Q9 ×300k

(A) (B)

SEMmicrograph of Q7 5000× Cryo-SEMmicrograph of Q7 5000×
(C) (D)

QHCl S154 BLANK ×300k

Figure 4. (A,B): TEM micrographs of S154 BLANK for QHCl-NS formulations (A) and Q9 (containing
1.5% w/v QHCl, 3% w/v S154, 2% w/v T80 and sonicated for 60 min). (C,D): Comparison between
SEM (C) and cryo-SEM (D) micrographs of batch Q7 (containing 1.5% w/v QHCl, 3% w/v CHD 5,
2% w/v T80 and sonicated for 90 min).

3.5. FTIR Spectroscopic Analysis

A Fourier transform infrared spectrophotometer was used to determine possible
interactions between the constituents of the lipid matrix (Softisan® 154, Compritol® HD
5 ATO and Compritol® 888 ATO, and Phospholipon® 90H) and between the lipid matrix
and drug. The lipids (S154, CHD 5, and C888) were compatible with the P90H, as revealed
in the FTIR spectra of the lipid matrices (Figure S2). The same principal peaks were evident
in the FTIR spectra of the individual lipids and phospholipid as in the spectra of the lipid
matrices. This suggests that the use of heat in the fusion of P90H and the lipids did not
result in a chemical interaction.
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In addition, FTIR results confirmed the lack of chemical interaction, and the compat-
ibility of QHCl with the lipid matrices used as well as other excipients. Apart from the
broadening and shortening of some principal peaks in the FTIR spectra of the selected
formulations (Figure S2), no other difference was noticed. This difference may be attributed
to hydrogen bond interactions as well as the presence of other excipients [27]. Hence, the
designing of QHCl as a nanosuspension did not alter the chemistry of the drug, and it is
expected not to lose its antimalaria activity.

3.6. Crystalline State of QHCl-NS

DSC analysis was conducted for unprocessed QHCl, excipients, and physical mixtures
of the drug and lipids. All the solid lipids were crystalline in nature (sharp melting
endothermic peaks at 57.68, 72.53, and 59.56 ◦C, enthalpies of 94.675, 116.25, and 117.83 J/g
for pure S154, C888, and CHD5, respectively (Table S2)). P90H also showed an endothermic
peak (122.30 ◦C). Fusion of the solid lipids with P90H during the formation of the SRMS
caused reductions in melting points and enthalpies (Table S2). A complete disappearance
of the melting peak due to P90H with the fusion of C888 and P90H implied that P90H was
completely molecularly dispersed or amorphous in C888 (Figure S3) [56]. On the other
hand, the inclusion of the liquid lipid (MCT) also caused further depression in the melting
points of all solid lipid matrices, and so did the addition of Transcutol® HP (Table S2). The
reduction of the melting points of solid lipids in the presence of liquid lipids and drugs
has been previously reported by Garcia-Fuentes et al. [57] and Hu et al. [58]. Le-Jiao and
coauthors [59] also reported a decrease in enthalpies of nanostructured lipid carriers with
the addition of MCT. This is defined as a eutectic behaviour [56] and suggests a disordered
lattice that can accommodate more drug molecules [9].

The melting point and enthalpy of unprocessed QHCl (117.29 ◦C) reduced when
formulated as NS (57.11, 56.29, and 63.63 ◦C, for Q7, Q9, and Q12, respectively), suggesting
amorphization (Figure 5). However, this was further investigated using X-ray diffractom-
etry, because it may be erroneous to conclude on the crystal nature of a drug using DSC
when it is available in low concentrations (less than 10%) [9].

Figure 5. DSC thermogram of selected batches from QHCl-NS.

3.7. Powder X-ray Diffractometry of NS

X-ray diffractograms of QHCl-NS confirmed a reduction in crystallinity, since there
were disappearances of some peaks in the diffractogram of the NS, unlike in the unpro-
cessed drug (Figure 6A–D). For instance, some peaks in unprocessed QHCl at 2θ of 10◦
to 20◦ (Figure 6A) were not seen in Q7 (Figure 6B), while peaks at 2θ of 13.4◦ and 24.0◦
in pure QHCl were lost in Q9 (Figure 6C). Also, so many sharp peaks were not visible in
Q12 (Figure 6D) compared to the pure quinine hydrochloride. For example, sharp distinct
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peaks at 2θ of 9.2◦, 14.6◦, 17.9◦, and 23.9◦ to 48.9◦ in pure quinine sample were not detected
in Q12 (Figure 6D). Amorphous halos were also very visible on the XRD patterns of the
NS; an indication of the presence of some amorphous form of the drug. It can therefore be
concluded that QHCl were in microcrystalline or semi-crystalline form in the NS [60,61].

 
 

(A) (B) 

  
(C) (D) 

Figure 6. XRD pattern of pure sample of (A) QHCl, (B) Q7, (C) Q9, (D) Q12.

3.8. In Vitro Release Studies of QHCl-NS
3.8.1. In Vitro Release of QHCl-NS

In Vitro drug release was conducted in SNF in order to mimic the nasal environment.
The solubility of QHCl in SNF was determined to be 26.49 mg/mL. The sink condition
was maintained throughout the procedure by using a volume that will accommodate a
solubilized drug without saturation occurring, as well as by replenishing with fresh media
after each withdrawal of samples for analyses. Neither the concentration of surfactant
nor particle size significantly influenced drug release among QHCl-loaded formulations
(Figure 7). This may have been due to the high solubility of QHCl in the release media
(26.49 mg/mL). Although pure unprocessed QHCl released slightly more drug than all
the selected QHCl formulations (Q7, Q9, Q12), after the 6th hour, all formulations released
above 80% of their drug content, with Q9 (formulated with S154) NS showing the fastest
rate of release. The faster rate of release of pure unprocessed API compared to drugs in
nanoformulations has been reported by other researchers [28] and may be attributed to
time required for the release media to bypass the lipid carrier system wherein the drug is
encapsulated or dispersed.
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Figure 7. In Vitro release of QHCl from NS in simulated nasal fluid.

3.8.2. Evaluation of Drug Release Mechanism and Kinetics of QHCl-NS

Zero-order, first-order and Higuchi mathematical models were used to evaluate the
kinetics of drug release from NS. The model that gave the highest correlation coefficient
value was considered the best fit for the release data being analysed [27,62]. Drug release
from all QHCl-NS followed Higuchi release kinetics (Table 5). The mechanism of drug
release was determined using the Korsmeyer–Peppas model (Table 5). The “n” value for Q7
was 0.5055, indicating a Fickian diffusion-controlled mechanism. Diffusion of quinine from
Q9 and Q12 was by anomalous diffusion, implying that the release of quinine from these
NS formulations was by both diffusion and erosion of the lipid matrix, since the diffusional
release exponent was greater than 0.5 but less than 1 (Table 5).

3.9. Ex Vivo Permeation Analysis of QHC1-NS

The ex vivo permeation analysis and the in vivo antimalarial study were conducted
using only Q9, because this formulation exhibited a higher in vitro release than the other
selected formulations (Q7 and Q12). The results obtained were compared with the unpro-
cessed QHCl to determine the effect of formulating quinine as NS. The flux and permeation
coefficient of Q9 (320.71 μg/cm2min and 2.18 × 10−2 cm/s, respectively) were significantly
(p < 0.05) higher than that of the unprocessed pure sample of QHCl (56.97 μg/cm2min and
3.87 × 10−4 cm/s, respectively) (Table 5). A 5-fold and 56-fold increase in the flux and
permeation coefficient, respectively, were observed. This implies that the rate of absorp-
tion as well as ease of drug permeation through porcine nasal mucosa was impressively
enhanced by formulating QHCl as NS. A similar outcome has been earlier reported for
artesunate NLC and gentamicin lipid-based microsuspension [9,25]. The lipophilicity of
NS improved the permeation of QHCl, a hydrophilic drug, through excised porcine nasal
mucosa. This also implies that the reformulation of QHCl can improve its permeation
through lipid bilayers.

3.10. In Vivo Antimalarial Studies of QHCl-NS

Antimalarial investigation showed that there was a significant (p < 0.05) reduction of
parasitaemia achieved with both intranasal and oral administration of QHCl-NS compared
with the placebo. The reductions in parasitaemia caused by Q9 administered through the
intranasal and oral routes were 51.16% and 52.12%, respectively (Figure 8). Interestingly,
reductions in parasitaemia observed in both routes of administration were similar and not
significantly different, though that of the oral route was higher. This is an indication that
malaria treatment with quinine through the intranasal route is a possibility. The activity of
the drug when given through the nasal route (56.26%) was higher than when administered
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through the oral route (54.22%) (Figure 9). The administration of unprocessed quinine
solution exhibited a significantly (p < 0.05) higher reduction in parasitaemia and activity.
This varies from the results obtained in the ex vivo permeation studies. However, for the
intranasal administration, an NS formulation of quinine will still be preferrable, because
such a formulation being mucoadhesive will be better retained in the nasal region [63]. A
plain solution of the drug may easily be cleared in the nasal cavity, as well as run off to the
oral region of the mouth or throat, causing the patient to experience an unpleasant taste.

Figure 8. Percentage reduction in parasitaemia after IN and oral treatment with Q9 NS formulation
and plain solution of QHCl (SQHCl).

Figure 9. In Vivo antimalarial activity after IN and oral treatment with Q9 NS formulation and plain
solution of QHCl (SQHCl).

3.11. Histopathological Studies

The histopathological analysis of the lungs and the nasal mucosa showed a clear
difference between the treated and the untreated groups. While there was evidence of
inflammation and congestion of red blood cells in the lungs and nasal mucosa of the
mice in the untreated group (Figures 10A and 11A), none was observed in the lungs and
nasal mucosa of mice treated intranasally with Q9 (Figures 10B and 11B,C). The observed
congestion of pulmonary vessels in the mice treated intranasally with placebo is indicative
of severe malaria [64]. No sign of injury was seen in the group treated with Q9 through the
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intranasal route (Figures 10B and 11B,C). However, the pseudostratified columnar ciliated
epithelium and nonciliated goblet cells covered by thin mucus membrane were intact in
both groups and undamaged by intranasal administration of formulation and placebo.
This implies that intranasal administration of NS formulation of QHCl for the treatment of
malaria caused no damage to the nasal mucosa.

A B

AS

AS
AS

A

A

B

B

B

ADx100 x100

Figure 10. The histomicrograph of the lungs of mice treated with placebo (A) and Q9 (B) H & E
×100, showing normal respiratory epithelium of the smaller bronchioles (B) (arrows: ciliated simple
columnar epithelium). Note also the normal Alveolar duct (AD), Alveolar sac (AS), and Alveoli
(A) in A and B, and the sequestration of parasitized red blood cells (black arrows) and congested
pulmonary vessels (white arrows) in (A). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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Figure 11. The histomicrograph of the nasal epithelium of mice treated intranasally with placebo
(A) and Q9 (B,C) H & E ×100, showing the nasal epithelium (epidermis; P) composed of pseudostrat-
ified columnar ciliated epithelium (PSC) and covered by mucus membrane ((C); MM). Note also the
goblet cells (GC) and the lamina propria (LP). H & E ×100 (A–C). The sequestration of parasitized
red blood cells (white arrows).
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4. Conclusions

Intranasal administration of QHCl-NS successfully treated malaria in mice infected
with Plasmodium berghei ANKA, and can therefore serve as an alternative to other routes of
administration of QHCl for the treatment of malaria. It can be beneficial in preventing the
GIT-associated side effects caused by QHCl and can be helpful to patients (especially preg-
nant woman) who may be having the side effect of vomiting due to morning sickness and
malaria. The relatively reduced surface area of the nasal cavity compared to the GIT may
reduce the rate of saturation of the systemic circulation with quinine, thereby preventing
cinchonism, which is dependent on the concentration of quinine in circulation. The in-
tranasal route also offers the advantage of ease of application, painless self-administration,
avoidance of first-pass metabolism, and direct access to the brain in the case of cerebral
malaria. The results of the ex vivo studies revealed the potential of the nanosuspension of
QHCl improving permeation through the nasal mucosa. Its bioadhesive nature compared
to unprocessed QHCl solution will increase the residence time of the drug in the nasal
cavity and retard flow of the bitter-tasting drug to the oral cavity.

Further studies to compare parenteral administration of QHCl to intranasal admin-
istration, as well as quantification of the amount of drug in the brain relative to systemic
circulation after intranasal administration, will be conducted.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pr11061811/s1: Table S1: zeta potentials of blank-NS
formulations; Figure S1: SEM micrographs of drug and some excipients; Figure S2: FTIR Spectra of
Excipients and QHCl-NS formulation; Table S2: DSC analysis results of plain drugs, and lipids and
lipid matrices; Figure S3: DSC thermogram of lipid matrix made with C888 and P90H.
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Abstract: Aim: To formulate and characterize a palm-oil-in-water-based α-Mangostin nano-emulsion
(PO-AMNE) endodontic irrigant, in order to evaluate its antibacterial efficacy against Enterococcus
faecalis, Staphylococcus epidermidis, and Candida albicans biofilms, as well as its capacity to remove
smear layer. Methods: The solubility of α-Mangostin in various oils was determined and selected,
surfactants and co-surfactants were used for the nano-emulsion trial. PO-AMNE was prepared
and optimized. The MIC was performed, and the antimicrobial efficacy was estimated against
biofilms. The optimized 0.2% PO-AMNE irrigant antimicrobial efficacy in a tooth model was done
using colony-forming units. The treated teeth were processed by scanning electron microscopic
examination for debris and smear layer removal. An Alamar Blue assay was used to evaluate cell
viability. The optimization of the PO-AMNE irrigant was performed using Box–Behnken statistical
design. Results: The optimized 0.2% PO-AMNE irrigant was found to have a particle size of 340.9 nm
with 0.246 PDI of the dispersed droplets, and a zeta potential (mV) of −27.2 ± 0.7 mV. The MIC
values showed that 0.2% PO-AMNE (1.22 ± 0.02) were comparable to 2% CHX (1.33 ± 0.01), and
3.25% NaOCl (2.2 ± 0.09) had the least inhibition for E. faecalis. NaOCl (3.25%) showed the maximum
inhibition of S. epidermidis (0.26 ± 0.05), whereas 0.2% PO-AMNE (1.25 ± 0.0) was comparable to 2%
CHX (1.86 ± 0.07). For C. albicans, 2% CHX (8.12 ± 0.12) showed the least inhibition as compared
to 0.2% PO-AMNE (1.23 ± 0.02) and 3.25% NaOCl (0.59 ± 0.02). The 0.2% PO-AMNE irrigant was
then evaluated for its antimicrobial efficacy against the three biofilms, using colony-forming units.
The 0.2% PO-AMNE was comparable to both 3.25% NaOCl and 2% CHX in inhibiting the growth
of biofilms. The 0.2% PO-AMNE and 17% EDTA eliminated the smear layer with the lowest mean
scores (p < 0.001). Finally, 0.2% PO-AMNE was shown to be biocompatible when compared to 17%
EDTA, 3.25% NaOCl, and 2% CHX in immortalized oral keratinocyte cells. Conclusion: Overall, the
formulated 0.2% PO-AMNE irrigant was an effective antimicrobial and biocompatible which could
combat endodontic-infection-related polymicrobial biofilms.

Keywords: palm oil; α-Mangostin; nano-emulsion; antimicrobial; endodontic irrigant

1. Introduction

Medicinal plants are an inexhaustible source of novel bioactive compounds which
have a promising future in medicine [1,2]. Mangosteen (Garcinia mangostana Linn) is a
fruit that grows in Asian countries, such as Malaysia, Myanmar, Thailand, the Philippines,
Sri Lanka, and India. α-Mangostin, a natural xanthone produced from the pericarp of
mangosteen, has been documented for its distinct pharmacological activities [3]. This
compound has been shown to possess antibacterial [4], antifungal [5], and antiparasitic
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properties [6]. Multi-species biofilms cause infections of the root canal system in teeth
and periradicular tissues, and microbial persistence appears to have a major role in the
endodontic treatment outcome [7]. In cases of failed endodontic therapy and canals with
persistent infections, Enterococcus faecalis (E. faecalis) and yeast, primarily Candida albicans
(C. albicans), have been repeatedly identified. [8,9]. Murad et al. (2014) reported that
Staphylococcus epidermidis (S. epidermidis) plays an important role in persistent endodontic
infections [10]. Various studies have evaluated the effects of α-Mangostin on E. faecalis,
S. epidermidis, and C. albicans. Flavonoids derived from the mangosteen pericarp were
found to be effective against E. faecalis bacterial biofilm [11].

The instrumentation during the shaping of canals leads to organic and inorganic
remnants on the canal, leading to an uneven and granular layer called the smear layer [12].
This layer obstructs the dentinal tubules by reducing dentinal permeability, delaying the
action of topical medications and irrigants, and preventing close contact of the filling
material with the dentinal walls [13]. As a result, there is an increased risk of bacterial
infection and failure [14]. Removing the smear layer leads to better irrigant interaction
with canal walls, resulting in improved cleaning and closer interfacial proximity between
root canal fillings and dentin. Citric acid has been commonly employed to remove the
smear layer, which has strong chemical stability, is inexpensive [15], and has excellent
results [16,17].

Root canal irrigants have been used as an adjunct to enhance the antibacterial effect of
cleaning and shaping in endodontic treatment for many years. Because of its dissolving
action on pulp tissue and antibacterial activity, sodium hypochlorite (NaOCl) is the most
commonly used irrigant in the treatment of infected root canals. However, when injected
into periapical tissues, it has a cytotoxic effect, leaves a bad odor and taste, has a corrosive
potential, and may cause allergic reactions [18]. Chlorhexidine (CHX) is a cationic bis-
biguanide and has been used as an irrigating solution during root canal treatment due to
its broad antibacterial activity. However, the use of CHX as a root canal irrigant is limited
because it has no tissue solvent activity and some patients may have allergic reactions to
it [19]; additionally, it can discolor teeth [20]. Previous research has shown that both NaOCl
and CHX were highly cytotoxic to human periodontal ligament (PDL) cells, by inhibiting
mitochondrial activity [21]. As a result, there is a growing need for irrigants with effective
antimicrobial properties that are also biocompatible with oral tissues.

Nano-emulsions are colloidal systems that are made up of two immiscible phases,
and are translucent, with droplet sizes ranging from 50 to 500 nm. Surfactants, or a
mixture of surfactants and co-surfactants, are used to kinetically stabilize these systems
and reduce the droplet size of the nano-emulsion [22,23]. Controlling medication release
and providing a wide range of therapeutic agents are two main advantages of nano-
emulsions [24]. Furthermore, they outperform macroemulsions in terms of surface area and
free energy, and coalescence, flocculation, creaming, and sedimentation are also avoided.
Nano-emulsions can be made with lower emulsifying agent concentrations, lowering
surfactant-related toxicity [25].

The antimicrobial efficacy of α-Mangostin nano-emulsion was evaluated against E.
faecalis, S. epidermidis, and C. albicans biofilms, as these species cause the most prevalent
root canal infections. E. faecalis is a microorganism that is detected in persistent and
asymptomatic endodontic infections, which is quite prevalent in such infections ranging
from 24% to 77% [26]. Palm oil is a medium-chain fatty-acid-rich source of lauric acid
(LA). Hess et al., 2015 [27] and Hinton and Ingram (2006) [28] found that LA inhibited
the formation of E. faecalis biofilms, while Krishnapriya et al. (2019) reported that LA
was effective against C. albicans [29]. S. epidermidis is also a Gram-positive facultative
anaerobic bacterium that infects the root canal and stays in a benign relationship with
the host. Moreover, this is an opportunistic pathogen, as it invades the host defenses like
antimicrobial peptides (AMPs) on human skin and penetrates the epithelial barrier [30].
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Our work aims to formulate and characterize an α-Mangostin oil-in-water nano-
emulsion-based endodontic irrigant, targeting antimicrobial efficacy against E. faecalis,
S. epidermidis, and C. albicans biofilms with smear layer removal capability. In addition, it
will be tested for biocompatibility in immortalized oral kerantinocyte OKF-6 cells.

2. Materials and Methods

The α-Mangostin (purity > 95%) was procured from Chengdu Biopurify Phytochemi-
cals (China). The procurement of palm oil, olive oil, and avocado was done from Country
Farms Sdn Bhd (Malaysia). The macadamia oil was procured from Macadamia Nut Oil,
Malaysia, almond oil from IN-SCENT (USA), and primrose oil from iHerb (Malaysia).
The surfactants Tween 80, Tween 20, glycerol, and Span 80 were obtained from Merck,
Sigma-Aldrich, St. Louis, USA. The other surfactants, Lipophille, Labrafac™ PG, Labrafil
CS, and Peceol, were gifted by Gattefosse, Saint Priest, France. The Maisine and Transcu-
tol HP co-surfactants were procured from Gattefosse, Saint Priest, France. The dialysis
membrane (12 kDa cut-off) was purchased from HiMedia Laboratories Mumbai, India.
A low-speed diamond saw was obtained from Buehler (Isomet, Buehler Ltd., Lake Bluff,
IL, USA). A Gates Glidden drill was obtained from Mani®, Utsunoniya, Tochigi, Japan
and the low-speed handpiece was obtained from Kavo, Charlotte, NC, USA). The K-files
and ProTaper Universal rotary system were obtained from Dentsply, Maillefer, Ballaigues,
Switzerland.

2.1. Development of PO-AMNE: Formulation and Characterization

Various oils, surfactants, and co-surfactants were employed to evaluate the solubility
of α-Mangostin during the selection of components for the development of PO-AMNE.

2.1.1. Selection of Suitable Internal Phase (Oil): Screening of Oils for α-Mangostin
Nano-Emulsion Development

α-Mangostin was added to the oils every 6–12 h, until the additive was no longer
visibly soluble. To establish equilibrium, the mixture was maintained for 72 h at 37 ◦C in
a shaking water bath incubator, at 100 rpm. α-Mangostin was added every 24 h, until it
could no longer be visually dissolved. After 72 h, the samples were centrifuged for 15 min
to produce the residue, which was diluted with methanol (Solution A) and filtered through
a 0.22 mm membrane filter [31]. α-Mangostin concentration was determined using the UV
spectrophotometric technique, at a wavelength of 248 nm.

2.1.2. Selection of Surfactants and Co-Surfactants

α-Mangostin was added to the surfactants and co-surfactants every 6–12 h, until the
additive was no longer visibly soluble. The absorbance of the diluted sample was then
measured at 248 nm. Then, to determine the final surfactant and co-surfactant, 1 mL of each,
with a combination of palm oil, was added dropwise, followed by 1 min of vortexing. This
was performed until the mixture turned turbid. Each sample was performed in triplicate.
For the nano-emulsion test, the chosen surfactant and co-surfactant were used [31].

2.1.3. Preparation of PO-AMNE

The PO-AMNE was prepared by high-pressure homogenization for 3 cycles, alongside
an aqueous titration method, based on the different ratios of the components as suggested
by the software. The weighed quantity of the drug was added to the oil and stirred
until complete solubilization was achieved. The mixtures of surfactants, acid, and water
were added into the respective tubes in specific ratios, followed by the dropwise addition
of an aqueous phase with continuous vortex-mixing, to form a clear, transparent, and
homogeneous PO-AMNE. Finally, the clear, transparent, or slightly whitish PO-AMNEs
were evaluated for the droplet size, polydispersity index (PDI), and zeta potential, using
Zetasizer (Nano-ZS90, Malvern Instruments, Worcestershire, UK).
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2.2. Thermodynamic Stability Testing of α-Mangostin Nano-Emulsion
2.2.1. Centrifugation Test

All formulations were centrifuged at 5000 rpm for 30 min and checked for phase
separation, creaming, and/or cracking. The homogenous stable formulations were chosen
for further research after triple testing [31].

2.2.2. Heating–Cooling Cycle

To determine the temperature effect formulation stability, formulations were kept at
40 ◦C and 4 ◦C for 48 h, in three cycles. After this, formulations were observed for any
instability (phase separation, turbidity, etc.) [31].

2.2.3. Freeze–Thaw Cycle

Three freeze–thaw cycles at −20 ◦C and 25 ◦C, for 48 h each, were used to assess ther-
modynamically stable materials. Creaming, cracking, and phase separation was examined
after the freeze–thaw cycles. To identify any drastic change in the droplet size, PDI, and
surface charge, these parameters of all the stable formulations were compared [31].

2.3. Box–Behnken Statistical Design: Optimization of the α-Mangostin Nano-Emulsion (PO-AMNE)

According to the literature, oil and surfactant percentages play a significant influence
in achieving the ideal droplet size and polydispersity index in nano-emulsion formu-
lation [31,32]. In addition, the cosolvent may have affected the physical properties of
nano-emulsions [33]. Therefore, in this optimization process, the percentage of oil (palm
oil), percentage of Smix (Span 80: Tween 80::1:2), and percentage of cosolvent in nano-
emulsion formulation were regarded as independent variables, and their effects on droplet
size and polydispersity index of the nano-emulsion were investigated using a three-factor,
three-level Box–Behnken statistical design (Design Expert®, version 12; State-Ease Inc.,
Minneapolis, MN, USA).

Three levels of the three independent variables were determined and included in
the software [33] based on our preliminary studies and literature data. The droplet size
and polydispersity index of each formulation were analyzed based on the software’s
recommendation of 17 batches, containing a combination of different levels of independent
variables (Table 1). In addition, based on the experimental data of the droplet size and
the PDI of the suggested 17 formulations, the software was used to obtain the software-
recommended optimal formulation. Analysis of variance (ANOVA) was used to analyze
the interaction of three independent variables with their three-level dependent variables.

In addition, the effect of the interaction of the three independent variables on droplet
size and PDI was illustrated using software-generated perturbation plots, experimental
versus predicted plot contour plots, and 3D surface plots.

Y = b0 + b1A + b2B + b3C + b12AB + b13AC + b23BC + b11A2 + b22B2 + b33C2 (1)

where Y represents dependent dent variables, droplet size, and PDI, whereas b0 is the
intercept, and the coefficient for the respective model, where the terms are represented by
b1, b2, b3, b12, b13, b23, b11, b22, and b33 [34].

2.3.1. Measurement of Droplet Size, Polydispersity Index, and Zeta Potential

Using Zetasizer, the mean droplet size and degree of droplet size distribution were
analyzed. Using the same instrument, the surface charge of the formulations was measured.
As stated previously, thermodynamic stability studies were conducted on the developed
PO-AMNE.
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Table 1. Box–Behnken Design: three independent variables and their three levels.

Batch
Level of Independent Variables

A B C

F1 −1 0 −1

F2 1 0 1

F3 0 0 0

F4 1 0 −1

F5 0 0 0

F6 0 1 −1

F7 0 0 0

F8 −1 1 0

F9 1 1 0

F10 −1 −1 0

F11 0 −1 1

F12 0 0 0

F13 1 −1 0

F14 0 0 0

F15 −1 0 1

F16 0 1 1

F17 0 −1 −1

Independent variable
Levels

Low (−1) Medium (0) High (1)

A = Oil (% v/v) 5 7.5 10

B = Smix (% v/v)
Smix :: Span 80:
tween 80 :: 1:2

9 15 21

C = Glycerol (% v/v) 10 15 20

Dependent variables

Y1 = Droplet size (nm)

2.3.2. Preparation of Optimized Palm-Oil-Based α-Mangostin Nano-Emulsion (PO-AMNE)

α-Mangostin-loaded oil-in-water nano-emulsions (NEs) were formulated with the
same proportions of palm oil, Smix, 10% citric acid, and aqueous phases as the optimized
formulation. The low energy emulsification technique was utilized to formulate the drug-
loaded NE formulation, in which 20 mg α-Mangostin was dissolved in the oil phase,
followed by the addition of Smix, acid, and aqueous phase to yield 10 mL of the NE
formulation (0.2% PO-AMNE).

2.3.3. Transmission Electron Microscopy (TEM)

Transmission electron microscopic evaluation was performed to determine the struc-
ture and morphology of the formulated PO-AMNE. A drop of the 100-fold diluted sample
was placed on a 300-mesh carbon-coated copper grid for analysis. Finally, 2% phospho-
tungstic acid was used to negatively stain the droplets, which were then examined using a
100 kV microscope [35].
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2.4. Antimicrobial Studies
2.4.1. Microorganisms

E. faecalis, S. epidermidis, and C. albicans in the biofilms formed in the microtiter dish
were quantified directly by counting the microbial cells adhering to the surface. For the
identification of any metabolic alterations of three test organisms, E. faecalis, S. epidermidis,
and C. albicans, an analytical profile index (API) identification scheme had been used [36,37].

2.4.2. Determination of Minimum Inhibitory Concentration (MIC)

For the present study, MIC was performed for E. faecalis, S. epidermidis, and C. albicans.
The concentration of α-Mangostin nano-emulsion that has been used for the study is 0.2%
of α-Mangostin [38].

2.4.3. Micro Dilution Method

Here, the MIC of PO-AMNE against E. faecalis, S. epidermidis, and C. albicans chloride
(TTC) was used as an indicator [39].

2.4.4. Biofilm Assay (Microtiter Plate)

Bacteria are incubated at the “U”-shaped bottom of 96-well microtiter plates, in order
to observe the adherence of bacteria to an abiotic surface. Cells that are adhered to the
wells get stained for visualization [40].

2.5. Ex Vivo Experiment—Antimicrobial Efficacy—0.2% PO-AMNE Irrigant in aTooth Model
Using Colony-Forming Units (CFU)
2.5.1. Tooth Sample Preparation

One hundred sixty freshly extracted caries-free single-rooted mandibular premolars
extracted for orthodontic treatment were collected from patients with their informed
consent in accordance with a protocol, reviewed and approved by the Institutional Review
Board of International Medical University, Joint Committee on Research and Ethics for
the research project ID: PMHS I-2018 (01). In this research, the experiment model was
a modified version of the Haapasalo and Orstavik tooth model that included bovine
teeth. This model was used because it offered a more accurate simulation of clinical
circumstances for evaluating the antimicrobial efficacy of endodontic irrigants in dentinal
tubules. To evaluate the CFU, one hundred and sixty dentin blocks were prepared. These
teeth specimens of 8 mm width were obtained by removing the crowns (2–3 mm from
the cement–enamel junction), and 3 to 5 mm of the apical portion of the root, using a
low-speed diamond saw (Isomet, Buehler Ltd., Lake Bluff, IL, USA). The inner diameter
of the root canals of each sample was standardized using a Gates Glidden size 3 (Mani®,
Utsunoniya, Tochigi, Japan) drill at 300 rpm with a low-speed handpiece (Kavo, Charlotte,
NC, USA) [41].

2.5.2. Antimicrobial Assessment Using Colony-Forming Units (CFU)

The CFU measurement technique was used to estimate the antimicrobial efficacy of a
nano-formulation irrigant in tooth models. The E. faecalis, S. epidermidis, and C. albicans were
grown overnight in a BHI broth [42]. Each dentin block was submerged in microcentrifuge
tubes containing BHIA (Brain Heart Infusion Agar) broth that had been pre-sterilized. To
contaminate the dentin block, 50 μL of the overnight culture of E. faecalis, S. epidermidis,
and C. albicans cultures were placed in each microcentrifuge tube. On BHIA (Brain Heart
Infusion Agar) plates, 5 μL of the broth from the incubated dentin blocks was subcultured to
determine the purity of the culture. The samples of teeth were irrigated. The dentin blocks
were randomly divided into four groups of 10 specimens for each organism (E. faecalis,
S. epidermidis, and C. albicans): group 1: 0.2% PO-AMNE, group 2: 2% CHX (CHX), group
3: 3.25% NaOCl, and group 4: saline (control). After irrigation, bacterial growth was
evaluated by harvesting dentin chips at 200 μm and 400 μm with Gates Glidden drills No.
4 and No. 5 (Mani®, Utsunoniya, Tochigi, Japan), respectively [43].
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2.6. Smear Layer Removal in Tooth Model

To perform this experiment, 30 extracted human single-rooted premolars were selected
for this study. The samples were randomly divided into 3 groups (n = 10), where treatments
were as follows: group 1: 0.2% PO-AMNE, group 2: 17% EDTA and group 3: saline.

Access cavities were prepared and working lengths were determined by deducting
1 mm from the length at which the file was barely visible to the naked eye at the apical
foramen. Using the ProTaper Universal rotary system (Dentsply, Maillefer, Ballaigues,
Switzerland), canals were prepared. Each canal was finished with a #F3 apical preparation.
Each solution (30 mL) was used to determine the effects of experimental and control
solutions as a final rinse on the surface of root canals after instrumentation, for a total
duration of one minute. A 30-gauge side-vented needle (Dentsply Tulsa Dental, Tulsa,
OK, USA) was passively placed within the middle third of the root canals to deliver the
irrigating solution. The teeth were then divided longitudinally into two halves. The
samples were then scheduled for scanning electron microscopic (SEM) evaluation [44].

2.6.1. Selection of Representative SEM Sections

After the central beam of the SEM had been directed to the center of the object by
the SEM operator at 10× magnification, the magnification was increased to 200× and
subsequently, 1000×, respectively, and the canal wall region appearing on the screen was
photographed [45].

2.6.2. SEM Analysis and Scoring

The smear layer score systems, introduced by Hülsmann et al., [45] were followed to
score the smear layer (Table 2). These scoring systems were applied to the coronal, middle,
and apical thirds of the canal [45].

Table 2. Scoring criteria for smear layer evaluation.

Score Criteria

1 Clean root canal wall and only a few small debris particles

2 A few small agglomerations of debris

3 Many agglomerations of debris covering less than 50% of the root canal wall

4 More than 50% of the root canal walls were covered with debris

5 Complete or nearly complete root canal wall coverage with debris

The results were then dichotomized into “clean canal wall”, which included scores 1
and 2, and “smear layer present”, which included scores 3, 4, and 5.

2.7. Biocompatibility Test Using an Alamar Blue Assay on Immortalized Oral Kerantinocyte
OKF-6 Cells

The Alamar Blue assay was used to determine the viability of immortalized oral
keratinocyte OKF-6 cells. The cells were cultured in keratinocyte serum-free medium (SFM,
Thermo Fischer, Waltham, MA, USA) and seeded at a density of 1.8 × 104 cells per well
in a 96-well black plate. The cells were allowed to attach overnight. The cells were then
treated with group 1: 20 mgs/mL α-Mangostin, group 2: 0.2% PO-AMNE, group 3: 3.25%
NaOCl, group 4: 2% CHX, and group 5: 17% EDTA. The cells were then treated for 1 min,
5 min, 10 min, 30 min, and 1 h. Later, the medium in each well was changed to a standard
culture medium. Then, 10 μL of Alamar Blue (Invitrogen, Carlsbad, CA, USA) was added
to each well, followed by a 4 h incubation at 37 ◦C and 5% carbon dioxide. Furthermore, the
fluorescence of each well was measured using the FLx800 fluorescence microplate reader at
570 nm excitation and 590 nm emission wavelengths (Bio-Tek, Winooski, VT, USA) [46,47].
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2.8. Statistical Analysis

The data obtained were entered manually in Microsoft Excel Data, and the data were
cleaned. IBM SPSS Statistics for Windows software, Version 29.0. (IBM Corp: Armonk, NY,
USA)) was used for data analysis, to represent the data graphically and provide statistical
analysis. The mean and standard deviation was analyzed using descriptive statistics. The
normality of the data was assessed by using the Kolmogorov–Smirnov test. A one-way
analysis of variance (ANOVA), with a Dunnett’s test, was used to investigate significant
differences between the four groups of data that followed (differences between the four
groups). To do the pair-wise comparison, a Tukey’s post-hoc test was used. The significance
level was set at p < 0.05.

3. Results

3.1. Formulation and Characterization of PO-AMNE
Selection of Oils, Surfactants, and Co-Surfactant for PO-AMNE Development

The selection of suitable components for the development of NE was determined in
different components.

The solubility profiles of α-Mangostin in various components are depicted in Table 3,
where the highest solubility of α-Mangostin was obtained in palm oil (29.579 ± 0.101 mg/mL),
Tween 80 (70.804 ± 0.102 mg/mL), Span 80 (69.236 ± 0.032 mg/mL), and glycerol
(212. 412 ± 0.07 mg/mL). As a result, palm oil 90, Tween 80, Span 80, and glycerol were
chosen as the oil, surfactant, and co-surfactant for the next phase of NE development.

Table 3. Solubility profiles of α-Mangostin in different oils surfactants and co-surfactants.

Oils α-Mangostin Solubility * (mg/mL)

Palm oil 29.579 ± 0.101

Olive 27.288 ± 0.006

Avocado 27.38 ± 0.010

Macadamia 27.182 ± 0.011

Almond 27.885 ± 0.045

Primrose 26.807 ± 0.008

Surfactants and Co-surfactants α-MangostinSolubility (mg/mL) *

Tween 80 70.804 ± 0.102

Tween 20 64.31 ± 0.0588

Lipophille 34.71 ± 0.03

Labrafac PG 54.632 ± 0.014

Labra CS 64.104 ± 0.074

Peceol 39.2422 ± 0.25

Maisine 34.51 ± 0.045

Glycerol 212. 412 ± 0.07

Transcutol HP 418.457 ± 0.122

Transcutol HP 417.755 ± 0.076

Span 80 69.236 ± 0.032
* The data are presented in this table as the mean ± SD, n = 3.

3.2. Measurement of Droplet Size, Polydispersity Index, and Zeta Potential
3.2.1. Droplet Size

Among the various physical properties of nano-emulsion, droplet size is one of the
most crucial parameters because it affects the formulation aesthetic appeal and stability [48].
To lessen the experimental burden, we included droplet size as one of the dependent
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variables in the optimization procedure. Table 4 displays the results of a statistical analysis
of the effect of the interaction between the percentage of oil, Smix, and glycerol (cosolvent)
on the droplet size of blank nano-emulsion.

Table 4. Analysis of variance data for droplet size.

Source F-Ratio p-Value

Model 79.96 <0.0001

A 568.47 <0.0001

B 46.82 0.0002

C 0.0808 0.7845

AB 16.76 0.0046

AC 7.79 0.0269

BC 9.46 0.0179

A2 48.02 0.0002

B2 15.36 0.0058

C2 8.53 0.0223

Residual

Lack of Fit 2.68 0.1823

Pure Error

The model F-value of 79.96 and p-value of <0.05 represented the significance of the
best fit quadratic model, and the representative p-values (p < 0.05) for the model terms A, B,
AB, AC, BC, A2, B2, and C2 have the statistical significance influence on droplet size of the
developed nano-emulsion.

The F-value of 2.68 and p > 0.05 for the lack of fit indicated the insignificance of the
lack of fit relative to the pure error. Non-significance of the lack of fit is good as it represents
the model to be fit. An adequate precision (signal-to-noise ratio) value of 28.764 indicated
an adequate signal for the suggested quadratic model. Hence, this model could be used to
navigate the design space. A polynomial equation on the responses of three independent
variables on globule size was generated in the fitted model (Equation (2)), where Y1 repre-
sents the droplet size of the formulation. Coefficient values for the respective model terms
help to identify the relative impact of the independent variables on globule size.

Together with increasing palm oil and glycerol %, the positive coefficient of model
terms A (+230.71) and C (+2.75) represented that the droplet size of the nano-emulsion
was also increased; although, the effect of glycerol content on the droplet size of the
formulation was insignificant, as represented in Table 4 (p > 0.05). As per the literature, a
significant effect of glycerol content was reported when the % of glycerol was more than
20% [49]. In our experiment, the percentage was within 20%, which might the reason for the
insignificant effect of glycerol content on droplet size. Alternatively, a negative coefficient
value of −66.21 for the model term indicated increasing droplet size, with increasing % of
Smix. The effect of oil content and Smix content on droplet size were in agreement with
the literature data. The negative coefficient value (−56.02) of model term AB (Equation (2))
indicated decreasing in droplet size with increasing the combined effect of model terms
A and B. Similarly, model term C was also associated with a negative coefficient, which
represents a decrease in droplet size, with increasing combined interaction of model terms
A and C. Combined effects of model terms AB and AC on droplet size were significant,
which was evident in their respective p-values; whereas, a positive coefficient (+38.20) was
associated with the model term AC, which represents the combined effect of model terms
A and C as inverse with globule size.
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Y1 = +428.76 + 230.71 × A − 66.21 × B + 2.75 × C + 92.43 × A2 − 56.02 × A × B + 38.20 × A × C − 52.27 × B2 −
42.10 × B × C + 38.96 × C2

(2)

Moreover, proportional increases in droplet size with increasing oil % are evident
with a steep positive slope in the perturbation plot (Figure 1A) associated with increasing
model term A, which is in agreement with the positive coefficient value (+230.71) of the
model term A in Equation (2). Alternatively, the negative slope in the perturbation plot
(Figure 1A) associated with increasing model term B indicated decreasing droplet size with
increasing Smix %, which is follows the negative slope (−66.21) of the model term B in
Equation (2). The similar effect of model terms A and B are also evident in the 3D surface
plot (Figure 1B). Increasing the surfactant % might provide a layer for the adsorption of the
oil and water phase and reduce the interfacial tension between the dispersible droplets and
the external aqueous phase, which leads to a decrease in droplet size [50]. Predicted and
experimental globule size data are close together, which can be seen in the predicted vs.
actual plot (Figure 1C).

A BB

C

Figure 1. Effect of interaction of independent variables on the droplet size of nano-emulsion formula-
tion: (A) Perturbation plot, (B) 3D surface plot, (C) predicted vs. actual graph.

3.2.2. Effect of the Independent Variable on Polydispersity Index

The PDI measures the homogeneity of dispersed oil droplets. Additionally, it ensures
the formulation stability. Low PDI values signify the high kinetic stability of nano-emulsion
formulation, while high PDI values signify low formulation stability [51]. Uniform droplets
with a narrow size distribution are represented by low PDI values, which signify high
kinetic stability.
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The statistical data from the quadratic model, of the interaction of three independent
variables on PDI, is mentioned in Table 5. The model F-value of 15.12 and p-value of
0.0008 (p < 0.05) indicated model significance. Further, model terms A, B, C, A2, and B2 are
found to have a significant effect on the PDI of the droplet size range of the formulation, as
the respective p < 0.05. The F-value of 3.57 for the lack of fit term and respective p-value
(p > 0.05) represented that the lack of fit is not significant relative to the pure error. An
insignificant lack of fit is good, as we want the model to fit. Additionally, an adequate
precision value of 14.113, more than 4, indicated a sufficient signal. Hence, this model could
be used to navigate the design space.

Table 5. Analysis of variance data for PDI.

Source F-Ratio p-Value

Model 15.12 0.0008

A 19.96 0.0029

B 70.92 <0.0001

C 7.34 0.0303
AB 1.72 0.2306
AC 0.3818 0.5562
BC 4.54 0.0705
A2 17.68 0.0040

B2 11.64 0.0113

C2 0.9561 0.3607

Residual

Lack of Fit 3.57 0.1254

Pure Error

The closeness of actual PDI and predicted PDI is evident in the predicted vs. actual
plots (Figure 2C). The quadratic model generated a polynomial equation on the effect of
three independent variables on the PDI of the formulation, presented in (Equation (3)),
where Y2 represents the PDI of the formulation. Coefficient values corresponding to the
respective model terms indicate the relative impact of the independent variables on the
PDI of the nano-emulsion.

Y2 = +0.2396 + 0.0511 × A − 0.0964 × B + 0.0310 × C + 0.0663 × A2 − 0.0212terms − 0.0100 × A × C + 0.0538 ×
B2 − 0.0345 × B × C − 0.0154 × C2

(3)

The positive coefficient of the model terms A and C, along with a significant p-value
(p < 0.05) (Table 5 and Equation (3)), indicated the significant increase in PDI with increas-
ing oil and glycerol % in nano-emulsion; whereas the negative coefficient value associated
with the model term B indicated that there was a decrease in PDI with increasing surfactant
content. The perturbation plot and 3D surface plot on the effect of % of oil, Smix, and glyc-
erol on PDI of the formulation, are shown in Figure 2A,B, respectively, where an increasing
PDI with increasing oil content, and contrarily, the decreasing PDI with increasing Smix, is
evident. The obtained results are in agreement with the respective negative and positive
coefficient values in Equation (3). Additionally, the highest coefficient value associated with
the model term B was also reflected with a sharp negative decline in the perturbation plot
with model term B. The positive coefficient value of A was reflected in the positive slope
associated with model term A in the perturbation plot, whereas the least coefficient value
associated with model term C in Equation (3) was also related to model term C in Table 5
and the smallest slope in the perturbation plot, per the insignificant p-value (Figure 2C).

Increasing the amount of surfactant may result in the successful coating of oil droplets,
which may result in a low PDI value. In addition, as the number of oil droplets increases,
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there may be insufficient surfactant to effectively coat the dispersed droplets in nano-
emulsion formulation, leading to the coalescence of incompletely coated dispersed droplets.
Our findings are consistent with the published literature [51].

A B

C

Figure 2. Effect of independent variables on PDI: (A) Perturbation graph of the droplet size, (B) 3D
surface plot, (C) predicted vs. actual graph.

3.3. Optimization and Characterization of 0.2% PO-AMNE

α-Mangostin was loaded into the optimized NE formulation by dissolving the drug to
obtain a final concentration of 0.2% mg/mL (20 mg/mL) in the oil phase, and formulated
as described above, incorporating desired percentages of Smix and the aqueous phase. The
globule size of the drug-loaded NE was determined as 340.9 nm, whereas the PDI 0.246
and surface charge were recorded as 27.2 ± 0.7 mV (Figure 3). α-Mangostin was loaded
into the optimized NE formulation by dissolving the drug to achieve a final concentration
of 0.2% mg/mL (20 mg/mL) in the oil phase and formulating with the desired proportions
of Smix and the aqueous phase, as described above. The globule size of the drug-loaded
NE was measured to be 340.9 nm, while the PDI 0.246 and surface charge were measured
to be −27.2 ± 0.7 mV, respectively (Figure 3b).

The 0.2% PO-AMNE was formulated using concentrations of 0.2% α-Mangostin solu-
tion, and the formulation was then characterized based on the change in globule size, PDI,
and surface charge. TEM analysis of the 0.2% PO-AMNE formulation revealed the coated
droplets’ spherical morphology (Figure 3A). Figure 3B histogram indicates that the particles
in the PO-AMNE formulation have a smaller range of sizes, which is consistent with Table 6
PDI value (0.246) and the morphological observation in the TEM image (Figure 3B). In
addition, the uniformity of the droplet size (340.9 nm) in the absence of crystalline AM
confirmed that the drug was completely entrapped within the oil phase of the formulation.
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Table 6. Physical characterization of 0.2% PO-AMNE.

Nano-Formulation
Average Particle Size
(nm)

Polydispersity Index
(PDI)

Zeta Potential (mV)

0.2% PO-AMNE 340.9 nm PDI 0.246 −27.2 ± 0.7 mV

Figure 3. Representation of morphology of the optimized (0.2%) PO-AMNE (A), particle size distri-
bution (B), and zeta potential (C).

3.4. Ex Vivo Antimicrobial Studies
3.4.1. Enumeration and Identification of Enterococcus Faecalis, Staphylococcus epidermidis,
and Candida albicans

For the identification of any metabolic alterations for three test organisms, E. faecalis,
S. epidermidis, and C. albicans, an analytical profile index (API) identification scheme was
used (Figure 4A–C).

 

  

(A) (B) (C) 

Figure 4. (A) API identification of E. faecalis; (B) API identification of S. epidermidis; (C) API identifica-
tion of C. albicans.
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3.4.2. Determination of Minimum Inhibitory Concentration (MIC)

α-Mangostin is comparable to both 3.25% NaOCl and 2% CHX in inhibiting the growth
of tested microbes. The MIC values showed that 0.2% α-Mangostin (1.22 ± 0.02) was com-
parable to 2% CHX (1.33 ± 0.01) and 3.25% NaOCl (2.2 ± 0.09) and had the least inhibition
of E. faecalis. NaOCl (3.25%) showed the maximum inhibition of S. epidermidis (0.26 ± 0.05),
whereas 0.2% α-Mangostin (1.25 ± 0.0) was comparable to 2% CHX (1.86 ± 0.07). For C. al-
bicans, 2% CHX (8.12 ± 0.12) showed the least inhibition, as compared to 0.2% α-Mangostin
(1.23 ± 0.02) and 3.25% NaOCl (0.59 ± 0.02), as shown in Figure 5.

 
Figure 5. MIC of α-Mangostin(mg/mL) concentration against E. faecalis, S. epidermidis, and C. albicans.

3.5. Ex Vivo Experiment: Preparation of Human Teeth Specimens to Check the Antimicrobial
Efficacy of PO-AMNE Irrigant in a Tooth Model Using Colony-Forming Units (CFU)
3.5.1. Antimicrobial Assessment Using CFU

A reduction in the number of CFUs was statistically significant in all groups compared
to the control group (p < 0.05).

Results for E. faecalis at 200 μm

The mean CFU of 0.2% PO-AMNE was 4.63 ± 0.26, 4.68 ± 0.35 for 2% CHX, 4.87 ± 0.15
for 3.25% NaOCl, and 6.05 ± 0.04 for saline, as shown in Table 7. In the presence of nano-
formulation, the CFU formation of E. faecalis was lower compared to either 2% CHX or
3.25% NaOCl at a depth of 200 μm, showing its potent antimicrobial effect.

Table 7. Mean and standard deviation of irrigants against E. faecalis at 200 μm.

Irrigants N Mean Std. Deviation

0.2% PO-AMNE 10 4.63972392 0.266228615
2% CHX 10 4.68676222 0.350818870
3.25% NaOCl 10 4.87883986 0.158879880
Saline 10 6.05010073 0.043594317
Total 40 5.06385668 0.625931661

Overall, 0.2% PO-AMNE had statistical significance when compared to 2% CHX
against E. faecalis. The 95% confidence interval was −0.2455 to 0.3396, with a standard error
of 0.139. The p-value was found to be <0.0001. Similarly, the 0.2% PO-AMNE irrigant had
statistical significance when compared to 3.25% NaOCL. The 95% confidence interval was
observed to be 0.0331 to 0.4451, with a p-value of <0.0001.
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Results for E. faecalis at 400 μm

The mean CFU of 0.2% PO-AMNE was 5.20 ± 0.09, 5.52 ± 0.07 for 2% CHX, 5.52 ± 0.27
for 3.25% NaOCl and 6.14 ± 0.01 for saline, as shown in Table 8. In the presence of nano-
formulation, the CFU formation of E. faecalis was lower when compared to either CHX or
NaOCl at a depth of 400 μm, showing its potent antimicrobial effect.

Table 8. Mean and standard deviation of irrigants against E. faecalis at 400 μm.

Irrigants N Mean Std. Deviation

0.2% PO-AMNE 10 5.20722816 0.098434833
2% CHX 10 5.52280850 0.074578498
3.25% NaOCl 10 5.52824399 0.027822768
Saline 10 6.14335492 0.016507675
Total 40 5.60040889 0.349093792

Overall, 0.2% PO-AMNE had statistical significance when compared to 2% CHX
against E. faecalis. The 95% confidence interval was −0.3976 to −0.2335, with a standard
error of 0.039. The p-value was found to be <0.0001. Similarly, the 0.2% PO-AMNE irrigant
had statistical significance when compared to 3.25% NaOCL. The 95% confidence interval
was observed to be 0.2531 to 0.3890, with a p-value of <0.0001.

Results for S. epidermidis at 200 μm

The mean CFU of 0.2% PO-AMNE was 3.77 ± 0.37, 4.44 ± 0.34 for 2%, 4.78 ± 0.86
for 3.25% NaOCl and 6.07 ± 0.01 for saline, as shown in Table 9. In the presence of nano-
formulation, the CFU of S. epidermidis was lower when compared to either CHX or NaOCl
at a depth of 200 μm, showing its potent antimicrobial effect.

Table 9. Mean and standard deviation of irrigants against S. epidermidis at 200 μm.

Irrigants N Mean Std. Deviation

0.2% PO-AMNE 10 3.77083657 0.379532943
2% CHX 10 4.44137166 0.342868124
3.25% NaOCl 10 4.78653050 0.086264246
Saline 10 6.07355352 0.013985945
Total 40 4.76807306 0.884068563

Overall, 0.2% PO-AMNE had statistical significance when compared to 2% CHX
against E. faecalis. The 95% Confidence interval was 0.3307 to 1.0103, with a standard error
of 0.162. The p-value was found to be <0.0001. Similarly, the 0.2% PO-AMNE irrigant had
statistical significance when compared to 3.25% NaOCL. The 95% confidence interval was
observed to be 0.7571 to 1.2743, with a p-value of <0.0001.

Results for S. epidermidis at 400 μm

The mean CFU of 0.2% PO-AMNE was 4.40 ± 0.17, 4.54 ± 0.14 for 2% CHX, 5.00 ± 0.29
for 3.25% NaOCl and 6.13 + 0.01 for saline, as shown in Table 10. In the presence of nano-
formulation, the CFU formation of S. epidermidis was lower when compared to either CHX
or NaOCl at a depth of 400 μm, showing its potent antimicrobial effect.
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Table 10. Mean and standard deviation of irrigants against S. epidermidis at 400 μm.

Irrigants N Mean Std. Deviation

0.2% PO-AMNE 10 0.171520772 0.054239631
2% CHX 10 0.469422690 0.148444489
3.25% NaOCl 10 0.094514831 0.029888214
Saline 10 0.016537682 0.005229674
Total 40 0.731541254 0.115666828

Overall, 0.2% PO-AMNE had statistical significance when compared to 2% CHX
against S. epidermidis. The 95% confidence interval was −0.1951 to 0.4690, with a standard
error of 0.158. The p-value was found to be <0.0001. Similarly, the 0.2% PO-AMNE irrigant
had statistical significance when compared to 3.25% NaOCL. The 95% confidence interval
was observed to be 0.4658 to 0.7260, with a p-value of <0.0001.

Results for C. albicans at 200 μm

The mean CFU of 0.2% PO-AMNE was 2.83 + 0.24, 3.14 ± 0.18 for 2%CHX, 3.34 ± 0.24
for 3.25% NaOCl and 5.09 ± 0.02 for saline, as shown in Table 11. In the presence of
nano-formulation, the CFU formation of C. albicans was lower when compared to either
CHX or NaOCl at a depth of 200 μm, showing its potent antimicrobial effect.

Table 11. Mean and standard deviation of irrigants against C. albicans at 200 μm.

Irrigants N Mean Std. Deviation

0.2% PO-AMNE 10 2.83659430 0.247612845
2% CHX 10 3.14848172 0.181043992
3.25% NaOCl 10 3.34090591 0.240291718
Saline 10 5.09852677 0.020267240
Total 40 3.60612717 0.910935697

Overall, 0.2% PO-AMNE had statistical significance when compared to 2% CHX
against C. albicans. The 95% confidence interval was 0.1081 to 0.5157, with a standard error
of 0.097. The p-value was found to be <0.0001. Similarly, the 0.2% PO-AMNE irrigant had
statistical significance when compared to 3.25% NaOCL. The 95% confidence interval was
observed to be 0.2751 to 0.7335, with a p-value of <0.0001.

Results for C. albicans at 400 μm

The mean CFU of 0.2% PO-AMNE was 2.95 ± 0.15, 3.11 ± 0.14 for 2% CHX, 3.33 ± 0.11
for 3.25% NaOCl and 5.14 ± 0.02 for saline, as shown in Table 12. In the presence of nano-
formulation, the CFU formation of C. albicans was lower when compared to either CHX or
NaOCl at a depth of 400 μm, showing its potent antimicrobial effect.

Overall, 0.2% PO-AMNE had statistical significance when compared to 2% CHX
against C. albicans. The 95% confidence interval was 0.0143 to 0.2965, with a standard error
of 0.067. The p-value was found to be <0.0001. Similarly, the 0.2% PO-AMNE irrigant had
statistical significance when compared to 3.25% NaOCL. The 95% confidence interval was
observed to be 0.2559 to 0.4978, with a p-value of <0.0001.
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Table 12. Mean and standard deviation of irrigants against C. albicans at 400 μm.

Irrigants N Mean Std. Deviation

0.2% PO-AMNE 10 2.95885666 0.150876977
2% CHX 10 3.11424553 0.149477061
3.25% NaOCl 10 3.33568568 0.101826728
Saline 10 5.14021700 0.025604369
Total 40 3.63725122 0.896448891

3.6. Smear Layer Removal in Tooth Models

The results obtained from this study are summarized in Tables 13–15, and show the
SEM images (Figure 6) of the tested irrigants. Group 1: 0.2% PO-AMNE and group 2: 17%
EDTA exhibited better efficacy in removing the smear layer without altering the normal
dentinal structures with the lowest mean scores (p < 0.001), followed by group 3: saline.
For all the treated groups, there was no statistically significant difference (p < 0.05) between
the scores at each root third (cervical, middle, apical).

Table 13. Group 1: Debris score with 0.2% PO-AMNE.

Coronal Third Middle Third Apical Third

Clean Debris Present Clean Debris Present Clean Debris Present

1 * 2 3 4 5 1 2 3 4 5 1 2 3 4 5

0 8/10
+

2/10
+ 0 0 1/10

+
8/10
+ 0 0 0 0/10

+
8/10
+

1/10
+

1/10
+ 0

8/10 +
(80%) *+

2/10 +
(20%) *+

9/10 +
(30%) *+

0/10 +
(70%) *+

8/10 +
(60%) *+

2/10 +
(100%) *+

* Debris scores (Hülsmann et al., 1997 [45]). + Number of canals presented with a given score. *+ Dichotomized
scores: scores 1 to 2 (clean canal wall) versus 3 to 5 (debris present).

Table 14. Group 2: Debris score with 17% EDTA.

Coronal Third Middle Third APICAL THIRD

Clean Debris Present Clean Debris Present Clean Debris Present

1 * 2 3 4 5 1 2 3 4 5 1 2 3 4 5

0 8/10
+

2/10
+ 0 0 0 4/10

+
6/10
+ 0 0 1/0 + 4/10

+
2/10
+ 1/0 + 0

8/10 +
(100%) *+

2/10 +
(100%) *+

4/10 +
(100%) *+

6/10 +
(100%) *+

5/10 +
(100%) *+

3/10 +
(100%) *+

* Debris scores (Hülsmann et al., 1997 [45]). + Number of canals presented with a given score. *+ Dichotomized
scores: scores 1 to 2 (clean canal wall) versus 3 to 5 (debris present).

Table 15. Group 2: Debris score with saline.

Coronal Third Middle Third Apical Third

Clean Debris Present Clean Debris Present Clean Debris Present

1 * 2 3 4 5 1 2 3 4 5 1 2 3 4 5

0 0 0 0 10/10
+ 0 0 0 0 10/10

+ 0 0 0 0 10/10
+

0/10 +
(100%) *+

10/10 +
(100%) *+

0/10 +
(100%) *+

10/10 +
(100%) *+

0/10 +
(100%) *+

10/10 +
(100%) *+

* Debris scores (Hülsmann et al., 1997 [45]). + Number of canals presented with a given score. *+ Dichotomized
scores: scores 1 to 2 (clean canal wall) versus 3 to 5 (debris present).
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Group 1: 0.2%PO-AMNE Group 2: 17% EDTA Group 3: SALINE 

 

Apical third 
 

Apical third 
 

Apical third 

 

Middle third 
 

Middle third 

 

Middle third 

Coronal third Coronal third Coronal third 

Figure 6. SEM images of all groups.

3.6.1. Debris Scores for 0.2% PO-AMNE

In the coronal third, 8 out of 10 (80%) samples were scored as 2, respectively, repre-
senting a clean dentin surface. In the middle third, 9 out of 10 (90%) were scored 1 or 2,
respectively, representing a clean dentin surface, and 0 out of 10 (60%) were scored as 3,
4, and 5. In the apical third, 8 out of 10 (80%) samples were scored as 2, representing a
clean dentin surface, and 2 out of 10 (20%) samples were scored as 3 and 4, respectively,
representing debris present on the dentin surface, as shown in Table 13.

3.6.2. Debris Scores for 17% EDTA

In the coronal third, 8 out of 10 (80%) and 2 out of 10 (20%) samples were scored
as either 1 or 2, respectively, representing a clean dentin surface. In the middle third, 4
out of 10 (40%) were scored as 2, representing a clean dentin surface, and 6 out of 10
(60%) were scored as 3, respectively, representing debris present on the dentin surface.
In the apical third, 5 out of 10 (50%) samples were scored as either 1 or 2, respectively,
representing a clean dentin surface, and 5 out of 10 (50%) samples were scored as either 3,
4 or 5, respectively, representing debris present on the dentin surface, as shown in Table 14.

3.6.3. Debris Score for Saline

In the coronal third, no samples were characterized with scores of 1 or 2, and 10 out
of 10 (100%) samples were scored as 5, representing debris present on the dentin surface.
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In the middle third, no samples were characterized with scores of 1 or 2, and 10 out of 10
(100%) samples were scored as 5, representing debris present. In the apical third, 0 out of
10 (100%) samples were scored as either 1 nor 2, and 10 out of 10 canals (100%) were scored
as 5, representing debris present on the dentin surface as shown in Table 15.

Group 1 (0.2%) PO-AMNE and group 2 (17% EDTA) exhibited better efficacy in
removing the smear layer without altering the normal dentinal structures with the lowest
mean scores (p < 0.001), followed by group 3 (saline). There was no statistically significant
difference (p < 0.05) between the scores at each root third (cervical, middle, apical) for group
1 and group 2, though the apical third scores were less than the other root thirds.

3.7. Biocompatibility Test Using Alamar Blue Assay on Immortalized Oral Kerantinocytes
OKF-6 Cells

The proliferation percentage of the OKF-6 cells in the presence of various irrigants is
presented in Figure 7. The percentage of OKF-6 cells was calculated at 1 min, 5 min,10 min,
30 min, and 60 min. The results show that group 1 (20 mg α-Mangostin) was comparable
to group 2 (0.2% PO-AMNE) after 60 min, with cell viability percentages of 35.48% and
32.51%, whereas there was a decrease in the cell viability percentages for group 3 (3.25%
NaOCl), group 4 (CHX), and group 5 (17% EDTA) proliferation percentages of 6.47%, 4.30%,
and 4.15%, respectively.

 

Figure 7. Proliferation percentage of OKF-6 cells in the presence of various irrigants.

4. Discussion

For many years, root canal irrigants have been utilized as an adjuvant to improve the
antibacterial efficacy of endodontic cleaning and shaping. Because of its pulp-dissolving
and antibacterial properties, NaOCl is the most used irrigant for treating infected root
canals. However, when injected into the periapical tissues, it has a cytotoxic effect, leaves
a bad odor and taste, has a corrosive potential, and may cause allergic reactions. Due
to its extensive antibacterial action, the cationic bis-biguanide CHX has been employed
as an irrigating solution during root canal therapy. However, the use of CHX as a root
canal irrigant is limited, because it has no tissue solvent activity and some patients may
have allergic reactions to it; additionally, it can discolor teeth [52]. A previous study has
shown that both NaOCl and CHX impair the mitochondrial activity of human periodontal
ligament (PDL) cells, making them extremely cytotoxic [53]. As a result, there is a growing
need for irrigants with effective antimicrobial properties, that are also biocompatible with
oral tissues.

The filling of the dentinal walls and organic remnants present in the canal leaves
an uneven and granular smear layer during root canal instrumentation, called the smear
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layer [54]. This layer obstructs the dentinal tubules by reducing dentinal permeability,
delaying the action of topical medications and irrigants, and preventing close contact of
the filling material with the dentinal walls [55]. Consequently, there is a greater chance of
bacterial infection and failure. The choice of commercially available chelating agents used
in the study was EDTA and citric acid for smear layer removal, as there are ample data
in the literature showing the effectiveness of these agents for the elimination of the smear
layer from root canals. Citric acid is a weak acid that removes the smear layer, has strong
chemical stability, is inexpensive, and has excellent results [56].

The selection of E. faecalis, C. albicans, and S. epidermidis biofilms was based on scientific
data demonstrating that these pathogens are the most often isolated bacterial species in
endodontic patients. E. faecalis in dentinal tubules is 1000 times more resistant to phagocy-
tosis, antibodies, and antimicrobials than non-biofilm-producing organisms. Additional
virulence features have been observed in E. faecalis clinical isolates from asymptomatic,
chronic endodontic infections of the root canal and oral cavity [57]. C. albicans has been
regularly identified as the species most often recovered from failing root canals requiring
retreatment. Waltimo et al. proposed fungi as microorganisms resistant to endodontic
therapy in apical periodontitis and proved that C. albicans species need incubation with a
saturated calcium hydroxide solution for 16 h [58]. Peciuliene et al. [59] identified fungi
as resistant microorganisms in the obturated root canals of teeth diagnosed with chronic
apical periodontitis. Egan et al. conducted a study to determine the association between
the presence of fungi in the saliva and the root canals of teeth in patients with apical
periodontitis. They discovered that fungi were 13.8 times more prevalent in the root canals
when they were also present in the patient’s saliva [60].

The Gram-positive bacterium, S. epidermidis, was frequently found to be the cause
of endodontic flare-ups and secondary infections. However, in many instances, the in-
fection has persisted despite multiple attempts to alleviate symptoms (such as intracanal
medication placement and antimicrobials) [61].

Our study aimed to formulate an oil-based nano-emulsion containing a mixture of
α-Mangostin, palm oil, Tween® 80, Span® 80, glycerol, and 10%, citric acid and investigate
its effectiveness at inhibiting E. faecalis, S. epidermis, and C. albicans biofilms, as well as to
assess its biocompatibility using immortalized oral keratinocyte (OKF-6) cells.

In our study, the solubility profiles of α-Mangostin in various oils, such as olive oil,
macadamia oil, almond oil, and primrose oil, were evaluated. The highest solubility of
AM was obtained with palm oil (29.57 mg/mL), Tween® 80 (70.80 mg/mL), Span® 80
(69.23 mg/mL), and glycerol (212.41 mg/mL). As a result, palm oil 90, Tween® 80, Span®

80, and glycerol were the oils, surfactants, and co-surfactants of choice for the next phase of
NE development. Based on the Box–Behnken statistical design, the composition of nano-
emulsion 0.2% PO-AMNE had an average particle size of 340.9 nm. This was in agreement
with studies conducted by Marcel et al., who developed a limonene nano-emulsion formed
by a high-pressure homogenizer. The average particle size in their study varied from
264.50 nm to 434.20 nm [62]. The zeta potential is used for predicting dispersion stability,
and its value depends on the physicochemical property of the drug, polymer, vehicle,
presence of electrolytes, and adsorption. The zeta potential of 0.2% PO-AMNE in this
study was -27.2 + 0.7 mV. It is in accordance with a study done by Ðord̄ević et al., who
concluded that a zeta potential of ±30 mV is sufficient to ensure the physical stability of
NE [63]. Ahmad et al. concluded that all their nano-formulations had a zeta potential of
−28.5 to −40.2 mV. The formulations having a zeta potential charge value greater than
−30 mV indicate that nano-emulsion formulations are stable [64]. The PDI represents the
consistency of nano-emulsion droplet size. The greater the value, the less uniform the
nano-emulsion droplet size will be. It is the ratio of the standard deviation to the mean
droplet size. A PDI of 0.08 or less indicates a monodispersed sample, while 0.08 to 0.70
represents the middle range of PDI [65]. Our research revealed a PDI of 0.246, which
showed the consistency of nano-emulsion droplet sizes.
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The MIC values in our study showed that 0.2% α-Mangostin (1.22 ± 0.02) was compa-
rable to 2% CHX (1.33 ± 0.01) and 3.25% NaOCl (2.2 ± 0.09) for E. faecalis. These results
were consistent with the study by Kaomongkolgit et al., which showed that α-Mangostin is
effective against E. faecalis [66]. In our study, 3.25% NaOCl showed maximum inhibition
of S. epidermidis (0.26 ± 0.05), whereas 0.2% α-Mangostin (1.25 ± 0.00) was comparable to
2% CHX (1.86 ± 0.07), in accordance with Sivaranjani et al. [67]. For C. albicans, 2% CHX
(8.12 ± 0.12) showed the least inhibition as compared to 0.2% α-Mangostin (1.23 ± 0.02)
and 3.25%NaOCl (0.59 ± 0.02), as per the results reported by Kaomongkolgit et al., who
determined that α-Mangostin’s potent antifungal activity and low toxicity made it a vi-
able drug for the treatment of oral candidiasis [68]. The irrigant 0.2% PO-AMNE was
bactericidal and fungicidal against E. faecalis, S. epidermidis, and C. albicans biofilms. Ac-
cording to a study by Leelapornpisid et al., the planktonic inhibitory concentrations of
α-Mangostin were bactericidal on E. faecalis at 2–4 mg/L, and candidal on C. albicans at
1000 mg/L [69]. We discovered that 0.2% PO-AMNE was both bactericidal and fungicidal
against E. faecalis, S. epidermidis, and C. albicans biofilms at 0.625 mg/L, which is lower
than previously published literature [69]. Our results are in agreement with the study by
Nourzadeh et al., where the mean CFU of 0.2% PO-AMNE (4.63 ± 0.26) was lower than
for 2% CHX (4.68 ± 0.35), 3.25% NaOCl (4.87 ± 0.15) and saline (6.05 ± 0.04) at a depth
of 200 μm for E. faecalis. The same findings were observed at a depth of 400 μm, where
the mean CFU of 0.2% PO-AMNE (5.20 ± 0.09) was lower than 2% CHX (5.52 ± 0.07),
3.25% NaOCl (5.52 ± 0.27) and saline (6.14 ± 0.01) [70]. Overall, 0.2% PO-AMNE had a
statistically significant difference when compared to 2% CHX and 3.25% NaOCl against
E. faecalis at 200 μm and 400 μm.

The mean CFU in our study for S. epidermidis, at a depth of 200 μm, was 3.77 ± 0.37
for 0.2% PO-AMNE, 4.44 ± 0.34 for 2% CHX, 4.78 ± 0.86 for 3.25% NaOCl and 6.07 ± 0.01
for saline. At a depth of 400 μm, the mean CFU of S. epidermidis was 4.40 ± 0.17 for 0.2%
PO-AMNE, 4.54 ± 0.14 for 2% CHX, 5.00 ± 0.29 for 3.25% NaOCl and 6.13 ± 0.01 for saline.
Overall, 0.2% PO-AMNE had statistical significance when compared to 2% CHX and 3.25%
NaOCl against S. epidermidis at 200 μm and 400 μm. The CFU formation at a depth of
200 μm and 400 μm for S. epidermidis in the presence of 0.2% PO-AMNE was lower when
compared to either 2% CHX or 3.25% NaOCl, showing its potent antimicrobial effect. The
overall results for S. epidermidis at 200 and 400 were in agreement with the study done by
Schmidt et al., who studied the effects of CHX, povidone–iodine, and triple antibacterial
solution against S. epidermidis biofilms [71].

In our study, the mean CFU of 0.2% PO-AMNE (2.83 ± 0.24) was lower than 2%
CHX (3.14 ± 0.18), 3.25% NaOCl (3.34 ± 0.24) and saline (5.09 ± 0.02), at a depth of
200 μm for C. albicans. The same results were observed at a depth of 400 μm, where the
mean CFU of 0.2% PO-AMNE (2.95 ± 0.15) was lower than 2% CHX (3.11 ± 0.14), 3.25%
NaOCl (3.33 ± 0.11) and saline (5.14 ± 0.02). This shows that 0.2% PO-AMNE has a potent
anti-fungal effect. This is in accordance with the study conducted by Vianna et al., 2004,
who evaluated the in vitro antifungal activity of CHX and NaOCl. They concluded that
CHX eliminated C. albicans within 15 s [72]. Radcliffe et al. tested the effects of various
concentrations of NaOCl on C. albicans and found that all concentrations of NaOCl reduced
CFU below the limit of detection within 10 s [73].

In our study, the SEM analysis showed that none of the tested root canal irrigants
could completely remove the smear layer. According to our study, 0.2% PO-AMNE and 17%
EDTA exhibited better efficacy in removing the smear layer without altering the normal
dentinal structures with the lowest mean scores (p < 0.001), followed by saline. There was
no statistically significant difference (p < 0.05) between the scores at each root third (cervical,
middle, apical) for all groups. This is per the findings by Sakinah et al., who concluded
that the results of SEM photomicrograph assessment showed a little debris on the surface
of the root canal walls and plenty of opened dentin tubules on the canal walls irrigated
with extract of mangosteen peel [74]. Charlie et al. reported similar results, where they
concluded that EDTA might not penetrate the narrow apical region of teeth [75].
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The oral keratinocyte cells were used for the study, as they act as the major barrier
to physical, microbial, and chemical agents that may cause local cell injury [76]. They
participate in the proinflammatory process by producing cytokines constitutively, or in
response to a number of stimuli. Therefore, oral keratinocytes may contribute to the man-
agement of oral infections through an inflammatory process involving several interleukins,
including IL-13 and IL-18 [77]. Oral mucosa keratinocytes are the primary source of IL-13,
an inflammatory cytokine that regulates the production of IL-6 and IL-8 [78]. In our inves-
tigation, the proportion of OKF-6 cells proliferating in the presence of different irrigants
was determined at 1 min, 5 min, 10 min, 30 min, and 60 min. According to our findings,
0.2% PO-AMNE had a better cell viability percentage of 32.51% after 60 min compared to
3.25% NaOCl, CHX, and 17% EDTA proliferation percentages, which decreased to 6.47%,
4.30%, and 4.15%, respectively. This is consistent with the studies done by Abate et al. and
Ngawhirunpat et al., who found that G. mangostana extracts are not cytotoxic to human
keratinocytes [79,80].

5. Conclusions

α-Mangostin from Garcinia mangostana Linn has been explored by many researchers
and it has been observed that it is not just effective against bacteria, but also other microbes,
such as fungi and mycobacteria. The optimization of the palm-oil-based α-Mangostin nano-
emulsion (PO-AMNE) irrigant was performed using a Box–Behnken statistical design. The
formulated 0.2% PO-AMNE endodontic irrigant had an overall significant antimicrobial
effectiveness against E. faecalis, S. epidermidis, and C. albicans biofilms. 0.2%PO-AMNE
endodontic irrigant was further evaluated for the smear layer removal and was found to
be comparable with 17% EDTA. Finally, 0.2% PO-AMNE was found to be biocompatible
with immortalized oral keratinocyte OKF-6 cells. Overall, the antimicrobial efficacy and
safety of the formulated 0.2% PO-AMNE endodontic irrigant has the potential to combat
polymicrobial biofilms related to endodontic infections.
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Paolo Trucillo

Department of Chemical, Material and Industrial Production Engineering, Piazzale Vincenzo Tecchio,
80-80125 Napoli, Italy; paolo.trucillo@unina.it

Abstract: This work represents the point of view of a diabetic patient with an indirect experience in
this specific field of research. As a chemical engineer and researcher in drug carrier production, he
has always approached type-1 diabetes (T1D) in a scientific manner. Therefore, this work represents
a description of almost 20 years of this illness treatment using a multi-injection insulin system,
compared with the experience acquired with a newly adopted micro-infusion system, allowing
automatized insulin administration. The use of the continuous system reduced significantly the
Hb1Ac average values, from 8.8% to 6.6%, in less than 2 years. Moreover, a full 24 h control
guaranteed the almost total elimination of the hypoglycemia risk, thanks to the automated control
system, that can stop insulin administration in order to prevent critical situations. It is also important
to note that the point of view underlined in this work does not presume to be that of a doctor or
of a researcher who works closely in the field of medicine or diabetology. However, the author
wants to highlight that doctors could try to educate patients to a scientific approach to treat illnesses
correctly. The author experienced the very common difficulties related to the use of insulin with
multi-injection administration for many years; then, he was proposed to start treatment with the
automated pump mechanism. In this work, the author provides comments on the physical and
psychological advantages and disadvantages of both insulin release systems, in order to define their
impact on a patient’s daily life. This work may also represent a vademecum for patients during the
beginning of diabetes treatment, helped by the constant support and advice of a medical doctor.

Keywords: glucose levels; insulin administration; glycosylated hemoglobin; carbohydrates; continuous
glucose monitoring; delivery systems

1. Introduction

As a researcher in the fields of chemical, process and material engineering, the author
has always had a scientific approach to drug release systems, with the aim of producing
optimized drug carriers for the efficient treatment of illnesses. Type-1 diabetes (T1D) is
defined as an autoimmune disorder, characterized by the own immune cells attacking
pancreatic beta cells, that are responsible for insulin production. This results in a partial
and, then, total stop of insulin secretion and circulation [1–6].

The author was diagnosed with type 1 diabetes on 9 June 2003, at the age of 15. The
main side effects of untreated diabetes (in the first period) included, in his specific case,
the triad of polyuria, polydipsia and weight loss [7]; therefore, he experienced a significant
weight loss from 65 kg to 55 kg in a few months, from winter to spring [8]. In details, the
specific author’s case was characterized by the need to urinate that occurred almost 5 times
per hour, even at night; this also led to a not negligible urinary tract infection, strongly
indicated as a principal symptom for this diagnosis [9–12]. As millions of people affected
by non-diagnosed diabetes can confirm, the sense of thirst was always unsatisfied; and, for
this reason, also the need to urinate was never satisfied. This period lasted approximately
2 months in springtime, during which the author was occasionally involved in some
sessions of physical activity. Then, following a capillary blood glucose check, a value of
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507 mg/dL was obtained, much higher than the optimal glucose value for non-diabetic
patients (generally, between 70 and 110 mg/dL). These conditions were almost close to
those that usually require hospitalization for young people affected by type-1 diabetes.
Fortunately, soon after this diagnosis, the author urgently started the common therapy,
consisting in the administration of rapid insulin before each meal and basal long-lasting
(about 24 h) insulin at night, before the usual sleeping hours.

The weight loss of about 10 kg, from the initial 65 kg, was still a macroscopic sign of
physical not recovered conditions, also reported in the literature as a side effect of untreated
illness [13]. Furthermore, the first blood tests reported that all the values were perfectly
in line with a male patient of 15 years of age. This consideration confirmed that diabetes
had not caused any irreversible damage or side effects yet. Of course, the only value
significantly above the required limits was that of glycosylated hemoglobin (HbA1c). The
first value of HbA1c measured using High-Performance Liquid Chromatography was 12%
(June 2003). According to current scales, this value corresponded to about 108 mmol/mol.
This high value, after the following summer and several episodes of hypoglycemia, fell
back to a value of 4.9%.

A year later, in June 2004, even though the level of glycosylated hemoglobin stabilized
in the range between 6% and 7% (considered preferable for type-1 diabetic patients), there
was no significant recovery of the body weight. Following further analysis, carried out
between May and June 2004, the author was also diagnosed with celiac disease. To that
date, there were various theories and schools of thought on the possible links between
celiac disease and diabetes [14–16]. In particular, celiac disease could be due to viral or
bacterial infections, genetics, autoimmunity, or even the simple introduction of gluten in
the daily patient diet [17]. Indeed, a link between the two diseases is considered highly
probable, but it is not yet clear, in this specific case, which of the two diseases could have
triggered the other. However, a recent study found that almost 6% of patients affected by
celiac disease are also affected by type-1 diabetes [18].

The transition to a gluten-free diet required a remodeling of the insulin doses admin-
istered, also because gluten-free foods, on average, have a higher fat and carbohydrate
content than traditional foods [19]. After the first 2 months of the gluten-free diet, there
was a significant recovery of weight, which reached about 67 kg and, after 1 year, a plateau
value of almost 70 kg. Today, at the age of 34, he has reached an ideal weight in the range
between 72 and 74 kg, having a height of about 1.76 cm, which corresponds to a Body Mass
Index between 23.2 and 23.9.

In this work, the intent of the author was to describe the advantages and disadvantages
of the drug delivery systems commonly employed for the treatment of type-1 diabetes.
The comments and opinions here reported should be considered as the point of view of
a patient with a scientific background, describing the advantages and disadvantages of
using the traditional administration process with syringes and the novel automatized
pumping system. To support these comments, the author used data obtained from his first
treatment period of type-1 diabetes, which ran from 2003 (the year of his diagnosis) to
March 2021, the year in which he started the use of the automatized pump, coupled with a
glucose sensor monitoring system. Both physical and psychological features deriving from
the use of insulin with multi-injection administration were analyzed. This modality was
then compared with the automated administration modality, implemented by the patient
starting from March 2021.

2. Description of the HbA1c and Cholesterol Values Monitored over Time

In order to support the opinions proposed in this work, data related to the patient’s
glycosylated hemoglobin are provided, from June 2003 to December 2022 (see Figure 1).
The value of 12%, which was measured in a public hospital when the disease was first diag-
nosed, is omitted in Figure 1 in order to avoid the presentation of an out-of-scale diagram.
Therefore, all the data shown in Figure 1 concern the measurement of HbA1c during the
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whole period of treatment with insulin therapy. In all other cases, the measurements were
carried out in private centers with proper instrumentation.

Figure 1. Evolution of the Hb1Ac values during the patient’s 21 years of insulin therapy.

As it is possible to see in Figure 1, there is a huge variability of HbA1c values between
the year 2003 and the year 2006. Therefore, in the following Table 1, the author excluded
the HbA1c values measured before 2006; this is explained by the fact that the first years
of insulin-therapy require to find a new metabolic balance for the patient. This causes a
significant variation of HbA1c during the first years of treatment.. After finding a metabolic
equilibrium, starting from the year 2007, the values measured in different centers were
compared. In particular, the values of mean size and standard deviations of HbA1c are
reported, corresponding to the different instruments used for their determination or the
centers where they were obtained. Assuming that the average HbA1c level became stable
with an average global value of 7.08 ± 0.78 %, it appears evident that in public institutes,
more accurate measurements are made than in private centers. However, a general trend
can be easily detected.

Table 1. Comparison of the mean values and standard deviations of HbA1c measured in different
institutions.

Center Mean Value, % Standard Deviation, %

Public hospital 7.35 0.42
Private center 1 6.61 0.99
Private center 2 6.80 0.45
Private center 3 7.49 0.65

Public university 7.10 0.16
Total average 7.08 0.78

Figure 1 reports collection of data from one single patient. Therefore, this diagram
does not represent a general trend for type-1 diabetic patients, but a report of a case study,
useful to support the author’s opinion and comments about the traditional and novel
insulin delivery systems. However, this data may represent a guideline to achieve a good
treatment of type-1 diabetes; moreover, diagrams and trends may be shared with other
patients in order to discuss and compare the physical implications of different treatments
and measurement devices.
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Medical doctors could share or criticize these opinions, finding possibly some inspira-
tion in order to show patients what they should do and what they should avoid during the
therapy; this work could be also a support to teach patients how to approach this illness
scientifically and without panic.

The first 3 years of diabetes treatment (between 2003 and 2006) were characterized by
a not negligible variability, with an average HbA1c value of 6.29 ± 0.79 %. On the one hand,
this fell perfectly within the suggested range of HbA1c for diabetic patients; on the other
hand, it denoted a clear settling phase, characterized by both several hyperglycemia and
hypoglycemia episodes, probably due to a still unconscious management of the disease, but
also to a difficult control of the glucose level using the traditional syringe delivery system.

A value of HbA1c of about 9% was also reported in a trimester of the year 2008, when
a study period was spent in another Italian city, lasting 1 year. This resulted in a poor
glycemic control, essentially due to a type of unregulated and different diet compared to
that of the previous years. After this year, diabetes control returned to quite good levels.
In the subsequent period, from the end of 2008 to 2015, the average value of glycosylated
hemoglobin was approximately 7.08 ± 0.43%, corresponding to an average value higher
than that measured in the previous period, but with a lower variability.

On average, with reference to the period of high school (2003–2007) and the period of
study at the University (2008–2015), glycosylated hemoglobin was kept relatively under
control, due to a moderate lifestyle and very few diet excesses. Then, starting from 2015,
the beginning of the working life led to an increase in stress due to new responsibilities,
which inevitably had an impact on the average HbA1c values. Furthermore, the lack of
time due to the reduced spare time and to the subsequent work commitments, led the
patient to neglect the daily reflections on the amount of insulin to administer, meal by meal.
Often, the described situation led to the choice to perform HbA1c levels checks in private
laboratories, where sometimes the accuracy seemed to be quite lower than that achieved
in public institutes (see Table 1). In these last cases, the measurements were not always
carried out using High-Performance Liquid Chromatography (HPLC), which is the most
appropriate instrument and method (see Private center Nr. 1 in Figure 1). However, this
first period of stress increase was overcome, with HbA1c mean values of 6.94 ± 0.79%.

Starting from July 2017, monitoring with a glucose sensor [20] began, allowing the
patient to move from the classic fingertip sampling for measuring capillary glucose to the
continuous (24 h) measurement of interstitial glucose. On the one hand, a more accurate
and increased number of data could be acquired, with the possibility to observe the precise
value of the maximum glucose peak, reached after meals; however, on the other hand, the
use of sensors triggered a psychological fear of reaching a low level of glucose concentration,
feeling the classic symptoms of hypoglycemia [21]. This resulted in an average reduction in
the insulin volumes administered before meals and in a consequent considerable glycemic
decompensation. Starting from the second half of 2017, and until April 2020, HbA1c was
measured in a different private laboratory, which ensured a proper measurement using the
High-Performance Liquid Chromatography (HPCL) method (see Private center Nr. 3 in
Figure 1). Therefore, in the period from 2017 to 2020, a significant worse glycemic control
was recorded, which resulted in an average value of 8.30 ± 0.41%, with dangerous peaks of
8.8% and 8.7%, measured, respectively, in November 2019 and April 2020.

Aware that the problem was essentially psychological [22] and having to continue
to carry out the same working activity, with all the associated stress, the author decided
to contact the diabetes center of the Secondo Policlinico di Napoli (University of Naples
Federico II, Naples, Italy), specialized in innovative techniques for diabetes care and insulin
delivery. In this department, the author was proposed to use a new continuous glucose-
monitoring device (Dexcom G6, Dex Com Inc., San Diego, CA, USA), coupled with an
insulin pump (Tandem Diabetes Care, San Diego, CA, USA). In that case, the sensor would
not simply record and display data continuously, it would also communicate constantly
with the pump, taking constant therapeutic decisions in order to improve the management
of type-1 diabetes. With this system, the only patient’s decision is related to the insulin units
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of volume to be administered. This delivery system is constantly controlled by an algorithm
that also allows the patient to automatically correct high glucose concentrations in the blood
by calculating a correction bolus, taking into account the active insulin already administered
to the body and also considering the glucose target, set (generally) at 110 mg/dL. When
using the continuous system, another element could cause fear of hypoglycemia. This kind
of fear could be due to the possibility of the system failure, causing the administration of
hundreds of insulin units stocked in the pump’s pot. Fortunately, this automated pump has
a safety system. Therefore, the infusion set is separated from the insulin pot by a camera of
micrometric volume; in case of failure, this camera only administers a negligible insulin
volume, eliminating the tubing communication with the main pot. This avoids the risk of
hypoglycemia due to a failure of the infusion system.

Moreover, the pumping delivery system simulates the normal body release rate, ad-
ministering micro-volumes of insulin per unit time and avoiding the on-shot administration
of insulin permeating the adipose tissues, in order to be absorbed by the body. This guaran-
tees the elimination of the traditional administration of basal insulin, which is generally
characterized by a huge volume of insulin that lasts around 24 h.

Following the use of the insulin pump, the glycosylated hemoglobin value slowly
decreased from May 2021 (7.8%) to March 2022 (6.6%). Considering the peak reached in
November 2019 (8.8%), the benefits of the new delivery systems were particularly evident
(see Figure 2). In the period of treatment using the insulin pump (from March 2021 to the
present), an average value of 7.1 ± 0.37% was recorded, indicating a clear improvement of
the glycosylated hemoglobin control, with respect not only to its decreased average values,
but also to its reduced variability.

Figure 2. Evolution of HbA1c levels from November 2019 to the present day.

For the completeness of the data, Figure 3 shows the values of total cholesterol, high-
density lipoprotein (HDL) and low-density lipoprotein (LDL) measured in almost 20 years
of diabetes treatment.
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Figure 3. Evolution of total cholesterol, HDL and LDL values during the patient’s 21 years of
insulin therapy.

Looking at Figure 3, over the observed years, total cholesterol showed an average
value of 178 ± 19 mg/dL, while HDL cholesterol had an average value of 56 ± 8 mg/dL,
and LDL cholesterol of 108 ± 19 mg/dL. During the treatment period of type-1 diabetes,
cholesterol monitoring recorded only two out-of-average episodes. In these two cases,
the total value was close to 240 mg/dL, while the corresponding LDL value was about
180 mg/dL, probably because of incorrect compliance with the hours of fasting before
carrying out these analyses. According to the most diffused guidelines, the total cholesterol
level should be under 200 mg/dL; the LDL level should be under 110 mg/dL (diabetic
people are suggested to keep it under 100 mg/dL); the HDL level should be less than
40 mg/dL for men and less than 50 mg/dL for women.

After listening to the point of view of the consulted medical doctors, it is also worth
noting that, for the containment of cholesterol, this patient has not yet started any phar-
macological cure. However, according to the guidelines for type-1 diabetes, his average
levels of cholesterol are slightly above the recommended limit values. Indeed, in order
to avoid serious cardiological risks in the future, the LDL value must be kept constantly
under 100 mg/L.

3. Discussion

After about 20 years of experience in the treatment of type-1 diabetes, what appears
evident is the possibility of acquiring more or less information on blood sugar or glucose
values, depending on the monitoring system employed. In particular, with the classic
method of finger sticking to obtain capillary blood, it is necessary to reduce the blood
glucose measurements to no more than 6 measurements per day, i.e., before and after
each meal (breakfast, lunch and dinner). In theory, the decision to have another meal
would imply two additional fingertip samplings (before and after). The reduced number of
measurements is also related to the fact that each one involves the use of a single stripe
(device for capillary glucose measurement), which cannot be reused and is necessarily
disposed of. Moreover, increasing the number of fingertip measurements increases the cost
of the treatment and its specific environmental impact, as well as the patient sufferance (see
Table 2).
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Table 2. Advantages and disadvantages of continuous vs. discrete glucose monitoring systems.

Type of Glucose Monitoring Advantages Disadvantages

Discrete 6 g of waste per day
A 24 h control of the glucose levels

4+ insulin administrations per day
Up to 6 fingertip samplings per day

More pain for the patient
High probability of hypoglycemia

Continuous 1 infusion substitution every 3 days
No fingertip sampling

Reduced pain for the patient
Reduced risk of hypoglycemia

Automated reduced administration in
exercise mode

32 g of waste every 3 days
A spot-like glucose control (up to 6 points

per day)

In addition to this, fingertip sampling only estimates the efficacy of the administered
insulin bolus only 2 or 3 h after a meal. However, according to the author’s personal
opinion, by using the classical capillary glucose measurement, it appears more difficult to
predict information on the maximum peak reached at the apex of meal digestion. Therefore,
a good glucose level in the blood before and after a meal could hide a peak of 250 mg/dL or
even, in some cases, 300 mg/dL or more. Furthermore, these spot measurements performed
on capillary blood cannot give precise information on the efficacy of insulin during the
night hours of sleep.

In Figure 4, the red dots represent the spot analysis of capillary blood glucose concen-
tration (only one point), and the black line represent the data obtained using the Continuous
Glucose Monitoring (CGM) system, which was programmed to collect a new glucose value
every 5 min. In this last case, the data are much more interesting and useful, because they
allow the patients and the medical doctors to understand how long the body had to manage
hyperglycemia (high level of glucose concentration), over the daily course of 24 h.

Figure 4. Comparison of type 1-diabetes continuous monitoring and spot-like monitoring.

Moreover, hypoglycemia (low level of glucose concentration) can be easily avoided by
the use of sensors coupled with an insulin pumping system. If the glucose level tends to
the minimum accepted value (generally below 60–70 mg/dL), the sensor sends warnings
(also acoustic) to the patient and suggests assuming sugars, while communicating to the
pump to stop insulin administration. The stop of insulin administration helps the body to
increase the glucose concentration up to an average 80 mg/dL, establishing a new balance
of normal values. In details, Figure 4 shows that, working with the spot metering system,
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all information on blood glucose fluctuations in the early morning would have been lost.
Furthermore, from the finger stick sampling before lunch, a good glycemia level would
have been recorded, followed by another good measurement (2 h later). Indeed, the blood
glucose spiked at around 220 mg/dL, returning to a normal average level at 8:00 pm
before dinner.

The advantages and the disadvantages deriving from the use of discrete or continuous
glucose monitoring systems are listed in Table 2:

As it is possible to see, the continuous monitoring system introduces a significant
innovation in the treatment of diabetes, since it provides a 24 h continuous control of
the glucose level, with the possibility to obtain information on the glucose increase or
decrease speed.

Moreover, the patient suffers less, since he/she needs to provide only one substitution
of the infusion set every 3 days, on average. This means that the patient does not have to
perform needle administration up to 4 times per day (breakfast, lunch, dinner and basal
insulin), without taking into account any eventual corrections.

The use of conventional needles causes suffering. Often, it also causes fear in children
affected by diabetes. In some cases, research in microneedles administration could make a
difference in terms of pain reduction [23].

One specific disadvantage may be the overall environmental impact of the continuous
monitoring system, since it creates about 32 g of waste materials every 3 days, compared
with 18 g of waste (6 g per day, on average) for the conventional monitoring system. These
materials are not reusable and not recyclable, nowadays; therefore, this waste weight
reducing issue should be taken into account in future research.

Regarding the performance of physical activity by diabetic patients, the automated
system gives the possibility to activate the “exercise mode” using the pump, inducing the
system to reduce the amount of continuously administered insulin while physical activity
is performed, as reported for fully automated systems [24]; this is of course not possible
with the conventional spot-like glucose measurements.

4. Conclusions

To the eyes of a patient with a scientifically assisted approach, the spot monitoring
system appears obsolete with respect to the loss of information on diabetes management
and the effectiveness of administered insulin boluses.

Continuous monitoring, on the other hand, provides full awareness of the variations
and trends of blood sugar, making the patient also much more aware of diabetes manage-
ment and therapeutic choices. Of course, continuous monitoring has its beneficial effects if
coupled with an insulin micro-infusion system, which regulates the delivery of the bolus
according to the variation in blood sugar over time.

By eliminating the administration of basal insulin, the pump delivers only rapid
insulin, emitting micro-boluses that continuously balance the glucose value around the
set point (generally 110 mg/dL). Ultimately, a modern monitoring system is certainly
the one resulting from the use of a sensor coupled with an insulin pump. Thanks to this
system, the author has almost forgotten the problem of diabetes; this new treatment method
guarantees the possibility for a diabetic patient to live a quiet life, almost totally free from
the psychological implications of carrying out continuous checks and corrections of the
blood glucose concentration with the use of syringes.

Indeed, the insulin pump almost perfectly replaces the human pancreas. However,
there is still a lot to improve with this kind of insulin delivery; process engineers together
with biotechnologists and researchers in medical fields can further optimize these systems.
A synergistic approach would generate a system available to predict the amount of insulin
to administer just before meals. In this last case, the patients will leave to the pump not
only the possibility to monitor glucose level, releasing insulin constantly and correcting
high glucose levels, but also the therapeutic choice of managing meals from their beginning.
So far, the physical and psychological benefits of the actual system seem to be clearly
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significant and give us the hope of creating a fully automated pancreas-like working device,
in the future.
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Abstract: Liposome-based drug carriers are multipurpose colloidal drug delivery systems de-
veloped mainly for targeted therapy. Researchers have expanded their research on liposomes
due to their unique characteristics (e.g., non-toxicity, biodegradability, biocompatibility, and non-
immunogenicity). This review summarizes historical advances, from the first scientific papers and
patents to the latest inventive solutions, in the field of liposome-based drug carriers and their pro-
duction processes. Various bibliometric studies on the use of liposomes as drug carriers have been
published; nevertheless, they focus on published scientific works rather than patent documents.
Patent information is important for the pharmaceutical, nutraceutical, and cosmetic industries be-
cause technical knowledge in patent documentation is often not published in any other document.
The research in this review was conducted using the Espacenet—European Patent Office database,
with keywords and classification codes defined by the International Patent Classification. Innovative
formulations, including the usage and administration route, are broadly researched to produce
effective and safe drug delivery systems with negligible side effects. Global patenting trends in lipo-
some drug carriers’ production process were also discussed, and this evaluation unifies up-to-date
development in this field. Patent database reviews and analyses could help as inspiration for future
investigations as well as for problem-solving resources.

Keywords: drug delivery systems; liposomes; nanoparticles

1. Introduction

The goal of pharmaceutical and technological progress is to discover novel processes
for converting an active ingredient (e.g., drug) into a dosage form acceptable for application,
which enables the concentration of the active ingredient in the site of action to quickly reach
a therapeutic level and maintain an approximately constant level over time, according
to the prescribed therapeutic needs [1]. The processes applied to reach this aim are very
complex and challenging and demand sophisticated and functional drug delivery systems
(DDS). Progress from the existing drug molecule, through the conventional drug dosage
form to a new and innovative drug delivery system, could significantly improve features of
active ingredients, considering efficiency, safety, and compliance (acceptability for patients).
The drug targeting or targeted therapy concept implies an adaptable carrier (polymeric
or colloidal) at which the active ingredient is bound (by sorption or chemical bonding).
Colloidal drug delivery systems are mainly developed as target systems, i.e., carriers
for achieving the target result [2,3]. Drug carriers should transport and/or direct the
active ingredient precisely at a controlled rate to a specific group of cells or organs in
which it should be released and act [4,5]. The key benefit of carriers is their capability
of incorporating drugs, enhancing their bioavailability and selectivity; thus, reducing
side effects to humans. The main task in formulating a drug delivery system is that the
selected carrier should protect the incorporated/adsorbed drug from the negative effects
of the organism on the way from the application site to the target site (diseased organ or
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cells) and release the active substance to the intended target site [6]. Nanoparticles used
as DDS exhibit slow kinetic transportation in diseased cells and tissues due to vascular
barriers [7]. In order to increase the possibility of crossing the vascular wall, a relatively long
circulation time of nanomaterials is needed. The prototypical nanoparticles are blocked in
the bloodstream due to rapid clearance by the reticuloendothelial system (RES).

Liposomes are among the most studied advanced pharmaceutical drug delivery sys-
tems. They represent microparticulate lipid vesicles, i.e., spherical self-enclosed structures,
composed of curved lipid bilayers in which a part of the solvent (water) is enclosed, in
which these structures freely float [3,4]. Liposomes were discovered in 1965 by the sci-
entist Bangham, as a system similar to cell membranes [8]. Some years later, scientists
Gregoriadis, Leathwood, and Ryman found novel pharmaceutical applications for the
enzymes fructofuranosidase and amyloglucosidase, as well as 131I-labeled albumin and
human serum albumin delivery, using liposomes in genetic disorder treatments [9–11].
In the following decades, numerous studies were developed in the area of novel and im-
proved liposome production processes and their innovative possibility of applications in
humans [12]. Conventional liposomes are usually made only of phospholipids (neutral or
negatively charged) and/or cholesterol and are characterized by a relatively short blood cir-
culation time [13,14]. Drug delivery systems found solutions to improve colloidal stability
in aqueous media, e.g., charge-repulsion-based stabilization and steric stabilization using
hydrophilic, neutral, and flexible polymers, e.g., polyethylene glycol (PEG), as well as many
others [7]. The applications of liposomes as carriers to protect insulin against proteolysis
in the gastrointestinal tract, from the first study in 1976 to today, is at the preclinical level
because of its limited stability in gastrointestinal conditions [15,16]. In contrast, in this
period, many liposomal technologies were significantly improved and reached large-scale
production thanks to plentiful investigations about possibilities in drug delivery, their
stability in physiological fluids, many clinical trials, and approved products, and many are
in various stages of testing, which confirms the remarkable progress [17–20]. In numerous
cases, lipid complexes and liposomal drug forms provide less toxicity and better efficacy
than the drug itself or the conventional pharmaceutical form of the same drug [4,6]. Due to
their relatively high biocompatibility, liposomes are acceptable for therapeutic purposes
and in vivo diagnostics. Liposomes are used to improve the “transfer/delivery” as carriers
of various drugs, such as immunomodulators, chemotherapeutic agents, diagnostic agents,
antigenic, genetic material, etc. (e.g., doxorubicin, epirubicin, amphotericin B, calcitonin,
interferon, or technetium-99 as imaging agents) [6]. Encapsulation of drugs in liposomes
has become a notable strategy for the invention of pharmaceutical preparations applied
through different administration routes, such as ocular, oral, vaginal, urinary, or rectal
routes [5,21]. Nowadays, there are many pharmaceutical preparations available on the
market, developed on liposomes as carriers, mainly for parenteral administration (for
intravenous, intramuscular, subcutaneous, epidural, intraperitoneal, and intrathecal ap-
plications) [22–24], and dermatological products for topical usage [25–27]. Encapsulation
of active therapeutic ingredients in liposomes could enhance their penetration into the
skin’s deeper layers with the accumulation and drug “depot” formation, which provides
a sustained release and reduces side effects and systemic absorption [1,28]. The stability
of the active substance also increases with encapsulation in liposomes, which delays their
shelf life [29].

Liposomes are generally formed of phospholipids (neutral or negatively charged)
and/or cholesterol and characterized by a relatively short circulation time in the blood [8,21].
Phospholipids, as basic ingredients of plant, animal, and bacterial membranes, make lipo-
somes non-toxic, biodegradable, and non-immunogenic carriers for bioactive ingredients.
The phosphate part, called the polar “head”, is the hydrophilic part, while the long chain
of saturated and/or unsaturated fatty acids is the hydrophobic/non-polar part of the phos-
pholipid molecule [1]. Phospholipids are solvable in organic solvents and their mixtures.
As a result of their amphiphilic nature, they form aggregates in an aqueous medium, di-
rectly above the critical micellar concentration (CMC, about 10−8 M), the structure of which
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depends on the chemical structure of the dimension and saturation degree of the fatty acids
chain and the polar “head”, and the pH and ionic strength of the aqueous medium. Stealth
(long-circulating)/sterically stabilized liposomes were developed to overcome the short
retention time in the circulation of conventional liposomes. They have a coating/polymer
protective layer, formed from polyethylene glycol (polyoxyethylene derivatives) on the
surfaces of liposomes. It avoids rapid clearance by the immune system and prevents lipo-
somes from leaving the circulation [5,6]. The prolonged presence in the blood allows them
to pass to places with permeable vascularization, often in tumors. They have a potential
application in the therapy of malignant lung cancer cells.

Target liposomes (immuno-liposomes) were additionally improved by incorporating
monoclonal antibodies or antibody fragments into the membranes of conventional or steri-
cally stabilized liposomes (by covalent or other bonds) for precise and specific targeting of
tumors cells and to deliver drugs [6]. Cationic liposomes were developed to improve the
transfer of genetic material, as the cationic lipid components react with deoxyribonucleic
acid (DNA) and neutralize their negative charge. The lipid–DNA complex provides pro-
tection and helps direct the condensed plasmid to the target cell’s surface and release the
genetic material into the cytoplasm or nucleus. The new generation of stimulus-responsive
liposomes was invented to overcome the disadvantages of conventional liposomes. Smart
liposomes could be sensitive to the change in thermo, light, pH, ion, enzyme, and mag-
net stimulus, or the dual- or multi-sensitive liposomes. They can encapsulate different
active ingredients, with low toxicity, high levels of viability for healthy cells, and increased
bioavailability in damaged tissues. Strategies of surface modification of liposome-based
carriers, their classification, and the possibility of active ingredients’ encapsulation (drugs,
proteins, small molecules, and targeting moieties, e.g., antibodies, peptides, aptamers, etc.),
conjugated on the carrier’s surfaces by various linkers, covalent or non-covalent bonds, and
electrostatic interactions, are schematically presented in Figure 1 [19]. Many products based
on liposomes as carriers have been approved and are on the drug market, and numerous
others are in various testing stages [21].

Figure 1. Surface modification strategies of liposomes, together with their classification. The modified
carriers can contain active components, such as drugs, small molecules, proteins, and/or targeting
moieties, such as antibodies, peptides, aptamers, etc., conjugated on the surface of the vehicles
through different linkers, non-covalent or covalent bonds, and electrostatic interactions. Abbreviation:
PL—phospholipid. Reprinted from [19] under an open-access creative common CC-BY license.
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A few scientific review papers provide short reports on patent documents for liposome-
based carriers, without a whole, up-to-date patent analysis [30,31]. This overview aims to
provide a patent analysis of liposome-based carriers, from the first patent to the newest
inventive patented solutions, focused on the aspects of procedures for obtaining them
and pharmaceutical applications. Patent activity and filing trends of liposome-based drug
carriers can be used as inspiration for future research and data sources for problem-solving
in pharmaceutical or cosmetic applications.

2. Patent Searching for Liposome-Based Drug Carriers

The search methodology for relevant patent information was conducted on the ref-
erence database Espacenet, with free access to over 150 million patent documents from
over 100 countries, provided by the European Patent Office (EPO) [32]. This search was
carried out by including keywords and classification symbols (using both the International
Patent Classification (IPC) and Cooperative Patent Classification (CPC)). The IPC was
provided by the World Intellectual Property Organization (WIPO) [33], used by above
100 National Patent Offices and frequently used for searching. It is a hierarchical system for
the classification of patents and utility models according to the different areas of technology
to which they pertain, independent from language symbols [34]. The CPC is a classification
system developed by the EPO and the United States Patent and Trademark Office (USPTO),
based on the previous European classification system (ECLA), a more detailed version of
the ICP [35]. Both classifications, the IPC and CPC, are hierarchical classification systems
that separate all technical knowledge using the descending order of hierarchical levels:
section, class, subclass, group, and subgroup [36]. The hierarchy among subgroups is
determined solely by the number of dots (•) before their titles, not by the numbering of the
subgroups. To avoid repetition, dots before a group title are used instead of the titles of
its hierarchically upper-level groups. Liposomes and their derivatives are classified in the
A61K9/00 group and A61K9/127 subgroup, while the classification symbol for processes
for preparing is A61K9/1277. Medicinal preparations containing active ingredients are
classified into group A61K31/00, while those characterized by the non-active ingredients
used, e.g., carriers or inert additives, targeting or modifying agents chemically bound to the
active ingredient, are classified into group A61K47/00. The main groups and particularly
relevant subgroups of IPC/CPC codes, selected and applied for this search, are listed
in Table 1.

Table 1. List of IPC/CPC codes used for the liposome drug delivery systems patent search [34,35].

IPC Code IPC Description, as Indicated by the Relevant CPC Symbol

A61K9/00 Medicinal preparations characterized by special physical form (. . .)

A61K9/10 • Dispersions; Emulsions (. . .)

A61K9/127 •• Liposomes

A61K9/1271 ••• Non-conventional liposomes, e.g., PEGylated liposomes, liposomes coated with polymers (. . .)

A61K9/1272 •••• With substantial amounts of non-phosphatidyl, i.e., non-acylglycerophosphate, surfactants as
bilayer-forming substances, e.g., cationic lipids (. . .)

A61K9/1273 •••• Polymersomes; Liposomes with polymerizable or polymerized bilayer-forming substances (. . .)

A61K9/1274 ••• Non-vesicle bilayer structures, e.g., liquid crystals, tubules, cubic phases, cochleates; Sponge phases

A61K9/1275 •••• Lipoproteins; Chylomicrons; Artificial HDL, LDL, VLDL, protein-free species thereof; Precursors thereof

A61K9/1276 •••• Globules of milk or constituents thereof

A61K9/1277 ••• Processes for preparing; Proliposomes

A61K9/1278 •••• Post-loading, e.g., by ion or pH gradient

A61K31/00 Medicinal preparations containing organic active ingredients

A61P35/00 Antineoplastic agents
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Table 1. Cont.

IPC Code IPC Description, as Indicated by the Relevant CPC Symbol

A61K38/00 Medicinal preparations containing peptides (enzymes, hormones, porphyrin hemoglobin)

A61K43/00 Drugs for specific purposes, not provided for in groups A61P1/00–A61P41/00

A61K45/00 Medicinal preparations containing active ingredients not provided for in groups A61K31/00–A61K41/00

A61K45/06 • Mixtures of active ingredients without chemical characterization, e.g., antiphlogistic and cardiac

A61K47/00 Medicinal preparations characterized by the non-active ingredients used, e.g., carriers or inert additives;
Targeting or modifying agents chemically bound to the active ingredient

A61K47/06 • Organic compounds, e.g., natural or synthetic hydrocarbons, polyolefins, mineral oil, petrolatum, or ozokerite

A61K47/08 •• Containing oxygen, e.g., ethers, acetals, ketones, quinones, aldehydes, peroxides

A61K47/10 ••• Alcohols; Phenols; Salts thereof, e.g., glycerol; Polyethylene glycols (PEG); Poloxamers; PEG/POE
alkyl ethers

A61K47/16 •• Containing nitrogen, e.g., nitro-, nitroso-, azo-compounds, nitriles, cyanates

A61K47/18 ••• Amines; Amides; Urea; Quaternary ammonium compounds; Amino acids; Oligopeptides having up to
five amino acids

A61K47/24 •• Containing atoms other than carbon, hydrogen, oxygen, halogen, nitrogen, or sulfur, e.g., cyclomethicone
or phospholipids

A61K47/28 •• Steroids, e.g., cholesterol, bile acids, or glycyrrhetinic acid

A61K47/34
•• Macromolecular compounds obtained other than by reactions only involving carbon-to-carbon unsaturated
bonds, e.g., polyesters, polyamino acids, polysiloxanes, polyphosphazines, copolymers of polyalkylene glycol,
or poloxamers (. . .)

A61K47/48 • The non-active ingredient being chemically bound to the active ingredient, e.g., polymer drug conjugates (5)

A61K48/00 Medicinal preparations containing genetic material, which is inserted into cells of the living body to treat
genetic diseases; Gene therapy

The final patent search results were obtained using the keywords (“liposome” and
“drug delivery system” or “drug carrier” and “process” or “procedure” or “obtaining” and
“method”) in the search fields: full text, title, abstract, and claims.

Using a combination of the keywords with the classification codes, according to the
abovementioned search criteria, 6296 patent documents were found from 1971 to July 2024,
graphically presented in Figure 2 (with data for the first 10 countries, applicants, and
IPC subgroups).

The first patent application, DE 2249552, named: “Encapsulation of chemical
substances—in liposomes for medicinal use”, claimed by a German company, Bayer AG
(DE) (after the transmission of property from the Swiss company Inchema S.A., Wadenswill),
was filed on 12 October 1971, published on 30 May 1973, and granted on 9 September 1976.

The patent application distribution shows a peak in the period 2016–2021, with more
than 300 yearly, and 2021 is the year with the highest number of published patent appli-
cations, with 447 documents. Today, it seems to be decreasing, with “only” 19 records
in the first 7 months of 2024. The United States is the country with the greatest number
of priority patent applications filed in this technical field (3298), followed by WO patent
applications (3150) using the international patent application system (PCT) administered
by the WIPO [37], the Republic of China (2907), European Patent (EP; 2259), Japan (1636),
Canada (1477), Australia (1343), the Republic of Korea (1008), Spain (570), and Brazil (436),
as the first 10 countries. The largest number of patent applications come from universities
(The University of Texas System (US), The Regents of the University of California (US),
Shenyang Pharmaceutical University (CN), and Sichuan University (CN)) and companies
(The Liposome Company, Inc. (US), Translate Bio Inc. (US), Alza Corp. (US), Yissum
Research Development Company of the Hebrew University of Jerusalem Ltd. (IL), and
L.E.A.F. Holdings Group LLC (US)), as the first ten applicants.
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Figure 2. Liposome-based drug delivery systems: cumulative and yearly number of patent applica-
tions depending on earliest priority date, for the first ten countries, applicants, and IPC subgroups.
Two-letter codes: US, WO, CN, EP, JP, CA, AU, KR, ES, and BR are abbreviations for the following
countries: United States of America, the international publication of patent application using the
Patent Cooperation Treaty (PCT) of the World Intellectual Property Organization (WIPO), Republic of
China, European Patent, Japan, Canada, Australia, Republic of Korea, Spain, and Brazil, respectively.
Data were obtained using the Espacenet database [32].

Searching criteria were narrowed to include only granted patents. During the time
from the first application, a total of 2057 patents were granted in the period 1976 to July 2024,
focusing on liposome drug delivery systems (Figure 2). Regarding countries, the Republic
of China has the largest number of granted patents in this search criteria (2231), followed by
Australia (1184), Japan, (1092), the Republic of Korea (793), and Taiwan Province of China
(145), as the first five. The greatest number of granted patents also comes from universities
(The University of Texas System (US), Shenyang Pharmaceutical University (CN), China
Pharmaceutical University (CN), Zhejiang University (CN), The Regents of the University
of California (US), and Shanghai Jiao Tong University (CN)) and companies (Translate Bio
Inc. (US), The Liposome Company, Inc. (US), Shire Human Genetic Therapies, Inc. (US),
Alza Corp. (US), and Insmed Inc. (US)), as the first 11 patent owners. The distribution
shows a peak in the period 2016–2022 with more than 100 granted patents yearly, and the
highest number of patents (186) was granted in 2018 (Figures 3 and 4), with a decreasing
trend this year.

During the last ten years (from 2014 to 2024), 1306 patents were granted. The most
numerous results and activities come from companies and universities in the Republic of
China (Figure 4). This result suggests that the liposome-based drug delivery systems and
correlated technologies are near the peak of research. By analyzing the obtained data, it was
observed that many of the applications were based on liposomes and their application for
medicinal preparations containing active ingredients. The most common were anti-cancer
drugs, with a large and diverse class of medications. Data analysis indicated that the
medicinal preparations containing genetic material (inserted into the cells of the living
body) for genetic disease treatment, gene therapy, and mixtures of active ingredients
were objects of patent protection. Also, objects of protection were drugs for specific
purposes. Additional narrowed search criteria were included only for granted patents
in specific fields, e.g., for different obtaining methods (classical or supercritical) or their
pharmaceutical applications.
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Figure 3. Liposome drug delivery systems: cumulative and yearly numbers of granted patents,
depending on publication date, showing the first ten applicant origin countries, applicants, and IPC
subgroups. Two-letter codes: CN, AU, JP, KR, TW, ZA, NO, GB, IL, and PL are abbreviations for
the following countries: Republic of China, Australia, Japan, Republic of Korea, Taiwan Province of
China, South Africa, Norway, United Kingdom, Israel, and Poland, respectively. Data were obtained
using the Espacenet database [32].

 

Figure 4. Liposome drug delivery systems: cumulative and yearly numbers of granted patents
during the last ten years (from 2014 to 2024), depending on the earliest priority date, showing the
first eight applicant origin countries and applicants. Two-letter codes: CN, WO, US, EP, JP, KR,
CA, and AU are abbreviations for the countries: Republic of China, the international publication of
patent application using the Patent Cooperation Treaty (PCT), United States of America, European
Patent, Japan, Republic of Korea, Canada, and Australia, respectively. Data were obtained using the
Espacenet database [32].

3. Processes for the Liposomes’ Production

Engineering approaches for liposome formation were developed during the past
five decades and include both “bottom-up” and “top-down” techniques (Figure 5 [19]).
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Figure 5. Diagram of various manufacturing engineering approaches and processes used for
the synthesis of liposome vesicles. Reprinted from [19] under an open-access creative common
CC-BY license.

The “bottom-up” strategy for liposome fabrication processes includes conventional
methods (mechanical dispersion, solvent dispersion, or size-adjusting) or novel meth-
ods (microfluidic systems [38], dense gas technology, or membrane contactor methods).
The conventional methods of mechanical dispersion include the well-known Bangham
method (thin-layer dehydration rehydration), sonication, as well as the extrusion tech-
nique. With solvent dispersion methods, it is possible to apply ethanol injection, ether
vaporization, or reverse-phase evaporation [39]. The size-adjusting conventional methods
comprise improvement by applying freeze–thaw extrusion, dehydration–rehydration, and
high-pressure homogenization techniques to obtain a narrower particle size distribution
of liposomes. In general, all traditional procedures, which work at ambient temperature
and pressure, lead to improvements with expensive post-processing stages, to obtain the
nanometric dimensions of liposomes. However, these techniques have various disadvan-
tages, e.g., low average encapsulation efficiencies of active ingredients (about 20–40%),
loss of drugs, high residue of the solvent, problematic control of particle size distribution,
large micrometric dimensions, expensive operating costs, and difficult repeatability in
batch mode [40].

To overcome the problems related to conventional liposome production techniques,
novel processes were proposed (microfluidic systems, dense gas technology, or membrane
contactor methods). High-pressure systems, e.g., supercritical anti-solvent [41], reverse-
phase supercritical evaporation [42], or depressurization of the expanded solution in
an aqueous medium [43], were developed in semi-continuous formations to solve the
mentioned problems. The crucial difference is the inversion of the traditional production
phases so that the droplets of water were obtained first, and then they were rapidly encircled
by phospholipids in supercritical conditions using high-pressure carbon (IV) oxide (in the
range of 100–200 bar at 35–45 ◦C). By applying supercritical conditions, the encapsulation
efficiency was increased by about 50–60%, with better particle size distribution control. A
novel supercritical-assisted process was invented as a one-shot production method, with
improved liposome stability over six months, excellent encapsulation efficacy of hydrophilic
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or lipophilic compounds (up to 99%), and lessened residual solvent [44]. Inverted, solvent-
free liposomes were formed, with a second layer of phospholipids around the first one.

The “top-down” strategy comprises a cellular membrane/biomembrane for the drug-
coating technique or cell endocytosis (exosome membranes) [19].

Even though novel, efficient production processes of liposomes were developed,
batch-mode techniques with mostly low repeatability and expensive raw materials
were industrialized [45].

3.1. Overview of Patented Liposome Production Processes

The patent search in the Espacenet database was further narrowed by adding field
IPC or CPC A61K9/127/low and A61K9/1277 keywords: “liposom”, “process”, “proce-
dure”, “obtaining” or “method”, and technique”, in the claim search field, according to the
abovementioned production techniques, “bottom-up” or “top-down”. Selected granted
patents for the liposome production processes, both conventional and novel, summarized
in Tables 2–4, respectively, are briefly analyzed.

3.1.1. Conventional Liposome Production Processes

The advanced search in the Espacenet database was narrowed by adding keywords
that describe conventional liposome production processes: “mechanical dispersion”,
“solvent dispersion”, “size-adjusting”, “thin-layer hydration”, “sonication”, “extrusion”,
“freeze–thaw extrusion”, “dehydration–rehydration”, and “high-pressure homogeniza-
tion”. Also, keywords for novel processes: “microfluidic systems”, “dense gas technology”,
“membrane contactor”, cellular membrane”, “biomembrane”, “cell endocytosis”, and “exo-
some membrane”, were excluded from the search criteria. As a search result, conventional
liposome production processes were the subject of 518 patent documents, which included
patent applications (“A” documents) and granted patents (“B” documents) from 1974 to
July 2024 in the Espacenet database according to title, abstract, and claims, from which
a total of 186 patents were granted (including filter “B” for publication number). After
narrowing this analysis by excluding abstracts and titles in the query, 170 patents were
found. During the last decade, 22 granted patents presented expansion with narrowing
obtained results (publication date from 2014 to 2024). Finally, the search was narrowed
to involve only granted patents with publication dates after 2020, and the documents
were sorted by relevance. Several granted patents for conventional liposome production
processes, selected by relevance and patenting levels, are summarized in Table 2 and
briefly analyzed.

Table 2. Selected relevant patents for conventional liposome production processes.

Title
Publication No.

[Reference]
Applicants Earlies Priority

Encapsulation of chemical
substances—in liposomes for
medicinal use

FR2221122B1 [46] Bayer AG 12 October 1971

Fusogenic liposomes and methods of
making and using same EP0758883B1 [47] The Liposome Company, Inc. 12 April 1994

Liposome sensitive to pH or reductive
condition and processes for the
preparation thereof

KR100853172B1 [48] Postech Acad Ind Found 4 April 2007

Improved lipid formulation US8158601B2 [49]

Chen J.; Ansell S.; Akinc A;
Dorkin J.R.; Qin X.; Cantley W.;

Manoharan M.; Rajeev K.G.;
Narayanannair J.K.; Jayaraman M.;

Alnylam Pharmaceuticals, Inc.

10 June 2009
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Table 2. Cont.

Title
Publication No.

[Reference]
Applicants Earliest Priority

Improved lipid formulation US8802644B2 [50]

Chen J.; Ansell S.; Akinc A;
Dorkin J.R.; Qin X.; Cantley W.;

Manoharan M.; Rajeev K.G.;
Narayanannair J.K.; Jayaraman M.;

Tekmira Pharmaceuticals Corp

10 June 2009

Liposome formulation
and manufacture EP3135274B1 [51] Biorest Ltd. 14 March 2013

Preparing method of proliposomes KR101682821B1 [52] Seoul National University
R&DB Foundation 21 July 2015

Platinum-modified liposome as well as
preparation method and
application thereof

CN107550865B [53] Guangzhou Heji Biological Tech
Co., Ltd. 21 June 2017

Compositions and systems comprising
transfection-competent vesicles free of
organic solvents and detergents and
methods related thereto

EP3864163B1 [54] The University of
British Columbia 9 October 2018

Alkannin active drug-loading liposome
as well as preparation and
application thereof

CN115105473B [55] Suzhou Yutai Pharmaceutical Tech
Co., Ltd. 19 Marc 2021

Hydrogel–liposome combined drug
delivery system as well as preparation
method and application thereof

CN115192581B [56]

The First Affiliated
Hospital of Shandong First Medical

Univ. Shandong
Qianfoshan Hospital

21 July 2022

Preparation method and application of
acid-response-type drug delivery
platform based on liposome
nano-vesicles

CN115337267B [57] University of Science and
Technology China 15 August 2022

Probucol liposome for
hypercholesterolemia, preparation
and preparation method of
probucol liposome

CN115364056B [58]
Pingdingshan No. 2 People’s

Hospital, Shangdong New Time
Pharmaceutical Co., Ltd.

26 August 2022

Thermo-sensitive nano-liposome
capable of realizing stepped release of
active matters and application of
thermo-sensitive nano-liposome

CN115590818B [59] University of Jiangnan 9 September 2022

Alendronate sodium liposome and
preparation thereof CN116650418B [60] Zhengzhou Central Hospital 5 June 2023

A stabilized nano-liposome delivery
carrier comprising nucleic acid and a
method for preparing the same

KR102678046B1 [61] Binotec Co., Ltd. 22 October 2023

Anti-alopecia hair-strengthening
nano-liposome and preparation
method thereof

CN118001207B [62] Wangshuhe Biomedical
Wuhan Co., Ltd. 2 February 2024

The first patent, FR2221122B1, relates to the encapsulation of chemical substances in
liposomes for medicinal use and liposomes’ preparation with a maximum diameter of
1000 Å, preferably from 200 to 500 Å [46]. The liposome walls consist of mono-, bi-, or
multi-molecular layers, preferably bimolecular with a thickness of 30–100 Å. Two simple
methods were used for the liposome preparation. In the first method, a lipid was added to
the aqueous phase, the mixture was slightly heated, then energetically shaken, followed by
sonication until liposomes were formed, manifested by partial illumination and a slight
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bluish opalescence appearance. In the second method, the dispersion system, as a linear
colloid, was obtained most simply by transforming the dispersed phase into thin films,
evaporating the solvent, and bringing these films into contact with a continuous aqueous or
non-aqueous phase, with vigorous mixing and treating with ultrasound for a long period.

Fusogenic liposomes’ composition, production methods, and applications were dis-
closed in patent EP0758883B1 [47]. They were obtained according to known methods by
drying chloroform solutions of lipids under nitrogen, then removal of the residual solvent
under a high vacuum. Formed lipid films were hydrated by vortex-mixing with buffers to
produce multilamellar liposomes (MLVs), and five freeze–thaw cycles were used to achieve
homogeneous mixtures. The MLVs were extruded ten times to make large unilamellar
liposomes. Composition was comprised of a liposome with (i) an outermost lipid bilayer
comprising a fusion-promoting ionizable lipid with a cationic protonatable headgroup and
unsaturated acyl chain, and (ii) a section contiguous to the terminal lipid bilayer, which
comprised an aqueous solute with the first pH. The first pH was lower than the pKa of the
ionizable lipid in an outermost lipid bilayer. Outside of the liposome, in the structure there
was an aqueous solution with the second pH (bigger than the pKa of the ionizable lipid in
the outermost lipid bilayer), such that there was a pH gradient across the outermost lipid
bilayer. An ionizable lipid was accumulated in the inner monolayer of the outermost lipid
bilayer in response to the gradient.

The proliposome preparation method by patent KR101682821B1 comprised of the
following steps: (1) the first solution was prepared by dissolving a sugar-based carrier in
water, (2) the second solution was prepared by dissolving a bioactive ingredient, lipids,
and a stabilizer in an organic solvent, (3) the first and the second solutions were mixed
and condensation-stirred to a uniform consistency, and (4) the condensation-stirred mixed
solution was freeze-dried [52]. The condensation-stirring method could significantly reduce
the excipients amount, compared to conventional proliposomes. The obtained proliposome
can enhance the bioavailability of the encapsulated insoluble drug by promoting intestinal
elution and absorption.

Korean patent KR100853172B1 disclosed pH-sensitive liposomes, used as a desirable
drug delivery system based on a self-assembling cucurbituril derivative, stable in blood,
and processes for their preparation, wherein the dispersing step is performed by ultrasonic
wave using a sonication method [48]. The obtained pH-sensitive liposomes disintegrated
after absorption in the cell, allowing the drug to act on a tissue of a desired target portion,
while preventing side effects of a systemic drug by encapsulating.

The granted US patents US8158601B2 and US8802644B2 relate to the cationic lipids,
and lipid particles comprising these lipid formulations are prepared by an extrusion
method [49,50]. Moreover, these patents provide production methods of these compositions,
and methods of introducing nucleic acids into cells through obtained compositions, e.g.,
for treatments of various disease conditions. The invention presented in the EP3135274B1
patent relates to a novel process for obtaining liposomal formulations of uniform size with
desirable, independently controllable features [51]. This formulation for use in the pre-
vention of restenosis was manufactured via a method of extruding the vesicles, consisting
essentially of repeatedly extruding through a single filter 10–18 times before ultrafiltration
of the vesicles. Compositions and systems comprising transfection-competent vesicles
free of organic solvents and detergents, and production methods via extrusion, were dis-
closed in the granted patent EP3864163B1 [54]. An alkannin/shikonin active drug-loading
liposome (CN115105473B) was prepared by dissolving phospholipids, cholesterol, and
PEGylated phospholipids in a volatile organic solvent, evaporating the organic solvent
under reduced pressure to form a dry lipid film, adding copper ion salt solution, and
performing hydration treatment and extrusion to reduce the particle size of the liposomes
to form nano-sized liposomes [55]. After that, agarose gel chromatography columns were
used to exchange the extracellular aqueous phase of the liposomes, the blank liposomes
were incubated with the dimethyl sulfoxide solution of shikonin at 55–65 ◦C for 30 min,
and then they were cooled for 5 min. The shikonin active drug-carrying liposome can be
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applied in the preparation of antitumor drugs. CN115337267B protects the pH-responsive
lipid nanovesicles that are prepared by using acidic phospholipids, acid-sensitive silyl
ether prodrug Chol-R848, and 1,2-distearoyl-rac-glycero-3-PE-N-polyethyleneglycol-2000
(DSPE-mPEG2000) as raw materials through film hydration and extrusion [57].

The specific preparation method to obtain a hydrogel–liposome combined drug deliv-
ery system includes dissolving hydrogenated soybean phosphatidylcholine, cholesterol,
cyclic arginine-glycine-aspartic acid-modified DSPE-PEG, and elastane in an organic sol-
vent, obtaining crude liposomes after sonication, and mixing the crude liposomes with an
aqueous solution of temozolomide (TMZ) to form an emulsion. After removing the organic
solvent, the liposome was processed by ultrasonic wave and extrusion (CN115192581B) [56].
Probucol liposome for hypercholesterolemia (CN115364056B) [58] was prepared via several
steps, which included (1) preparation of the initial mixture of phospholipids, cholesterol,
polysorbate, and probucol, (2) the sonication step and formation of liposomes of 30–80 nm
by the French extrusion method, and (3) freeze-drying to obtain the final product.

The CN107550865B patent describes a high-pressure homogenization method at a fre-
quency of 500–1500 bar and 20–60 Hz for preparing a liposome, wherein the phospholipid
and the platinum-containing aqueous solvent are used in a weight ratio of 1:30 to 80 [53].
The liposome obtained by the invention has excellent stability and can be stored for a long
time, while still maintaining a small particle size. Granted patent KR102678046B1 [61]
described a stabilized nano-liposome as a carrier for encapsulated nucleic acid delivery
obtained by the high-pressure homogenization method. A thermo-sensitive nano-liposome
capable of realizing stepped release of active matters (CN115590818B) [59], anti-alopecia
hair-strengthening nano-liposome (CN118001207B) [62], and alendronate sodium liposome
(CN116650418B) [60] were also prepared using a high-pressure homogenization method.

Analysis of the granted patents showed that sonication, extrusion, dehydration–
rehydration, and high-pressure homogenization methods were most usually applied for
novel pharmaceutical applications.

3.1.2. Novel Liposome Production Processes

New technologies have been developed to support less scalable liposome production
technologies, including self-assembling liposome systems and microfluidic production.

Microfluidic methods allow precise control of many factors during preparation, e.g.,
liposome size distribution and fluids in a constrained volume (by laminar flow and lipid
concentrations in microfluidic channels), pH, temperature, vesicle size, salinity, and os-
molarity [63]. This is an effective drug encapsulation method to achieve self-assembled
liposomes. Besides the advantages of this simple and low-cost method, the main disadvan-
tages are unsuitability for bulk production and difficulty in removal of organic solvents. In
the membrane contactor method, a dissolved lipid phase in alcohol was pushed throughout
a porous membrane in an aqueous phase flow, from where lipid molecules were self-
assembled in homogenous-sized liposomes [64]. Dense gas technology is one more novel
method for liposome preparation, which utilizes supercritical fluids (e.g., supercritical
carbon dioxide) as excellent solvents for many lipids. After mixing with the water phase,
liposomes with a narrow size distribution are synthesized [65].

Search criteria in the Espacenet database were carried out using keywords that describe
novel processes: “microfluidic systems”, “dense gas technology”, “membrane contactor”,
“cellular membrane”, “biomembrane”, “cell endocytosis”, and “exosome membrane”.
All previously mentioned keywords for conventional liposome production processes
(Section 3.1.1) were excluded from the search criteria. Novel liposome production pro-
cesses were the subject of 661 patent documents (patent applications and granted patents)
from 1973 to July 2024 according to the title, abstract, and claims, and 195 patents were
granted therefrom. Throughout the last 10 years, 431 patents were found, and after nar-
rowing this result by claims only in the query, 82 granted patents were found. A narrowed
search included only granted patents chosen by relevance. Selected granted patents for
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novel liposome production processes are summarized in Tables 3 and 4, respectively, and
briefly described.

Table 3. Selected relevant patents for novel liposome production processes.

Title
Publication No.

[Reference]
Applicants Earliest Priority

Novel functionalized liposomes and a
process for production thereof EP0247497B1 [66] Wako Pure Chemical

Industries, Ltd. 20 May 1986

Synergistic liposomal formulation for
the treatment of cancer EP3046542B1 [67] Council of Scientific and

Industrial Research 18 September 2014

Liposome compositions and methods
of use thereof EP2603201B1 [68]

Rhode Island Board of
Governors for Higher Education;

Yale University, Inc.
12 August 2011

Targeted hybrid exosome loaded with
curcumin and miR140 as well as
preparation method and
application of targeted hybrid exosome

CN117965429B [69] Sichuan University 29 March 2024

Hybridosomes, compositions
comprising the same, processes for
their production, and uses thereof

US10561610B2 [70] Anjarium Biosciences AG 20 January 2015

Hybridosomes, compositions
comprising the same, processes for
their production, and uses thereof

US11484500B2 [71] Anjarium Biosciences AG 2 January 2020

Process for the production
of hybridosomes EP3096741B1 [72] Anjarium Biosciences AG 21 January 2014

Preparation method of exosome bionic
preparation for synergistically
promoting wound healing and
preparation thereof

CN113577272B [73] China Pharmaceutical
University 28 July 2021

Co-loaded liposome and preparation
method thereof CN116270473B [74] Chengdu Jinrui Found

Biotechnology Co., Ltd. 25 May 2023

A method for preparing a functional
synthetic cell in form of a giant
unilamellar vesicle

EP3630068B1 [75]
Max-Planck-Gesellschaft zur

Förderung der
Wissenschaften e.V.

16 June 2017

PEG2, N-lipid derivative-modified
nano-carrier, preparation method
and application

CN113350512B [76] Shenyang Pharmaceutical University 7 June 2021

Compound responding to endocytosis
and release and application thereof CN113683769B [77] Shanghai Jiao Tong University 19 May 2020

All-trans retinoic acid liposome
preparation and preparation and
application thereof

EP3501500B1 [78] Shanghai Jiao Tong University 18 August 2016

Granular-type adjuvant as well as
preparation method and
application thereof

CN108324938B [79]
Institute of Process

Engineering, Chinese
Academy of Sciences

1 March 2018

mRNA–liposome complex and
application thereof CN112107680B [80] Zhejiang Zhida

Pharmaceutical Co., Ltd. 21 June 2019

Drug delivery vector and
pharmaceutical formulation CN114007653B [81] Fudan University;

JSR Corporation 5 May 2019

Novel functionalized liposomes containing a high-molecular-weight amphiphilic
compound, as one of the matrix materials, were obtained by the reverse-phase evaporation
method, described in patent EP0247497B1 [66]. They have a very high encapsulation
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efficiency and readily undergo lysis. An immunological substance (antigens, antibodies,
etc.) or a physiologically active substance could be immobilized on the liposomes efficiently,
with a sufficient binding rate, using the amphiphilic compound as a spacer.

The synergistic liposomal formulation for use in the treatment of cancer is prepared
by reverse-phase evaporation vesicles or multilamellar vesicles (EP3046542B1) [67]. The
reverse-phase evaporation technique encapsulates up to 50% of solute (the first to use
‘water-in-oil’ emulsions). The preparation method involves a rapid injection of aqueous
solution into an organic solvent containing dissolved lipids. After water droplet formation
(‘water-in-oil’ emulsion) by bath sonication of the two-phase mixture, the emulsion is dried
down to a semi-solid gel in a rotary evaporator. The following step is vigorous mechanical
shaking of the gel to induce a phase change from a “water-in-oil” emulsion to a vesicle
suspension. Some water droplets collapse, attach to adjacent, intact vesicles, and form the
outer leaflet of the bilayer of a large unilamellar liposome (0.1–1 μm diameter).

The invention is based on the discovery that pH (Low) Insertion Peptide (pHLIP)
liposomes target acidic tissue, and release liposome content, i.e., cargo, into a cell
(EP2603201B1) [68]. In the method of delivering cargo into a target cell (tumor cell, ischemic
cell, inflamed cell, bacterially infected cell, fungus-infected cell, or virally infected cell),
pHLIP+ liposome both fuses with a cell membrane of an endosomal compartment of a
target cell and is taken up by cell endocytosis.

The granted Korean patent CN117965429B disclosed a targeted hybrid exosome loaded
with microRNA 140 (miR140) and curcumin [69]. The obtaining method comprises the
following phases: (1) obtaining a cell strain capable of stably expressing chondrocyte-
targeted peptide, (2) addition of miR-140, carrying out co-culture, separation, and extraction
to obtain an exosome loaded with miR-140-5p, (3) addition of the curcumin into the
cholesterol and soybean lecithin solutions, addition of buffer solution, and ultrasonication
after rotary evaporation to form a curcumin-loaded liposome buffer solution, adding
sucrose, and (4) the exosome obtained in phase 2 and the solution obtained in phase 3 were
subjected to a freezing circulation method, and the targeted hybrid exosome was obtained.

Granted patents US10561610B2, US11484500B2, and EP3096741B1 describe hybrid
biocompatible carriers (hybridosomes). The process for manufacturing hybridosomes,
hybrid biocompatible carriers, is comprised of contact and uniting of a first vesicle and
a second vesicle [70–72]. The first vesicle, produced in vitro, comprises a membrane, a
therapeutic agent, and a fusogenic, ionizable, cationic lipid at a molar concentration of at
least 30% of the total lipid of the first vesicle. The second vesicle, produced in vivo, com-
prises a lipid bilayer and is released into the extracellular environment. These inventions
further provided pharmaceutical compositions comprising pharmaceutical applications
and appropriated pharmaceutical methods.

The other example is an exosome bionic preparation, which synergistically promotes
wound healing, prepared by the method described in Chinese patent CN113577272B [73].
This procedure comprises several steps: preparing a catalase-photosensitizer micelle,
preparing an reactive oxygen species (ROS) response liposome carrying the catalase-
photosensitizer micelle, extracting, separating, and purifying the exosome, mixing the
exosome with the liposome, mediating membrane fusion between the liposome and exo-
some using the extrusion method, mixing the membrane fusion carrier and the gel, and
homogenously stirring the mixture to prepare the final product.

The invention CN116270473B relates to adopting a film dispersion method of a co-
loaded liposome preparation, which comprises 5–35% magnolol and the sum of honokiol (as
active pharmaceutical ingredients), 50–80% phospholipid, 8–15% cholesterol, 3–10% poly-
ethylene glycol or PEGylated phospholipid, 1–5% cholesterol, and 1–5% polyethylene
glycol [74]. The raw materials and the auxiliary materials are mixed and then dissolved
with an organic solvent, rotary evaporation is performed to form a film, and after that,
hydration and homogenization are performed to obtain the co-loaded liposome. The
encapsulation efficacy reaches 90% or above, the particle size distribution is uniform, and
the stability of the preparation is remarkably improved.
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European patent EP3630068B1 outlines a preparation method for a protocell in the
form of a giant unilamellar vesicle by a microfluidic device or bulk technique by adding
destabilizing molecules. It comprises the following stages: (1) forming a water-based
droplet (0.5–1000 μm) encapsulated by a surface polymer shell, which borders the inner
space of the droplet, containing at least one lipid, (2) transforming the droplet lipid content
into a lipid bilayer, which covers the inner surface of the polymer shell and oil phase to form
a polymer-shell-stabilized giant unilamellar vesicle, (3) alternatively, incorporating one or
more nuclei and/or proteins into the polymer-shell-stabilized giant unilamellar vesicle, and
(4) alternatively, removing the polymer shell and oil phase from the polymer-shell-stabilized
giant unilamellar vesicle and transferring it from the oil to the water phase [75].

The PEG2, N-lipid derivative-modified nano-carrier, was prepared using a method
described in patent CN113350512B, capable of eliminating an ABC phenomenon caused
by a PEGylation nano-carrier [76]. PEG2 forms a compact hydration layer on the carrier
surface, with improved physical and biological stabilities. In addition, this novel nano-
carrier overcame insufficient circulation time defects of many PEG substitute materials,
and a firmer foundation was laid for its clinical transformation.

A compound having a response to the endocytic release of cells, and its usage, were
described in the patent CN113683769B [77]. This compound was composed of a lipophilic
head, a hydrophilic chain, and a group having a response to the pH. The modified complex
is stable in body fluid circulation and has a high transfection efficacy.

The invention EP3501500B1 relates to an all-trans retinoic acid liposome and a lipo-
some vector, its preparation, and its application [78]. The all-trans retinoic acid liposome
preparation obtained through this active drug-loading method significantly improves the
plasma drug concentration in all-trans retinoic acid liposome and prolongs the half-life. The
granular-type adjuvant was prepared from a biocompatible wall material, biocompatible
grease, and all-trans retinoic acid according to patent CN108324938B [79]. The biocompat-
ible wall material includes a biocompatible polymer poly(lactic-co-glycolic acid (PLGA)
and liposomes, and the mass percentage of the cationic liposome in the biocompatible wall
material is less than or equal to 80%. An inner core formed by the biocompatible grease
was covered in a shell, formed by the biocompatible wall material. All-trans retinoic acid
was coated in the inner core. Systemic and mucosal immunizations were activated, and a
dual-activation effect was realized, according to this invention.

According to patent CN112107680B [80], the method of obtaining the messenger
ribonucleic acid (mRNA) and liposome complex comprised diluting the mRNA, adding
the liposome, or preparing it in a continuous online mixing mode, or using a microfluidic
mixing system.

The Chinese granted patent CN114007653B described a drug delivery vector con-
taining a membrane-penetrating peptide-modified cationic liposome with 1,2-dioleoyl-
3-trimethylammonium-propane (cationic lipid), 1,2-di-(9Z-octadecanoyl)-sn-glyceryl-3-
phosphoethanolamine (non-cationic lipid), cholesterol, and polyethylene glycol phospho-
lipids conjugated to membrane-penetrating peptides (PEGylated phospholipids) [81].

Table 4 highlights a few granted patents for novel supercritical-assisted processes.

Table 4. Selected patents for supercritical-assisted liposome production processes.

Patent Title
Publication No.

[Reference]
Applicants Earliest Priority

A delivery device EP3334413B1 [82] PTT Holding Aps 11 August 2015

Pharmaceutical composition,
preparation, and uses thereof EP3236934B1 [83] Curadigm SAS 25 November 2014

Method for preparing medicinal extract
containing intermediate peashrub seeds CN104382984B [84]

Northwest Institute of
Plateau Biology

Chinese Academy of Sciences
1 December 2014
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Table 4. Cont.

Patent Title
Publication No.

[Reference]
Applicants Earliest Priority

Preparation method of temperature
and fluorescence probe of liposome
loaded with gold nanocluster and
anti-cancer drug

CN103599070B [85] Shanghai Jiao Tong University 26 November 2013

Antitumor liposome formulation and
method for producing the same JP4715133B2 [86] Konica Minolta Med and Graphic 26 August 2004

Method for producing
liposome-containing formulation and
liposome-containing formulation

JP4599849B2 [87] Konica Minolta Med and Graphic 18 February 2004

Method for producing
liposome-containing formulation and
liposome-containing formulation

JP4649841B2 [88] Konica Minolta Med and Graphic 18 February 2004

The invention EP3334413B1 relates to a delivery device suitable for delivering a
chemical substance, e.g., a medical device, such as a catheter, a microcapsule, an implantable
capsule, or a P-ring [84]. This device is formed by loading a drug into the matrix using a
solvent in its supercritical, near supercritical, or dense gas states. A preferred drug carrier
includes CO2 in a liquid and/or supercritical state. The delivery device for the chemical
substance comprises a drug (for treating symptoms of Alzheimer’s, e.g., dual agonist of the
peroxisome proliferator activated nuclear receptor delta/gamma, aka PPARδ/γ (T3D-959),
donepezil, galantamine, memantine, rivastigmine, or any combinations thereof) trapped in
liposomes. Together with the metal particles, the liposomes are dispersed in a polar liquid,
e.g., an aqueous liquid.

The invention EP3236934 (B1) relates to a pharmaceutical composition comprising the
combination of at least one (i) biocompatible nanoparticle and (ii) carrier comprising at least
one pharmaceutical compound, a polymer selected from dextran, polysialic acid, hyaluronic
acid, chitosan, heparin, polyvinyl pyrrolidone, polyvinyl alcohol, polyacrylamide, or
poly(ethylene glycol), and a PEG-based copolymer [85]. The carrier can respond to an
intracellular or extracellular stimulus when it is exposed to electromagnetic radiations,
ultrasounds, and a magnetic field.

The drug-containing liposome nanoparticles and medicinal extract of Caragana korshinskii
seeds were prepared by the patent CN104382984B [84]. The Caragana korshinskii seed extract,
with membrane material, cholesterol, lecithin, and deionized water, at a temperature of
35~40 ◦C and a pressure of 25~30 MPa, was dispersed and mixed in supercritical CO2
medium for 35–45 min. The mass ratio of lecithin and cholesterol was 2:1. The mass ratio
of the film material and the seed medicinal extract was 3:1.

The object of patent CN103599070B is the preparation method of fluorescence and
temperature probes of liposome membrane, loaded with the water-soluble anti-cancer drug
and gold nanocluster dispersion [85]. They are incubated by a supercritical CO2 method at
a defined temperature and pressure.

A highly safe antitumor liposome formulation with a stabilized structure, affording
retention stability of an anti-cancerous compound and achieving efficient delivery of an
anti-cancer agent, was described in Japanese patent JP4715133B2 [88]. The liposome with
an average particle size diameter of 0.05 to 0.7 μm was produced by mixing the lipid
membrane components, constituting the phospholipid membrane, with carbon dioxide
in a supercritical or subcritical state, in the presence of at least one compound having a
polyethylene glycol (PEG) group.

Patent JP4599849B2 provides a production method for liposome-containing formula-
tions, with improved content of an enclosed substance in liposomes under supercritical
conditions [89]. A mixed solution of supercritical carbon dioxide, an aqueous solution con-
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taining an encapsulating substance and liposome suspension, was subjected to a heat and
pressure treatment (115–135 ◦C and 0.17–0.31 MPa). The method includes the encapsulated
anti-cancer substance or a contrast-enhancing compound.

The JP4649841B2 patent relates to a method for producing a liposome-containing
preparation consisting of a micronized liposome with a high encapsulation rate of an
encapsulated substance [90]. In the described effective method for their production, even
though the main solvent is supercritical carbon dioxide, organic solvent (as a solvent aid)
addition is unavoidable, and the organic solvent tends to lower the film strength. The
obtained preparation can be applied to internal medicines, external preparations for skin,
cosmetics, and contrast agents, and similar applications.

Inventive designs of novel liposomal production processes contribute to drug activity
optimization in vitro and, consequently, in vivo. Published patents showed new possibili-
ties to develop stable liposomes, which exhibited excellent abilities as drug carriers. Novel
liposome preparation processes developed in the laboratory are not easily translated to the
semi-industrial and industrial levels. This may slow down the further development and
application of new liposome systems.

4. Liposome-Based Drug Delivery Systems

Any drug delivery system aims to beneficially modulate the pharmacokinetics pa-
rameters of the drug and/or distribution on the tissue. Nanoparticles as drug carriers
show kinetically slow transportation in diseased tissues due to vascular barriers. A rela-
tively long circulation time is needed to extend the time of crossing the vascular wall [7].
Liposome-based drug carriers have become increasingly important due to their ability
to protect drugs and improve delivery across biological barriers. A key aspect is their
unique structure that allows them to encapsulate both hydrophilic and hydrophobic drugs.
Liposomes pass through biological barriers, of which the blood–brain barrier is one of the
most challenging because it protects the brain from potentially harmful substances, but also
limits the entry of many drugs. Mechanisms for overcoming biological barriers include
surface functionalization with ligands or antibodies that bind to specific receptors on target
cells. Stimuli-responsive liposomes overcame biological barriers by releasing the drug in re-
sponse to specific stimuli in the body (temperature, pH, light, concentration, and pressure).
Stealth liposomes have a central role in improving pharmacokinetics (biodistribution, blood
circulation, and tissue targeting) [7]. The stealth effect shows the ability of nanoparticles
to be invisible to the immune system, especially the reticuloendothelial system (RES), as
a result leading to lessening clearance and increased retention time in the bloodstream.
The most important effect of liposome PEGylation is shifting blood pharmacokinetics from
non-linear saturable to linear non-saturable kinetics [7,89,90]. For non-linear kinetics, the
saturation can happen during any kinetic clearance processes; however, it is generally in cor-
relation with saturating RES clearance, thus bringing a net effect of the RES-blockade [91].
Due to the RES-blockade, non-PEGylated liposomes exhibit biphasic clearance (short α-
phase, followed by a relatively long β-phase) until the PEGylated liposomes tend to exhibit
a long half-life monophasic clearance. Furthermore, monophasic clearance of PEGylated
liposomes exhibits a constant clearance rate, dose-independent, with above-wide dosage
ranges. The analysis demonstrated that 85% of the reported stealth nanomaterials/drug
delivery systems encounter a sharp α-phase clearance in blood circulation (a rapid drop
in blood concentration to half of the administered dose within 1 h post-administration),
while a relatively long β-phase could occur. The term pseudo-stealth effect describes this
common pharmacokinetics behavior. The stealth effect and pseudo-stealth effect improve
pharmacokinetics [7]. It is important to keep a good balance between the stealth effect and
the interaction with diseased tissue. Dynamic modulation of the stealth effect through-
out a stimuli-responsive strategy can further advance the functionality and increase the
therapeutic efficacy [91].
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Analysis of the obtained results from the Espacenet database search showed numerous
applications based on liposomes with encapsulated medicinal active ingredients. The
patent search for liposome-based carriers was further narrowed by adding keywords for
specific fields, e.g., “anti-cancer”, “pulmonary”, “ocular”, “RNA”, “neural”, “orthopedic”,
“internal”, “anti-inflammation”, and “dermal”. Selected patents for liposome-based carriers
are summarized in Tables 5–10 and subsequently analyzed.

4.1. Liposome-Based Drug Carriers for Cancer Treatments

Keywords “anti-cancer”, “cancer”, “tumor”, and “tumour” were added to the
search criteria. A total of 1822 patent documents (applications and granted patents) from
1983 to July 2024 according to the title, abstract, and claims, and 637 granted patents, were
found. Obtained data are graphically presented in Figure 6 as cumulative and yearly
numbers of patent applications and granted patents, the first seven applicant origins and
countries, and the IPC/CPC subgroups for granted patents. During the last 10 years,
476 patents were granted. Table 5 highlights the selected granted patents for liposome-
based drug carriers used in drug delivery for cancer treatments, chosen by relevance.

Figure 6. Liposome-based drug carriers for cancer treatments: cumulative and yearly numbers of
patent applications and granted patents depending on the earliest priority date (from 1983 to 2024),
the first seven applicant origins and countries, and the IPC and CPC subgroups for granted patents.
Two-letter codes: US, KR, JP, GB, CA, CN, and TW, are abbreviations for the following: United States
of America, Republic of Korea, Japan, Canada, United Kingdom, Republic of China, and Taiwan
Province of China, respectively. Data were obtained using the Espacenet database [32].
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Table 5. Selected granted patents for liposome-based drug carriers for cancer treatments.

Patent Title
Publication No.

[Reference]
Applicants Earliest Priority

Controlled drug release
liposome composition EP2968146B1 [92] Taiwan Liposome

Company Ltd.; TLC 15 March 2013

Method of reconstituting
liposomal annamycin US11980634B2 [93] Board of Regents, The

University of Texas System 28 June 2019

Protamine short-peptide-modified
paclitaxel liposome and preparation
method thereof

NL2033676B1 [94]

Institute of Biological Resources,
Jiangxi Academy of Sciences; Anhui
Zishanyuan Ecological Agricultural

Technology Co., Ltd.

6 December 2022

Paclitaxel liposome composition for
treatment of cancer and
preparation thereof

EP1332755B1 [95] Nanjing Zhenzhong Bioengineering
Comp. Ltd. 19 October 2000

Liposome of irinotecan or its
hydrochloride and preparation
method thereof

EP2508170B1 [96]
Jiangsu Hengrui Medicine Co., Ltd.;
Shanghai Hengrui Pharmaceuticals

Co., Ltd.
3 December 2009

Irinotecan liposome preparation and
preparation and application thereof CN109260155B [97] HighField BioPharmaceutical

Corporation 5 November 2018

Pegylated lipid, liposome modified by
pegylated lipid, pharmaceutical
composition containing liposome, and
preparation and application of
pharmaceutical composition

CN115197078B [98] Xiamen Sinopeg
Biotech Co., Ltd. 8 April 2021

Liposomes with ginsenoside as
membrane material and preparations
and use thereof

EP3337456B1 [99] Shanghai Ginposome
Pharmatech Co., Ltd. 19 August 2015

Dianhydrogalactitol,
diacetyldianhydrogalactitol or
dibromodulcitol to treat non-small-cell
carcinoma of the lung and
ovarian cancer

EP3125920B1 [100] Del Mar Pharmaceuticals Inc. 4 April 2014

Multicellular targeting liposome JP7470418B2 [101] Shanghai Jiao Tong University 14 September 2017

Tumor-targeted therapeutic drug
carrier as well as preparation method
and application thereof

CN102133404B [102] Chengdu Nuoen Biological
Technology Co., Ltd. 23 March 2011

Application of redox-responsive
chitosan-liposome CN107982547B [103] University Dalian Minzu 27 July 2017

Pharmaceutical composition
comprising jasmonates KR101751918B1 [104] Fehr Pereira Lopes, Jose E. 15 July 2008

Liposomal delivery of vitamin-E-
based compounds AU2002361812B2 [105] Research Development Foundation 19 December 2001

Liposomes useful for drug delivery US8147867B2 [106] Hermes Biosciences Inc. 3 May 2004

Liposomes useful for drug delivery US8703181B2 [107] Merrimack Pharmaceuticals 3 May 2004

Liposomes useful for drug delivery US9782349B2 [108] Ipsen Biopharma Ltd. 11 December 2015

Preparation method of temperature and
fluorescence probe of liposome loaded
with gold nanocluster and anti-
cancer drug

CN103599070B [85] Shanghai Jiao Tong University 26 November 2013
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Table 5. Cont.

Patent Title
Publication No.

[Reference]
Applicants Earliest Priority

Granular-type adjuvant as well as
preparation method and
application thereof

CN108324938B [79]
Institute of Process

Engineering, Chinese
Academy of Sciences

1 March 2018

Interleukin-2 variant proteins fused to
human IgG4 Fc and uses thereof US11896648B2 [109] Gilead Sciences, Inc. 22 October 2020

The pharmaceutical composition for inhibiting the cancer cell growth, according to
patent EP2968146B1, comprised: (1) at least one liposome having a particle-forming com-
ponent, selected from (i) phospholipid and (ii) a mixture of at least one phospholipid and
cholesterol, (2) dextran sulfate or a pharmaceutically acceptable salt, (3) ammonium sulfate,
and (4) a vinca alkaloid [92]. The method of reconstituting pre-liposomal annamycin, a
cancer chemotherapeutic agent, lyophilized to form a liposomal annamycin suspension,
was presented in patent US11980634B2 [93].

The disclosure in patent NL2033676B1 provides protamine, short-peptide-modified
paclitaxel liposome, pharmaceutical formulations, and their preparation method [94]. The
method includes mixing paclitaxel, lecithin, and cholesterol, dissolving the mixture in a
solvent, and forming a film by removing the solvent after sterilization, then washing the
film with an aqueous glucose solution. Paclitaxel liposome suspension was obtained by ho-
mogenization and lyophilized as a powder by freeze-drying. Protamine peptide combined
with liposome increases the water solubility of paclitaxel, increases paclitaxel content in
cells, and significantly reduces the vascular density in tumors, which has antitumor effects.

The other patent, EP1332755B1 [95], disclosed a paclitaxel-based liposome compo-
sition for the treatment of cancer, which consists of paclitaxel (2–5 parts), phosphatide
(20–200 parts), cholesterol (2–30 parts), amino acids (0.3–4 parts), and lyophilized excipient
(10–75 parts). According to this invention, the products do not contain polyoxyethylated
castor oil, the toxic and expensive adjuvant, which was substituted with nontoxic media
and an easily obtained adjuvant. This invention has low toxicity, better stability, good water
solubility, and good patient tolerance, and can be realized in the industry.

The object of patent EP2508170B1 was the liposome comprising irinotecan or its
hydrochloride (widely used in the treatment of malignant tumor), neutral phospholipid,
and cholesterol, wherein the weight ratio of cholesterol to neutral phospholipid was 1:3–5.
Said liposome was prepared using the ion gradient method [96].

The irinotecan liposome preparation provided by the invention CN109260155B in-
cludes monovalent sulfonate and disulfonate as internal water phases, and stably encapsu-
lates irinotecan in the form of insoluble sulfonate and disulfonate in the aqueous phase of
the lipid body and obtains a good sustained-release effect [97]. The irinotecan liposome
preparation has the advantages of a high drug loading amount, easy preparation, good
biocompatibility and targeting modification, and is favorable for improving drug efficacy.
The irinotecan liposome of the invention has a long half-life in vivo and high bioavailability.

Registered patent CN115197078B [98] protects cationic-modified liposomes, which
contain cationic lipids, used as a drug delivery system to cells, specifically, antitumor drugs
and nucleic acids.

A blank liposome with ginsenoside as a membrane material as a carrier for active
substances (e.g., drugs, cosmetically active substances, and substances with healthcare
function), their preparation, and usage, especially against human gastric cancer, are outlined
by patent EP3337456B1 [99]. Their preparations can comprise a thermo-sensitive or pH-
sensitive excipient, a surfactant, or an ion additive.

Granted patent EP3125920B1 [100] provides a novel therapeutic modality for non-
small-cell lung carcinoma and ovarian cancer treatment, based on dianhydrogalactitol, an
alkylating agent on DNA that produces N7 methylation. Dianhydrogalactitol is active
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against tumors that are refractory to temozolomide, cisplatin, and thymidine kinase in-
hibitors, is also effective in suppressing cancer stem cell growth, and acts independently of
the repair mechanism. Liposomes and other delivery vehicles or carriers for hydrophobic
drugs were used to improve the therapeutic potential. A neutral liposome is incorporated
into a pegylated substituted hexitol derivative, wherein the polyethylene glycol strand is
conjugated to at least one mobile peptide or targeting agent.

JP7470418B2 [101] describes the multicellular-targeting liposomes used in antitumor
drug preparation. One liposome with multiple antibodies against different cells, with a
stable structure and long circulation characteristics in vivo, was formed by molecular self-
assembly. It can simultaneously or sequentially bind to multiple different cells using the
action of antibodies to promote the cytotoxicity, communication between, the identification,
and the clearance or pro-apoptosis of diverse cells.

A tumor-targeted therapeutic drug carrier consisting of liposome, lecithin, 1,2-bis
(oleoyloxy)-3-(trimethylammonium)propane (DOTAP), or methylsulfated DOTAP, its
preparation method, and its application were described in the granted Chinese patent
CN102133404B [102].

The chitosan-liposome, redox-responsive to a disulfide bond and encapsulation
of superparamagnetic ferro-ferric oxide nanoparticles, used as a drug carrier for anti-
human non-small lung cancer cell A549, was described in patent CN107982547B [103].
Dithiobissuccinimidyl-substituted ester was used for the synthesis of the double fatty chain
substituent phosphatidylethanolamine-s-s-chitosan. The chitosan-liposomes have strong
cell adhesion characteristics, high drug delivery efficiency, and antiserum abilities, and
they are biocompatible and suitable for intravenous injections.

A pharmaceutical formulation that contains methyl jasmonate or jasmonic acid as an
active ingredient is described in patent KR101751918B1 [104]. Jasmonates are contained
within, associated with, or linked to nano-carriers or microcarriers, such as cyclodextrins,
pegylated liposomes, or ceramide liposomes, liposomes selected from nano-emulsions re-
sembling low-density lipoprotein (LDE), poly(ethylene glycol)-600-hydroxystearate, which
minimize side effects. The pharmaceutical formulation could be used in chemotherapeutic
treatment for cancer in humans to decrease the side effects, as a single treatment or in
association with mixed therapies.

A composition based on vitamin E and an anti-cancer compound contained within
a delivery vesicle was presented in Australian patent AU2002361812B2 and provides a
method for treating a cell proliferative disease [105]. The vitamin-E-based compounds
are 2,5,7,8-tetramethyl-(2R-(4R,8R,12-trimethyltridecyl) chroman-6-yloxy) acetic acid, α-
tocotrienol, β-tocotrienols, γ-tocotrienol, and δ-tocotrienol, and the lipid is 1,2-dilauroyl-sn-
glycero-3-phosphocholine. Anti-cancer drugs are 9-nitrocamptothecin, cisplatin, paclitaxel,
doxorubicin, or celecoxib. This composition comprises a liposome and is to be administered
by aerosol delivery.

The objects of patents US8147867B2, US8703181B2, and US9782349B2 are compositions
comprising liposomes with an interior space separated from the medium by membranes,
containing one or more lipids, in which the inner space of the liposome contains substi-
tuted ammonium [106–108]. Liposomal compositions comprise one or more lipids and
encapsulated anti-cancer therapeutic agents (e.g., camptothecin, topoisomerase inhibitor,
and irinotecan) and sucrose hexasulfate. The toxicity of the liposomal composition ad-
ministered to the mammal is at least 2–4-fold less than the substance administered in free
non-liposomal form. There is a half-release time from the liposome of at least 10–24 h.

Patent CN103599070B described the method of fluorescence and temperature probes
of the liposome membrane, loaded with the water-soluble anti-cancer drug (paclitaxel,
doxorubicin, berberine, or cisplatin) and gold nanocluster dispersion [85].

Hydrophobic immunoregulation substances, all-trans retinoic acid and antigens, are
loaded, delivered, and released at the same time and act as a therapeutic vaccine against
mucosa-associated tumors, according to patent CN108324938B [79].
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Interleukin-2 variant proteins fused to human immunoglobulin heavy constant gamma
4 (IgG4 Fc) (US11896648B2) [109] are used for preventing, reducing, and/or inhibiting
the recurrence, growth, proliferation, migration, and/or metastasis of a cancer cell or
population of cancer cells in a subject in need. An effective amount of the heterodimer is
administered depending on the cancer cell type or population of cancer cells, selected from
melanoma and colon cancer.

4.2. Liposome-Based Drug Carriers for Nucleic Acid Delivery

Search criteria were conducted using the keywords “nucleic acid”, “RNA”, and
“DNA”. From 1975 to July 2024, were found 1580 patent documents (applications and
granted patents) according to the title, abstract, and claims, and 637 granted patents. Cu-
mulative and yearly patent applications and granted patents according to these results,
the first seven applicant origins and countries, and the IPC and CPC subgroups only for
granted patents are graphically presented in Figure 7. During the last 10 years, 476 patents
were granted. Selected patents for liposome-based drug carriers for RNA delivery are
presented in Table 6 and analyzed afterward.

Figure 7. Liposome-based drug carriers for nucleic acid delivery: cumulative and yearly numbers of
patent applications and granted patents depending on the earliest priority date (from 1975 to 2024),
the first seven applicant origins and countries, and the IPC and CPC subgroups for granted patents.
Two-letter codes: US, KR, DE, JP, CA, CH, and BE, are abbreviations for the following: United States
of America, Republic of Korea, Germany, Japan, Canada, Switzerland, and Belgium, respectively.
Data were obtained using the Espacenet database [32].
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Table 6. Selected patents of liposome-based carriers for nucleic acid delivery.

Patent Title
Publication No.

[Reference]
Applicants Earliest Priority

Messenger RNA vaccines and
uses thereof CN112384205B [110] Translate Bio, Inc. 30 May 2018

Methods and compositions for
delivering mRNA-coded antibodies EP2970456B1 [111] Translate Bio, Inc. 14 March 2013

Preparation and storage of liposomal
RNA formulations
suitable for therapy

US11395799B2 [112] BioNTech SE 20 October 2017

Compositions and systems comprising
transfection-competent vesicles free of
organic solvents and detergents and
methods related thereto

EP3864163B1 [54] The University of
British Columbia 9 October 2018

Cationic lipid, liposome containing
cationic lipid, and nucleic acid,
pharmaceutical composition containing
liposome, and preparation and
application thereof

CN115197078B [100] Xiamen Sinopeg
Biotech Co., Ltd. 8 April 2021

Reduced and oxidized polysaccharides
and methods of use thereof CN108430458B [113] Harvard College 26 October 2015

The patent CN112384205B outlined compositions comprising a messenger RNA
(mRNA) encoding an antigen encapsulated in a PEG lipid nanoparticle and the method
of preparation of a vaccine for inducing an immune response in vivo, wherein the lipid
nanoparticle comprises one or more cationic lipids [110]. Obtained vaccines could be
administered subcutaneously, intradermally, intramuscularly, or intravenously.

The other patent, EP2970456B [111], demonstrates compositions for delivering mRNA-
coded antibodies comprised of the first mRNA encoding the antibody heavy chain (of
approximately 50–70 kD), and the second mRNA encoding the antibody light chain (of
approximately 25 kD), for use in therapy in a patient administered intravenously. The
first and the second mRNA (i) each comprised a 5′ cap structure, a 3′ poly-A tail, a
5′ untranslated region, and a 3′ untranslated region, and (ii) encapsulated within liposomes
comprising a cationic lipid, a neutral lipid, a cholesterol-based lipid, and a PEG-modified
lipid (up to 150 nm). The first mRNA encoding the heavy chain and the second mRNA
encoding the light chain are encapsulated in the same liposome, and the antibody is a
tetramer composed of two identical pairs of polypeptide chains.

Preparation and storage of liposomal RNA formulations for delivery of RNA to
target tissues after parenteral or intravenous administration were described in the
granted patent US11395799B2 [112].

Methods were outlined for preparing RNA lipoplex particles in an industrial GMP-
compliant manner. Additionally, they protect methods and compositions for storing RNA
lipoplex particles without significant loss of product quality and RNA activity. Systems
comprising transfection-competent vesicles free of organic solvents and detergents config-
ured to efficiently and safely deliver nucleic acid, e.g., DNA, RNA, ribonucleoprotein (RNP),
and protein cargoes in target cells, were disclosed in the granted patent EP3864163B1 [54].

Pharmaceutical compositions based on cationic liposomes and nucleic acid drugs (i.e.,
DNA, plasmid, aptamer, interfering nucleic acid, antisense nucleic acid, mRNA, small
interfering RNA (siRNA), microRNA (miRNA), antagomir, and ribozyme) have good
biocompatibility and higher gene transfection efficiency (patent CN115197078B) [98].

According to Chinese patent CN108430458B, the therapeutic or diagnostic agents
were encapsulated in lipid-based nanoparticles (liposomes or virosomes), highly oxidized
polysaccharides—alginates, human mesenchymal stem cells, small molecules, and biolog-

168



Processes 2024, 12, 1970

ical agents (peptides, antibodies, or fragments thereof, vaccines, DNA, RNA, or peptide
nucleic acid (PNA) molecules) [113]—and formulated as the implantable or injectable
device, or the drug delivery composition.

4.3. Liposome-Based Drug Carriers for Pulmonary and Ocular Treatment

Keywords “pulmonary”, “lung”, “inhal”, and “respiratory” were added to the
search criteria. A total of 3187 patent documents (applications and granted patents) from
1975 to July 2024 according to the title, abstract, and claims, and 928 granted patents,
were found (Figure 8). Using the keywords “ocular”, “eye”, “sclera”, and “retina”, a
total of 1752 patent documents (applications and granted patents) were found from
1975 to July 2024 according to the title, abstract, and claims, and 542 granted patents
(Figure 9). During the last 10 years, 476 patents were granted. Table 7 presents certain
patents for liposome-based drug carriers for pulmonary and ocular treatment that are
subsequently analyzed.

Figure 8. Liposome-based drug carriers for pulmonary treatments: cumulative and yearly num-
bers of patent applications and granted patents depending on the earliest priority date (from
1983 to 2024), the first seven applicant origins and countries, and the IPC and CPC subgroups
for granted patents. Two-letter codes: US, DE, KR, CN, TW, CH, and CA, are abbreviations
for the following: United States of America, Germany, Republic of Korea, Republic of China,
Taiwan Province of China, Switzerland, and Canada, respectively. Data were obtained using the
Espacenet database [32].
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Figure 9. Liposome-based drug carriers for ocular treatments: cumulative and yearly numbers of
patent applications and granted patents depending on the earliest priority date (from 1983 to 2024),
the first seven applicant origins and countries, and the IPC and CPC subgroups for granted patents.
Two-letter codes: US, JP, CN, ES, KR, DE, and CH, are abbreviations for the following: United States of
America, Japan, Republic of China, Spain, Republic of Korea, Germany, and Switzerland, respectively.
Data were obtained using the Espacenet database [32].

Table 7. Selected patents of liposome-based drug carriers for pulmonary and ocular treatment.

Patent Title
Publication No.

[Reference]
Applicants Earliest Priority

Inhalable compositions for use in the
treatment of pulmonary diseases EP3890767B1 [114] Breath Therapeutics GmbH 4 December 2018

Slow-release salbutamol sulfate
inhalation preparation and production
process thereof

CN111700883B [115] Shenzhen Daphne
Medicine Co., Ltd. 23 July 2020

Tobramycin liposome used for aerosol
inhalation and production
method thereof

CN111228243B [116] Zhuhai Essex Bio-
Pharmaceutical Co., Ltd. 24 December 2019

Liposome atomization treatment
preparation containing acetaldehyde
dehydrogenase as well as preparation
method and application thereof

CN108434446B [117] Hangzhou Hibio
Technology Co., Ltd. 21 March 2018

Liposomes containing steroid esters EP0170642B1 [118] Draco Ab 30 July 1984
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Table 7. Cont.

Patent Title
Publication No.

[Reference]
Applicants Earliest Priority

Liposomal eye drops solution and uses
thereof for the treatment of dry
eye syndrome

EP3673896B1 [119] Dr. Rolf Lambert
Pharma-Consulting GmbH 28 December 2018

Sustained-release ophthalmic
pharmaceutical compositions and
uses thereof

TWI786328B [120]
Taiwan Liposome

Company, Ltd.; TLC
Biopharmaceuticals, Inc.

10 September 2018

The aerosol inhalation technology has the advantages that a drug can be directly
delivered to a respiratory tract, quickly absorbed, takes effect quickly, and the bioavailability
and the stability are high. A pharmaceutical composition comprising cyclosporine A,
as an inhalable immunosuppressive macrocyclic active ingredient for the prevention or
treatment of pulmonary disease or condition, administered by inhalation in the form of an
aerosol, generated by nebulization of the pharmaceutical composition, were disclosed in
patent EP3890767B1 [114].

A slow-release salbutamol sulfate inhalation preparation (capable of relieving acute
attack of asthma) and its production process are objects of patent CN111700883B [115]. The
invention disclosed in patent CN111228243B is a tobramycin liposome used for aerosol
inhalation, composed of 0.1–15.0% tobramycin, 0.5–36.0% of a phospholipid, 0.05–20.0%
of a stabilizer, 0.01–10.0% of a charge modifier, 0.01–5.0% of an antioxidant, 5.0–50.0%
of an organic-phase medium, and the balance of an aqueous-phase medium [116]. The
production process is simple, easy, and rational for industrial production.

The invention CN108434446B provides a therapeutic preparation process for a liposo-
mal aerosol [117]. By using the pulmonary method of administration, it is possible to avoid
enzyme destruction in the digestive tract of oral preparations, as well as the insufficient
activity and safety problems of injectable preparations. The proportion of inhalable parti-
cles after administration via the aerosol inhalation route satisfies the pharmacopoeia. This
preparation has good application forecasts for treating drunkenness, alcoholism, and other
acetate dehydrogenase deficiency.

A pharmaceutical composition for the local administration primarily to the respira-
tory tract when treating and controlling anti-inflammatory and anti-allergic conditions
comprising lyophilized liposomes in the presence of lactose (range of 0 to 95% of the final
composition), in combination with active steroid esters and budesonide-21-palmitate, was
described in patent EP0170642B1 [118]. The lecithin (derived from egg, soybean, or syn-
thetic) has different lengths of fatty acid chains and, therefore, has different phase-transition
temperatures. The administration routes involve powder aerosols, nebulization, instillation,
and aerosols.

Ophthalmic formulations for the treatment of dry eye syndrome, based on an eye
drop solution composed of liposomes, were protected by patent EP3673896B1 [119]. Eye
drop solutions are comprised of liposomes built with non-hydrogenated phospholipids
(containing linseed oil, Vitamin E tocopherol polyethylene glycol succinate (TPGS), and
Vitamin A Palmitate) and water phase (with Vitamin B12 and Pycnogenol). Vitamin E
TPGS inside the liposomes and Vitamin B12 and Pycnogenol outside the liposomes have
a protective effect against UVA/UVB rays. A liposomal eye drop solution containing a
specific, peculiar system composed of 2-amino-2(hydroxymethyl) propane-1,3-diol, which
makes an agent for Pycnogenol and borate buffer to improve the filterability, has a satisfying
filtration procedure to sterilize liposomal eyes drops (up to 0.2 μm), avoiding the steam
sterilization (which can destroy components and liposome’s structure).

Sustained-release ophthalmic pharmaceutical compositions based on liposomes (com-
prising a bilayer membrane) and a therapeutic agent for treating an eye disease with a
high drug-to-lipid ratio and encapsulation efficiency were described in the granted patent
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TWI786328B [120]. It provides a method for treating age-related macular degeneration
or diabetic eye disease using this ophthalmic composition, which can be administered by
injection (intravitreal or suprachoroidal) or topical (by eye drop or ointment).

4.4. Liposome-Based Drug Carriers for Some Neural, Orthopedic, and Internal Diseases

Using the keywords “neural”, “brain”, “cerebral”, “orthopedic”, “bone”, “cartilage”,
“osteoarthritis”, “arthritis”, “internal diseases”, “gastric”, “intestinal”, and “liver”, a total of
1809 patent documents (applications and granted patents) from 1975 to July 2024 according
to the title, abstract, and claims, and 549 granted patents, were found (Figure 10). In the last
10 years, 476 patents were granted. A few examples of patents for drug carriers based on
liposomes for neural, orthopedic, and some internal diseases are analyzed and summarized
in Table 8.

Figure 10. Liposome-based drug carriers for some neural, orthopedic, and internal diseases: cu-
mulative and yearly numbers of patent applications and granted patents depending on the earliest
priority date (from 1975 to 2024), the first seven applicant origins and countries, and the IPC and CPC
subgroups for granted patents. Two-letter codes: US, DE, JP, CN, FR, KR, and CH, are abbreviations
for the following: United States of America, Germany, Japan, Republic of China, France, Republic of
Korea, and Switzerland, respectively. Data were obtained using the Espacenet database [32].
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Table 8. Selected patents of liposome-based drug carriers for neural, orthopedic, and internal diseases.

Patent Title
Publication No.

[Reference]
Applicants Earliest Priority

A formulation useful for delivery of
neuro-protecting agent EP3200770B1 [121] Council of Scientific and

Industrial Research 29 September 2014

Sustained-release pharmaceutical
compositions comprising a therapeutic
agent for treating diseases due to
reduced bone density or cartilage loss
and uses thereof

JP7431419B2 [122] Taiwan Liposome Company Ltd.;
TLC Biopharmaceuticals, Inc. 14 November 2018

Methods of treating arthritis EP2854769B1 [123] Taiwan Liposome Company Ltd.;
TLC Biopharmaceuticals, Inc. 5 July 2012

Manufacturing of bupivacaine
multivesicular liposomes GB2603047B [124] Pacira Pharmaceuticals Inc. 22 November 2021

Formulations of volatile anesthetics
and methods of use for
reducing inflammation

US9744142B2 [125]
Spakevicius, D.; Ozsoy H.; Board of

Regents, The University of Texas
Systems

5 May 2009

Method for selecting cationic or anionic
liposomes for treatment of a mucosa
membrane, and kit comprising
the same

EP1694298B1 [126] Yissum Research
Development Company 3 November 2003

Pharmaceutical composition for
treating alcoholic fatty liver and
preparation method thereof

CN117860678B [127] China Agricultural University 13 March 2024

Cilostazol liposome solid agent CN112006992B [128] Pu-Pharma. Co., Ltd. 16 September 2020

Targeted hybrid exosome loaded with
curcumin and miR140 as well as
preparation method and application of
targeted hybrid exosome

CN117965429B [69] Sichuan University 29 March 2024

The EP3200770B1 patent [121] discloses a novel delivery system based on liposomes,
with the potent and prudent therapeutic potential of a new formulation using the stan-
dardized extract fraction of a new NMITLI118RT+ chemotype of Withania sonmifera roots.
It is useful for brain function restoration and neuroprotection against cerebral stroke. A
new chemotype of Withania somnifera roots, a variety of Ashwagandha, is phytochemically
characterized by a particular abundance of two withanolides, i.e., withanolide and/or
withanone, for neuroprotection against cerebral stroke, prescribed for administering the
formulation in a predetermined dose and period.

Pharmaceutical compositions with sustained release of a therapeutic agent for treating
diseases due to reduced bone density or cartilage loss, and uses thereof, were described
in patent JP7431419B2 [122]. Sustained-release compositions comprised (a) at least one
liposome with a lipid bilayer membrane, (b) a scavenger (triethylammonium sucrose
octasulphate and/or ammonium sulphate), and (c) a cathepsin K inhibitor. The injec-
tion with a therapeutic agent for treating reduced bone density or cartilage loss could be
administered via an intraarticular, subcutaneous, subdermal, intradermal, or intramus-
cular route. The other sustained-release composition for use in the treatment of arthritis,
comprising liposomes, cholesterol, and one or more therapeutic agents, e.g., the water-
soluble steroid dexamethasone sodium phosphate, and the nonsteroidal anti-inflammatory
drug indomethacin, a disease-modifying anti-rheumatic drug, were objects of the granted
patent EP2854769B1 [123].

Composition of multivesicular liposomes (MVLs) with encapsulated bupivacaine,
residing within a plurality of internal aqueous chambers of the MVLs, separated by lipid
membranes, was disclosed in patent GB2603047B [124]. The internal aqueous chambers
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may comprise lysine and/or dextrose, or/and cholesterol and tricaprylin. These compo-
sitions could be useful in treating or ameliorating pain, particularly via the interscalene
brachial plexus nerve block, via local infiltration to a surgical site, or via femoral nerve
block to provide regional analgesia. Another volatile anesthetic for treating or reducing
inflammation or a wound in need of wound treatment or inflammation treatment by deliv-
ering a volatile anesthetic to the wound or inflammation site was formulated for topical,
mucosal, rectal, vaginal, or buccal administration.

The invention EP1694298B1 [126] concerns a method for selecting cationic or anionic
liposomes, a medicament for the treatment/prevention of a gastrointestinal mucosa dis-
order, and a kit for its use. The application of charged lipid assemblies is based on the
principles of the differential adhesion of negatively vs. positively charged lipid assemblies
to diseased and healthy mucosa, respectively.

The invention CN117860678B [127] discloses a pharmaceutical composition for treating
alcoholic fatty liver and an appropriate obtaining method. Ethyl p-methoxycinnamate and
nano-enzymes are enclosed in liposomes to form a composite material. According to this
invention and using a new strategy, liposomes are delivered, in a targeted manner, to the
alcoholic fatty liver for precise treatment with improved bioavailability.

The invention CN112006992B discloses a cilostazol liposome solid agent, prepared by
a subsequent method: cilostazol (improves blood flow) was dissolved in acetic acid, and
mixed with dioleoyl phosphatidylcholine, dimyristoyl phosphatidylcholine, poloxamer
P188, and cholesterol succinic acid monoester, to form a lipid membrane solution [128].
After that, an acetic acid sodium acetate buffer solution was added to disperse and emul-
sify to obtain a uniform liposome solution. Then, lactose, sodium carboxymethyl starch,
microcrystalline cellulose, and magnesium stearate were added, mixed, refined and dis-
persed. Obtained a uniform mixed suspoemulsion was freeze-dryed. The cilostazol loading
capacity and liposome encapsulation efficiency are improved, the technological process is
shortened, and the raw materials are safe and non-toxic.

The hybridized exosome, described in Korean patent CN117965429B, showed a syner-
gistic effect of loaded curcumin and miR140, inhibited activation of an NF-kappa B pathway,
enhanced the anti-inflammatory effect, and reduced the cytotoxicity of the curcumin. It is
used in the preparation of a drug for treating osteoarthritis [69].

4.5. Liposome-Based Drug Carriers with Anti-Inflammation and Antibiofilm Agents

Search criteria were narrowed using the keywords “anti-inflammation”, “inflamma-
tion”, “antibiofilm”, “microbial”, and “biofilm”. From 1975 to July 2024, 1231 patent
documents (applications and granted patents) were found according to the title, abstract,
and claims, as well as 368 granted patents. The cumulative and yearly numbers of patent
applications and granted patents, according to these search results, with the first seven
applicant origins and countries and the IPC and CPC subgroups (only for granted patents),
are graphically presented in Figure 11. A few examples of granted patents for drug carriers
based on liposomes with anti-inflammation and antibiofilm agents (presented in Table 9)
are briefly described.

Table 9. Selected granted patents for liposome-based drug carriers for anti-inflammation agents.

Patent Title
Publication No.

[Reference]
Applicants Earliest Priority

Sterile pharmaceutical composition and
process for a solution of propofol
emulsion having microbial
growth retardation

US7468394B1 [129] Amphastar
Pharmaceuticals Inc. 11 March 2003

Liposomes for inhibiting
biofilm formation EP3589278A1 [130] Combioxin SA 2 March 2017
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Table 9. Cont.

Patent Title
Publication No.

[Reference]
Applicants Earliest Priority

Methods for the manufacture of
liposomal drug formulations AU2019262117B2 [131] Insmed Inc.

Worsham Robert 2 May 2018

Interdigitation-fusion liposomes
containing arachidonic acid metabolites EP0729352B1 [132] Lipsome Co., Inc. 16 November 1993

Pharmaceutical composition
comprising jasmonates KR101751918B1 [104] Fehr Pereira Lopes, Jose.E. 15 July 2008

Figure 11. Liposome-based drug carriers for nucleic acid delivery: cumulative and yearly numbers of
patent applications and granted patents depending on the earliest priority date (from 1975 to 2024),
the first seven applicant origins and countries, and the IPC and CPC subgroups for granted patents.
Two-letter codes: US, KR, ES, TW, CH, DE, and CN, are abbreviations for the following: United
States of America, Republic of Korea, Spain, Taiwan Province of China, Switzerland, Germany, and
Republic of China, respectively. Data were obtained using the Espacenet database [32].

A sterile pharmaceutical composition and process for an oil-in-water propofol emul-
sion having microbial growth retardation, without the side effects associated with other
growth retardation additives, are disclosed in the US7468394B1 patent [129]. Several meth-
ods for the optimization of the innate microbial retardation capability of propofol are
described. This composition contains liposome particles, emulsion particles, additives to
act as a microbial growth retardation agent, and supporting aqueous phase. The oil-in-
water propofol emulsion contains soybean oil and egg lecithin. The described process
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improves the propofol emulsion solution’s safety by controlling microbial growth, without
the side effects associated with growth retardation additives.

Liposomes for preventing or reducing biofilm formation, or for eradicating or reducing
existing biofilm, are described in patent EP3589278A1 [130]. A method for a large-scale
production of liposomal drug formulations, containing amikacin sulfate formulation as
an aminoglycoside (antibiotics for serious bacterial infections, especially Gram-negative),
with valuable lipid/drug characteristics, was presented in patent AU2019262117B2 [131].
The method employs a particular relative flow rate ratio of lipid to drug streams to obtain
liposomes with a high aminoglycoside encapsulation efficiency. The invention EP0729352B1
offers an interdigitation-fusion liposome, including an arachidonic acid metabolite, a lipid
bilayer containing a lipid, and an aqueous compartment comprising a release-inhibiting
buffer [132]. The preferred arachidonic acid metabolites are the prostaglandins, particularly
PGE1. The liposomal formulations can be used to treat animals, particularly humans,
for diseases, disorders, or conditions that can be ameliorated by prostaglandins, e.g., cell
activation/adhesion disorders and inflammatory disorders.

A pharmaceutical formulation for use in the treatment of bacterial or fungal diseases,
containing methyl jasmonate or jasmonic acid as an active ingredient, is described in
patent KR101751918B1 [104].

4.6. Liposome-Based Drug Carriers for Dermal Applications

Using the keywords “dermatological”, “derma”, “skin”, “wound”, “cosmetic”, and
“stratum coroneum”, a total of 1809 patent documents (applications and granted patents)
from 1975 to July 2024 according to the title, abstract, and claims, and 549 granted patents,
were found (Figure 12). In the last 10 years, 476 patents were granted. Several examples of
granted patents for drug carriers based on liposomes for dermal applications, shown in
Table 10, are briefly described.

Table 10. Selected relevant patents of liposome-based carriers for dermal applications.

Patent Title
Publication No.

[Reference]
Applicants Earliest Priority

Method for preparing medicinal extract
containing intermediate peashrub seeds CN104382984B [84]

Northwest Institute
of Plateau Biology of Chinese

Academy of Sciences
1 December 2014

Composition for increasing expression
of PGC-1 alpha EP3403655B1 [133] Benebiosis Co., Ltd. 13 January 2016

Peptides which inhibit activated
receptors and their use in cosmetic or
pharmaceutical compositions

EP2773366B1 [134] Lipotec SA 4 November 2011

Cosmetological and pharmaceutical
formulae for the rejuvenation and
restoration of skin, including after
surgical procedures

US8846064B2 [135] Martynov, A.;
Farber, B.S.; Farber, S.S.; Sitenko, A. 22 November 2010

Cosmetic or pharmaceutical
compositions comprising
metalloproteinase inhibitors

ES2330291B1 [136] Lipotec SA 29 February 2008

Pharmaceutical composition, in
particular dermatological or cosmetic,
comprising hydrous lipidic lamellar
phases or liposomes containing a
retinoid or a structural analogue
thereof, such as a carotenoid

FR2591105B1 [137] Moet Hennessy Recherche 11 December 1985
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Table 10. Cont.

Patent Title
Publication No.

[Reference]
Applicants Earliest Priority

Hyaluronic drug delivery system EP0963196B1 [138] Hyal Pharmaceutical
Corporation; JagotecAg 29 September 1996

Preparation method of exosome bionic
preparation for synergistically
promoting wound healing and
preparation thereof

CN113577272B [73] China Pharmaceutical University 28 July 2021

Figure 12. Liposome-based drug carriers for dermal applications: cumulative and yearly numbers of
patent applications and granted patents depending on the earliest priority date (from 1971 to 2024),
for granted patents the first 7 applicant names and countries, and the IPC and CPC subgroups.
Two-letter codes: KR, US, ES, DE, CH, CN, and FR, are abbreviations for the following countries:
Republic of Korea, United States of America, Spain, Germany, Republic of China, Switzerland, and
France, respectively. Data were obtained using the Espacenet database [32].

Medicinal extract of Caragana korshinskii seeds for the drug-containing liposome
nanoparticles prepared by the patent CN104382984B have the characteristics of targeted
drug delivery and long-term release [84]. Due to their cell-like structure, they are cell-
compatible and can release drugs through the cell membrane. Drug-containing lipo-
some nanoparticles with Caragana korshinskii seed extract improve therapeutic index and
are more effective in skin disease treatments, e.g., psoriasis, dermatitis, impetigo, and
skin itching.

Registered patent EP3403655B1 relates to a composition for preventing or treating dis-
eases or symptoms associated with a reduction in the expression of peroxisome proliferator-
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activated receptor coactivator 1-α (PGC-1α), consisting of an active ingredient, and its
salt or solvate, encapsulated in liposomes [133]. The composition is used for reducing
the subcutaneous adipose tissue volume (of the femoral region, a lower part of the neck,
neckline, chest, buttocks, lips, face, cheeks, eyelids, and/or hands), or for the triglyceride
content reduction in adipose tissue.

The object of patent EP2773366B1 [134] is a pharmaceutical or cosmetic composition
with a sustained-release system, formed by liposomes, mixed liposomes, or some other
carriers, and the peptide, which inhibits activated receptors.

Cosmetic and pharmaceutical compositions with liposomes and proteins were de-
scribed in US patent US8846064B2 [135]. Used proteins were partially acylated (0.1–10% of
their mass) and present in the supramolecular assembly. These partially acylated proteins
were derived from collagenase, hyaluronidase, insulin, or their mixtures.

Spanish patent ES2330291B1 protects a pharmaceutical or cosmetic composition con-
sisting of the peptide (its stereoisomers, mixtures, and cosmetically or pharmaceutically
acceptable salts), incorporated in a vehicle or a system for sustained delivery, as well as
an obtaining method [136]. Liposomes and mixed liposomes were chosen, among other
cosmetic or pharmaceutically acceptable carriers. Obtained compositions were applied
for the treatment and/or care of disorders, conditions, and/or skin pathologies, mucosae,
and scalp that are a result of the matrix metalloproteinases (MMP) activity increase or an
MMP overexpression.

Dermatological, pharmaceutical, or cosmetic compositions based on liposomes, or
hydrated lipid lamellar phases, comprising retinoids (or analogues, e.g., carotenoids),
are described in patent FR2591105B1 [137]. Defined compositions have additional effects
against acne and are less irritating to the skin, and they have pharmaceutical and certain
dermatological or cosmetic applications.

Pharmaceutical compositions based on multilamellar, negatively charged liposomes
with encapsulated cyclosporin A and hyaluronic acid, described in patent EP0963196B1,
were used for topical administrations for psoriasis treatment [138].

The obtained exosome bionic preparation synergistically helps wound healing accord-
ing to Chinese patent CN113577272B [73].

The patent analysis of liposome-based drug carriers for cancer treatments, nucleic
acid delivery, pulmonary and ocular treatment, neural, orthopedic, and internal diseases
treatment, anti-inflammation and antibiofilm treatments, as well as dermal applications
highlighted that published patents protect novel and alternative formulations, which are
not found in scientific journals before their priority date because novelty in patent applica-
tions is the first demand for patentability and granted patent rights. Patent publications on
liposomal formulations expanded new methods of drug delivery. Liposome formulations
have been developed to establish novel approaches in drug delivery systems, e.g., to opti-
mize the content of drug loading, stability, and release profiles, including long-circulating
structures and further functionalization of liposomes for the co-delivery of drugs to the
targeted site. New liposome-based compositions and strategies to optimize the stabilities
and capabilities of drug vehiculation found more acceptable fabrication methods. Contin-
ued utilization of liposomes in disease treatments is based on defining stable, simpler, and
cost-effective formulations, which could be applied in the pharmaceutical industry in the
future to provide more beneficial therapeutic solutions for many diseases.

5. Conclusions

Many inventors have significantly contributed to improvements in liposome-based
carriers by synthesizing more complex vesicles and developing new targeted and selective
release mechanisms, without causing side effects. This has resulted in enhanced therapy
efficiency and reduced treatment costs. New drug release methods have been identified
to activate administration only at specific sites when needed. Drugs can be administered
into the body via different methods, some of which are oral, topical, intranasal, sublingual,
and intravenous. Future trends in liposome technology as drug carriers may include
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new patent applications aimed at improving the protection of encapsulated drugs and
delivery efficiency by overcoming biological barriers. New inventive solutions may be
directed toward development of stealth liposome technology, incorporating PEG or other
polymers, so that liposomes avoid the immune system more effectively, achieving long
circulation (sterically stabilized) in the bloodstream with optimized and increased stability.
Also, further progress in the design of liposomes to overcome biological barriers, such as
the blood–brain barrier, is important, as it represents a major challenge for the treatment
of neurological disorders. For the treatment of pulmonary and gastrointestinal diseases,
it is important to improve liposome-based carriers so that they improve and optimize
the passages through the mucosal barriers for more efficient delivery of inhaled or orally
administered drugs. “Smart” liposomes can be designed as bioreactive carriers that release
contents in the body in a controlled manner in response to biological signals (such as pH,
temperature, light, or enzymes) exclusively in targeted areas (such as infected tissues or
tumors). Liposomal formulations are intensively developed for precision gene therapy to
improve encapsulation of genetic materials (such as RNA and DNA), protection during
delivery, and enhancement of cellular uptake. The trend of future developments will
probably be directed toward new methods of obtaining nano-liposomes, at a nanoscale
below 100 nm, which can penetrate deeper into tissues (e.g., solid tumors) to improve drug
delivery and treatment outcomes. Significant progress is expected in the technology of lipid
nanoparticles, closely related to liposomes, especially in the delivery of nucleotides (e.g.,
mRNA in vaccines) and their optimization. One of the key trends for future technologies
may be targeted drug delivery by modifying and functionalizing the surface of liposomes
with ligands, antibodies, or aptamers that can selectively bind to specific cell receptors. This
is particularly important for the more precise delivery of drugs for the treatment of cancer
and genetic disorders, improving therapeutic outcomes and reducing side effects. The
future of liposome technology will focus on reproducible, scalable, and environmentally
friendly manufacturing processes to meet the growing demand for liposomal drugs.

Patent data are authoritative for recognizing trends in technical development, assess-
ing industrial technological attractiveness, monitoring the process of protecting competi-
tion’s patent rights, and defining technological advantages and new strategies. The review
of the patents could help in future investigations as a rich source of inspiration in several
ways. Patent searching can help researchers avoid duplicating efforts and save time by
analyzing and recognizing what has already been patented and, thus, focusing on novel
aspects, strategies, or procedures. By informing with patents in force and existing patent
rights, researchers can guarantee that their innovations do not infringe on the owners’
patent rights (other companies). Patent applications often reveal trends (e.g., new pro-
cesses, methods, or materials) and could motivate researchers to modify or combine current
methods and investigate similar technologies. Through the patent analysis of liposome-
based drug carriers in the period 1976–2024, it is interesting to point out that the activities
were aimed at finding new, improved production processes, as well as formulations for
the targeted treatment and prevention of diseases (mostly for pulmonary, dermal, ocular,
neural, and gastric). Numerous scientific papers on various drug delivery systems have
been published in scientific journals, but a smaller number requested patent applications
and fewer have registered patents. It is important that companies and academic researchers
first protect their inventions by patenting new products, production processes, and/or
formulations, and then publish their research in peer-reviewed journals. Currently, the
largest number of patents are from universities, and additional cooperation with companies
is needed to improve the technological procedures in industry by applying efficient and
modern technologies.
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Abstract: Transdermal delivery is a non-invasive route, used as an alternative to the oral route, to
administer drugs through the skin surface. One of the fields in which they are particularly used is
that of pain therapy. In this treatment, transdermal patches, particularly those containing opioids, are
used to complement or replace orally administered drugs. First-generation patches are constituted by
reservoir systems, where the drug is dissolved in a solvent and gelled with a polymer. In contrast,
the active principle is incorporated into the polymer adhesive in more recent matrix patches. In this
review, the main papers related to the production and employment of transdermal patches containing
the two most used opioids, i.e., fentanyl and buprenorphine, have been critically analyzed. From the
analysis of the literature, it is possible to deduce that the type of drug and the amount of drug present
in the patch must be chosen not according to the origin of the pain but to the age of the patient, the
area where the patch is applied, and the frequency at which the patch is replaced.

Keywords: fentanyl; buprenorphine; transdermal patches; reservoir and matrix systems

1. Introduction

The International Association for the Study of Pain (IASP), which is the central orga-
nization concerned with the study of pain and possible strategies to alleviate it, currently
defines pain as “an unpleasant sensory and emotional experience associated with actual or
potential tissue damage, or described in terms of such damage” [1]. Pain can be categorized
regarding its time frame and pathophysiology [2]. Concerning the former classification,
pain can be acute and chronic. It is defined as “acute” if it lasts for less than three months
and chronic if it restricts daily activities for more than three months [3]. Sometimes an
intermediate category, called subacute pain, is considered [4]. As for the pathophysiol-
ogy, pain can be divided into nociceptive, neuropathic, and nociplastic. Nociceptive pain
(somatic, visceral), which is the most common form of chronic pain, is associated with
damage to organs and tissues with an intact nervous system. Neuropathic pain is associated
with damage or disease of the nervous system, and nociplastic pain is due to abnormal
processing of pain signals without clearly identifying tissue damage or diagnosing patholo-
gies concerning the somatosensory system [5]. It can be of somatic origin (bone fractures,
muscle spasms, osteoarthritis, and postoperative pain) or visceral (peptic ulcer, cancer, liver
cirrhosis, and ischemia). Neuropathic pain can affect central nerves, such as from spinal
injuries, Parkinson’s disease, multiple sclerosis or transverse myelitis, or peripherally, such
as with carpal tunnel syndrome, or local pain of a traumatic nature, nutritional deficiencies,
and acute herpes zoster [6]. Nociplastic pain can have various causes, such as fibromyalgia,
irritable bowel syndrome, or bladder pain [7]. Chronic pain, which lasts over time, is
sometimes considered a real disease, with the need for pharmacological treatment (for
example, to be operational although the pain) and psychological implications (for example,
accepting pain) [7]. In some cases, a distinction is made according to whether the chronic
pain originates from cancer or not; chronic cancer pain (CCP) and chronic non-cancer
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pain (CNCP) treatments are therefore considered. However, regardless of the origin, pain
treatments are often common [8].

In 1986, the World Health Organization (WHO) proposed a three-step analgesic ladder
(sketched in Figure 1) to provide adequate pain relief in the treatment of CCP [9], which,
nowadays, is also used in the treatment of CNCP. The WHO analgesic ladder requires
analgesic therapy to be established based on pain intensity:

• Mild pain can be treated with non-steroidal anti-inflammatory drugs (NSAIDs) or
non-opioid analgesics such as acetaminophen or paracetamol and/or adjuvants such
as antidepressants or anticonvulsants;

• Moderate pain requires the use of weak opioid analgesics, such as codeine, dihy-
drocodeine, tramadol, and/or adjuvants;

• Severe and persistent pain can be reduced by using strong opioids, such as mor-
phine, methadone, diamorphine, oxycodone, fentanyl, and buprenorphine or adju-
vants [10–12].

Figure 1. Adapted WHO three-step analgesic ladder.

It is, therefore, evident that opioids are the most potent analgesics and are well-
established drugs for the treatment of severe acute [13], surgical [14], and chronic pain [15].

It is important to underline that in defining analgesic therapy, it is not only necessary
to consider the choice between the different active ingredients [16] but also the different
administration routes, such as oral, sublingual, inhaled, intravenous, intramuscular, rectal,
transdermal and topical [17]. The oral route is preferred except when oral intake is not
possible because of severe vomiting, problems with swallowing, constipation, and poor
compliance. To overcome these drawbacks, transdermal drug delivery (TDD) is a good
choice; in addition, opioid transdermal delivery results in a lower risk of addiction than
oral and parenteral routes [2]. Different research articles and reviews have been published
regarding treating chronic pain using opioids; they are generally focused on the mechanism
of action of the different drugs in the case of CCP and CNCP. Less frequent is the publication
of reviews focused on preparing and producing patches containing opioids [2,7,16,18–22].

Therefore, this review aims to underlie the aspects related to the production of opioid-
based patches; in particular, this study is focused on two of the most frequently adminis-
tered opioids via transdermal delivery: fentanyl and buprenorphine.

2. Transdermal Drug Delivery

TDD is a non-invasive and painless way to administer active ingredients at a pre-
determined rate across the dermis to achieve a local or systemic effect; it consists of the
application of a pharmacological formulation (generally a transdermal patch containing the
active ingredients) on intact skin [23–27]. On the other hand, the treatment of damaged skin
is different; in this case, we speak of wound healing [28–31]. TDD has different advantages
over both oral and parenteral administration. Compared to the first, there is no passage of
the active principle through the gastrointestinal tract; therefore, there is no loss of efficacy
due to first-pass hepatic metabolism, and drugs can be administered without pH changes,
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enzymes, and intestinal bacteria interference [32]. The dosing frequency is also reduced,
and the adverse effects arising from peak plasma drug concentrations are minimized; in
addition, this method improves patient compliance and is also advisable for patients who
are unconscious or who have vomiting as a symptom of their pathology or as a side effect
related to the medications taken. TDD is also suitable for patients who self-administer
the drugs. Compared to the parenteral route, transdermal administration does not carry
any risk of infection and overcomes problems related to poor acceptance of needles by
the patients [33]. On the other hand, the drawbacks of TDD are linked to skin irritation,
difficulties in delivering hydrophilic drugs, delayed absorption, and high costs [34].

Transdermal patches are constituted of different components [35]: (a) an impermeable
backing layer (represented in light blue in Figure 2), constituted of elastomers, which
has the aim of protecting the patch from the external environment and confers flexibility
to the patch; (b) a membrane (represented in light pink in Figure 2), which controls the
drug release; (c) an adhesive part (represented in light orange in Figure 2), which binds
the components of the patch together and the patch to the skin; and (d) a liner (in light
green in Figure 2), which serves to protect the patch during storage and is removed before
application to the skin.

(a) (b) (c) (d) 

Figure 2. Different types of transdermal delivery patches. (a) single-layer drug-in-adhesive; (b) multi-
layer drug-in-adhesive; (c) drug reservoir-in-adhesive; (d) drug matrix-in-adhesive. Adapted
from [36].

Provided that the backing and the liner constitute the two external layers of the patch,
different solutions are obtained depending on how the active ingredient is distributed into
the adhesive layer, as represented in Figure 2 [36]. In particular, if the drug is confined
directly into the adhesive layer, a drug-in-adhesive system is proposed; when it is dispersed
in a unique layer, a “single-layer drug-in-adhesive” (Figure 2a) is prepared, whereas when
the drug is dispersed into two adhesive layers parted by a membrane, a “multi-layer
drug-in-adhesive” (Figure 2b) is arranged. The latter solution allows the administration
of different drugs within the same patch or the possibility of having both an immediate
drug release from one of the two layers and a controlled release from the other. In the
“drug reservoir-in-adhesive” patch (Figure 2c), the drug is dissolved or dispersed in a
liquid phase which, thanks to a semi-permeable membrane, is separated from the adhesive
layer. Finally, the drug can be dissolved or dispersed in a hydrophilic or lipophilic polymer
matrix, concentric with respect to the adhesive layer, which is positioned between the
backing and the liner, forming a “drug matrix-in-adhesive” (Figure 2d).

Other types of transdermal patches based on the use of microneedles have also been
proposed [37–39]. Such systems are used to administer drugs such as naltrexone [40],
lidocaine [41], and insulin [42], but there are no papers involving the administration
of opioids.
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In the following subsections, the articles dedicated to producing devices containing
the most transdermally administered opioids are critically and systematically analyzed.
The classification has been made considering the different administered opioids.

2.1. Fentanyl

Fentanyl is an analgesic with a potency of at least 80 times higher than that of mor-
phine, which is widely used as a surgical anesthetic and for the control of chronic pain.
Depending on the application, it is administered by intravenous injection, transdermal
patches, oral transmucosal tablets, and vestibular tabs. Transdermal administration of
fentanyl is associated with ease of dosing and a significantly extended duration of analgesic
effect compared to parenteral administration [43]. It is an excellent option for the long-term
treatment of cancer pain and chronic non-cancer pain [44]. Moreover, fentanyl’s character-
istics, such as high potency, low molecular weight, lipid solubility, and excellent skin flux
properties (approximately 1000 times greater than morphine), make it suitable for delivery
via the transdermal therapeutic system [45,46]. The first generation of fentanyl-based
patches consists of reservoir delivery systems that provide continuous, systemic delivery
of fentanyl for 72 h in a constant amount per unit time, while second-generation patches
have a matrix-type design. Reservoir systems are constituted of an occlusive backing
(polyester/ethylene or polyester film), a drug reservoir (fentanyl base dissolved in ethyl
alcohol and gelled with hydroxyethyl cellulose), a rate-controlling membrane (generally
constituted of ethylene-vinyl acetate copolymer film) and a silicone adhesive layer. In
matrix-designed systems, fentanyl is incorporated directly into the adhesive, which can
be constituted by polyacrylate or acrylate vinyl acetate; sometimes, dypropylene glycol
droplets are dispersed in a silicone matrix.

In Table 1, a summary of fentanyl-based patches obtained with the different technolo-
gies is reported.

Table 1. Transdermal patches containing fentanyl.

Type
of Patch

Amount of Drug [μg/h] Main Results Reference

Reservoir

25–100 Comparison with fentanyl infusion; the drug half-life after patch
removal was significantly longer than the half-life after infusion [47]

25–50
Use of Durotep® commercial patches on 60 Japanese cancer patients
that previously used oral morphine or oxycodone; evaluation of the

influence of two biomarkers on fentanyl pharmacokinetics
[48]

25 Use of Duragesic® commercial patches to evaluate stability and
skin permeation profiles as a function of the age of the patch

[49]

Matrix

12–100 Comparison with a reservoir system; tests on 46 patients with CCP
and CNCP; 91% of patients preferred the matrix system [43]

12–100

Comparison between Fentadur®, a reservoir system, and Durogesic
Dtrans®, a matrix system, in terms of adhesion and dissolution
properties; both were acceptable for skin attachment, although

higher adhesion forces were expressed by the matrix system; from
the point of view of the dissolution study, the release of the
reservoir system was lower than that of the matrix system.

[50]

12.5

Comparison with Durotep®, a commercial reservoir system; tests
on 87 patients of both sexes with a confirmed diagnosis of cancer;
successful replacement of morphine, oral oxycodone, or fentanyl

injection formulations

[51]
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Table 1. Cont.

Type
of Patch

Amount of Drug [μg/h] Main Results Reference

25

Comparison with Duragesic® commercial patches to evaluate the
effect of elevated temperatures and compromised skin on drug
release and skin permeation; the patches are comparable when

applied to intact skin at normal skin temperature, whereas, in the
case of compromised skin, the matrix patch has a more significant

permeation enhancement effect than the reservoir system

[52]

50
Comparison with Durogesic®, a commercial reservoir system;

adherence and skin irritability results were similar, but the matrix
formulation is more convenient because of the smaller size

[53]

50
Comparison with a reservoir system; tests on 24 male patients;

enhanced adherence compared to the reservoir formulation;
constant fentanyl delivery rate over three days

[54]

12.5–50

Use of Durotep® MT patch, Durogesic® Dtrans®, and Durogesic®

SMAT commercial patches; comparison with a reservoir system;
patients preferred the transdermal matrix patch over the

transdermal reservoir patch

[55]

12–300 Equivalent to a reservoir system in terms of TDD and analgesic
efficacy in patients with CCP [56]

In the reservoir systems, patches containing 1.25–10 mg fentanyl are available to
provide 12.5–100 μg/h of fentanyl, respectively, for up to three days (72 h). It is, therefore,
evident that more than 25% of fentanyl present in the patch is not released. For example,
considering the 100 μg/h patch, 7.2 mg of the 10 mg present will have been released after
three days [57].

Observing the data inserted in Table 1, it is clear that the matrix systems are the ones
mainly used at this point in time. The transition from the first type of patches to the second
occurred due to better skin compatibility, adhesive properties, wearability/comfort, and
patients’ general satisfaction, which improved significantly with the new matrix technology.
Another reason why the second type of patch has supplanted the first is that, in reservoir
patches, a significant amount of opioids remain in the patch after removal and, therefore, the
patches must be discarded according to opioid disposal guidelines to prevent misuse [58]; in
addition, it has been experienced that defects in such patches can cause the patch reservoir
to leak onto patients skin and result in overdose [59] and that the gel can be eliminated
from the patch and the content unintentionally taken by the patient, leading to a fatal
outcome [60]. Conversely, the matrix systems distinctly reduce the risk of drug leakage and
abuse. From the point of view of the dimensions of the patch, the matrix patches are thinner
(because no reservoir is present) and smaller (for equal strengths, the matrix patch is at
least one-third smaller). Considering the pharmacokinetic profiles of reservoir and matrix
patches, they are very similar; in Figure 3, the results obtained by Marier et al. indicate that
the mean serum concentrations are superimposable [54].

Many papers are devoted to comparing two types of systems from different perspec-
tives. For example, Moore et al. [61] studied the effects of a heating pad on serum fentanyl
concentrations with the two types of patches; for both systems, an increase in systemic
exposure to fentanyl was observed when a direct external heat source was applied for
10 h; the authors concluded that heat-associated devices, such as saunas, hot tubs, tan-
ning beds, and electric blankets should be avoided during treatment with transdermal
fentanyl systems.
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Figure 3. Mean serum concentration profiles of fentanyl after 72 h application of the reservoir and
novel matrix systems (50 μg/h). Adapted with permission from [54]. Copyright © 2006 John Wiley
and Sons.

Other comparative studies have been published considering different kinds of matrix
systems. Zecca et al. [62] proposed a bilayer matrix fentanyl patch compared to a standard
monolayer patch to improve the efficiency and reliability of delivery systems. The novel
patch provides a constant fentanyl delivery over 72 h.

Considering the results in terms of fentanyl release, it is possible to observe that:

• In the case of reservoir formulations, the drug release rate from the reservoir layer is
dependent on the choice of polymer and membrane layer thickness;

• In drug-in-adhesive systems and matrix patches, the control of the drug administered
is diffusive, and the amount dispensed is directly proportional to the surface of the
patch in contact with the skin.

A recent study by Defraeye et al. [63] aimed to verify the effect of the patient’s age
and the site of application of the patch on the amount of the active ingredient absorbed.
The adsorption of the drug is strongly related to the different body locations because of
different thicknesses of the stratum corneum or the presence of hair follicles. Indeed, the
difference in fentanyl uptake between applying the patch on the shoulder and the forearm
was 36% after 72 h. To evaluate the impact of the patient’s age on fentanyl uptake kinetics,
the authors divided the volunteers by age into six different groups. They observed that
the total amount of a drug taken after 72 h differed by 26% between an 18-year-old and a
70-year-old patient, as reported in Figure 4. Furthermore, the time necessary to reach the
drug’s minimum effective concentration (MEC) depends on the patient’s age. Considering
the 18- and 70-year-old patients, the MEC was reached after 23 h in the former case and
after 32 h in the latter.

In any case, fentanyl-based patches must be used with particular caution. For example,
the patch has is to be used in association with any heat exposure or in cases of fever [64].
Furthermore, the patches must be applied to intact skin and must not be damaged. Unfor-
tunately, there have been many cases of death in patients taking fentanyl. In some cases,
the causes of death have been associated with using the active substance and in others not.
Indeed, it is possible that manufacturing defects present in the reservoir patches favor the
leakage of the reservoir on the patient’s skin, resulting in an overdose [65].
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Figure 4. Cumulative amount of fentanyl taken up in the blood as a function of time for different age
categories. Adapted from [63]. Copyright © 2020 Frontiers in Pharmacology.

2.2. Buprenorphine

Buprenorphine is a semisynthetic, low molecular weight, lipophilic opioid analgesic
with peculiar pharmacodynamic and pharmacokinetic properties mainly used in patients
who require joint administration of various drugs, the elderly, and patients who have
renal or hepatic insufficiency [66,67]. It has demonstrated promising efficacy cases of
moderate to severe CCP and severe CNCP unresponsive to nonopioid analgesics (for
example, in the case of patients with osteoarthritis, low back pain, and other permanent
pain syndromes) [68,69]. In some cases, it is preferred to other opioids because the intensity
of several classic opioid-related side effects, such as respiratory depression and abuse
liability, is reduced [70]. Its therapeutic effect may be correlated to the “binding affinity”,
which is the ability of an active principle to bind to a receptor; more molecular interactions
between the buprenorphine molecule and μ-opioid receptor are present, leading to an
excellent binding affinity (corresponding to a low equilibrium dissociation constant, Ki
value) in comparison with that of other opioids [66]. Figure 5 compares the different
binding affinities of some of the most prescribed opioids.

 

Figure 5. Binding affinity for different opioids. Adapted from [66]. Copyright © 2020 Pain and
Therapy, Springer Link.
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As in the case of fentanyl, the use of reservoir systems appears to be overcome. Those
systems were applied until the end of the last century; ethanol- or aqueous-based reservoirs
produced sustained plasma levels of buprenorphine [71]. Buprenorphine transdermal
patches (BTPs) are preferably applied to the upper outer arm, upper back, sub clavicular re-
gion, or chest; they are, in general, better tolerated than transdermal fentanyl, as evidenced
by a reduced need for dosage increases [72]. Different from fentanyl transdermal patches
that are always worn for 72 h, BTPs can be applied (a) for 3–4 days, considering a dosage
equal to 35, 52.5, and 70 μg/h [73] or (b) for more days at lower doses (5–20 μg/h) [74]. For
both cases, a rotation of the application site is recommended, and a new patch must be
applied to a different skin site for the following 3 or 4 weeks. Likar et al. [75] compared
two durations of buprenorphine patch wearing in terms of analgesic efficacy and skin
tolerability, a transdermal patch containing a buprenorphine dose of 50 μg/h in a 4-day
regimen vs. a standard 3-day regimen. The tests were performed on 49 white patients of
both sexes, which asserted that the quality of treatment did not differ significantly between
regimens.

Patches containing a low dose of buprenorphine are commonly used in postopera-
tive pain management or in the case of clinically diagnosed osteoarthritis or rheumatoid
arthritis or for less invasive pathologies such as low back pain and joint/muscle pain.
Mythili et al. [76] proposed using 10 μg/h patches in the management of postoperative
pain in oral and maxillofacial surgery, including in the study of 100 people of both sexes in
the age group of 18–60 years. The patches were effective because buprenorphine showed
high analgesic potential and was well tolerated by the patients. Breivik et al. [77] tested
low-dose (5–20 μg/h) BTPs in elderly patients with pain due to osteoarthritis. The selected
patients had opioid-sensitive pain and were unable to undergo surgery. In addition, the
administration of paracetamol was ineffective, and NSAIDs were not recommended. Tests
were performed with 200 patients of both sexes: 100 of them were treated with 7-day BTPs
and 100 with placebo patches. The patients’ global impression in terms of pain reduction
after a 6-month treatment period was significantly better in patients treated with BTPs than
in the patients treated with a placebo. Yoon et al. [78] evaluated the effectiveness and tolera-
bility of 5–20 μg/h BTPs in Asian patients with moderate to severe chronic musculoskeletal
non-malignant pain. Treatment with BTPs resulted in effective and sustained pain relief
and improved daily functioning and quality of life.

Apart from transdermal patches, Buprenorphine is sometimes administered via buccal
films or tablets. Compared with the oral route, the transdermal administration avoids
losses in bioavailability due to first-pass hepatic metabolism [79]. James et al. [80] compared
the efficacy and tolerability of 7-day low-dose buprenorphine transdermal patches (BTPs)
with buprenorphine sublingual tablets to treat osteoarthritis pain. Tests were performed on
110 patients, and the authors concluded that low-dose BTPs are as effective as sublingual
buprenorphine, with a better tolerability profile. Low-dose BTPs were compared to tablets
containing other opioids, such as tramadol. For example, Karlsson et al. [81] compared 5, 10,
and 20 μg/h 7-day BTPs with prolonged-release of 75, 100, 150, and 200 mg tramadol tablets
in patients affected by chronic osteoarthritis pain (at a level from moderate to severe). The
efficacy of BTPs was non-inferior to that of tramadol tablets, and the incidence of adverse
effects was similar in the two therapy groups. Consequently, most patients reported that, in
case of future treatment, they would prefer the 7-day transdermal patch to the twice-daily
tablet. Similar conclusions were drawn when comparing the efficacy of the same type of
BTP (7-day 5–20 μg/h) with higher doses (150–300 mg) of prolonged-release tramadol
tablets for the treatment of postoperative pain after single-level spinal fusion surgery [82].
Plosker and Lyseng-Williamson [83], in a review paper, analyzed the analgesic efficacy
of low-dose BTPs, observing that they are equivalent to sublingual buprenorphine, non-
inferior to prolonged-release tramadol, and generally superior to a matching transdermal
placebo patch.
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3. Conclusions and Perspectives

This review focused on using transdermal patches containing opioids (fentanyl and
buprenorphine) to treat chronic cancer and non-cancer pain. The different kinds of patches
can be classified into two main categories: reservoir and matrix systems. The second one has
replaced the first kind of patch, as it has better skin compatibility, adhesive properties, and
wearability/comfort, coupled with the identical pharmacokinetics of the active ingredient.
Furthermore, in the matrix system patches, the active ingredient is almost wholly released
so that no abuse phenomena have been observed in using the device; instead, abuse
phenomena have been frequently noted using the reservoir systems.

This review also focused on comparing patches containing fentanyl and those con-
taining buprenorphine, underscoring for both the priority areas of use, advantages, and
disadvantages. Without a doubt, the challenges to be faced in the field of drug adminis-
tration are many. The challenges include having to improve the bioavailability of poorly
water-soluble drugs to having to control the release of some active ingredients. Regarding
transdermal administration, research should focus on developing patches to be applied as
infrequently as possible. In this way, the patient could have an important psychological
advantage with the same pain-relieving effect. An interesting way to pursue this could be
to couple the opioid with another active ingredient, such as a different type of analgesic or
a drug that assists the therapy the patient is following.
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Abstract: The skin is the first protective barrier of the human body, and oxidative damage is one of
the main mechanisms of skin injury. Effective antioxidant therapy plays an important role in skin
healing. Therefore, exploring antioxidants and suitable drug delivery methods that can be used for
skin injury repair is of great value in regulating skin repair and regeneration and promoting wound
healing. Based on this, this paper presents a review of the progress of research on (1) antioxidants and
(2) antioxidant carriers for skin repair in order to summarize the research results and provide reference
for the subsequent development of new drug-carrier structures and new skin repair strategies.

Keywords: skin damage repair; oxidative damage; antioxidants; antioxidant carriers

1. Introduction

The skin, as the largest organ of the human body, can resist microbial invasion, main-
tain body fluid and water balance, regulate body temperature and is an important physical
protective barrier against external pressure and injury [1]. After a skin injury, the process
of wound healing involves inflammation, epithelial remodeling and tissue remodeling [2].
The inflammatory stage of skin tissue regeneration is the key stage of normal wound
healing [3]. However, free radicals and reactive oxygen species (ROS) are released from the
wound at this stage [4]. The accumulation of these products increases the level of oxidative
stress in the cells, destroys the balance between antioxidants and pro-oxidants, affects
redox signal transduction, leads to the cell and tissue damage [5] and causes a series of
diseases, such as infection [6], delayed wound healing [7], chronic diseases and cancer [8].
Oxidative stress is caused by the excessive accumulation of ROS or metabolites, and when
ROS are excessive, a series of free radical chain reactions will lead to oxidative damage in
the cells and tissues, seriously affecting cell activity and wound healing [9]. Therefore, the
occurrence of a skin injury is closely related to oxidative stress (Figure 1).

Antioxidants are a kind of substances that can help to capture and neutralize free
radicals and delay or prevent the oxidation of other chemical substances so as to eliminate
the damage of free radicals to the human body, and different antioxidants have different
abilities to scavenge free radicals [10]. Antioxidants can not only prevent the related
adverse reactions of oxidation but also are one of the important factors in maintaining and
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balancing the physiological environment in the body. Using antioxidants to reduce ROS
damage is an important research direction in the field of skin damage repair (Figure 2).
However, the administration of antioxidants via oral and parenteral routes often requires
high doses, repeated doses and long-term treatment, causing adverse effects on human
health [2]. Traditional wound dressings are not sufficient to promote hemostasis and
adhesion and keep the wound moist [11]. Therefore, in recent years, the development
of new drug carriers such as nanofibers and hydrogels has attracted extensive attention.
Drug carriers can improve the utilization rate, safety and timeliness of drugs, reduce the
frequency of administration, improve the bad odor of drugs and enhance the accuracy of
dose administration and release of drugs to targeted tissues and organs [12,13]. Therefore,
the selection of suitable antioxidants and their carriers is crucial for the development of
novel skin repair materials.

Figure 1. The relationship between the amount of intracellular ROS and cell activity. By Figdraw
(www.figdraw.com, accessed on 11 June 2023).

Figure 2. Schematic diagram of antioxidation and skin damage repair. By Figdraw (www.figdraw.com,
accessed on 11 June 2023).
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Based on the above, this paper discusses the progress of research on antioxidants and
their carriers for skin wound repair, which is mainly divided into two parts: (1) antioxidants
and (2) antioxidant carriers. In this paper, the sources of antioxidants are classified, and the
carriers that can release drugs are initially discussed in order to provide guidance for the
development of novel nanoantioxidants and the study of new skin repair systems.

2. Antioxidants

Antioxidants can be roughly divided into two categories: natural antioxidants and
artificial antioxidants. Among them, natural antioxidants can be divided into plant an-
tioxidants, animal antioxidants and microbial antioxidants. Artificial antioxidants can
be divided into four categories: antioxidants purified by artificial extraction, synthetic
antioxidants, nanoantioxidants and gaseous antioxidants. Different types of antioxidants
have their own advantages and disadvantages in terms of cost, function and biosafety.
Artificial antioxidants are developing in the direction of continuously reducing their side
effects and exerting their most appropriate and more effective functions.

2.1. Natural Antioxidants

Natural antioxidants come from a wide range of sources mainly divided into three
categories: plants, animals and microorganisms. Among them, the plant source is the most
extensive, and the peptides from animals have better activity, while the microbial source
may bring new inspiration for future treatments.

2.1.1. Plant Antioxidants

In plants, anthocyanins, vitamins, flavonoids, ascorbic acid, polyphenols, etc., are well
known as good antioxidants [14–17]. Fruits, vegetables, spices and herbs are generally rich
in carotenoids, phenols, polysaccharides, vitamins, trace elements and other antioxidants,
which are safe and effective, natural and nontoxic. They inhibit microbial growth and have
antioxidative, anti-inflammatory and anti-aging properties [10] (Table 1).

Table 1. Some plant metabolites with antioxidant activity [15].

Secondary Metabolites Common Dietary Sources References

Ascorbic acid Peppers, strawberries, kiwifruit and citrus fruits [16]
Polyphenols Fruits, vegetables, coffee, tea and cereals [16,18]
Anthocyanins Strawberries, black rice, berries, cherries, etc. [16,19]
Flavones Blueberries, blood orange juice [17]
Flavonols Cherries, chokeberries, elderberries, goji berries (wolfberries) [17]
Resveratrol Purple wine, peanuts [20,21]
Theaflavins Black tea [19,22]
Carotenoids Carrots, tomatoes, pumpkins, peppers, among others [16,23]
Lycopene Tomatoes, watermelons, red peppers, papayas, apricots, pink grapefruit [24,25]

Perilla frutescens is rich in antioxidant substances such as polyphenols, which can
repair the DNA damage and keratinocytes in the skin exposed to UVB light, and has the
effects of antioxidation, anti-inflammation and anti-allergy [26]. Cinnamaldehyde (CIN),
the main component of cinnamon, also has strong antioxidant activity [27]. Korean ginseng
plays an important role in anti-photodamaging, anti-radiation, anti-inflammatory, antiox-
idative, anti-aging, anti-melanogenic and wound healing activities [28]. One study [29]
found that Curcuma species (Curcuma longa and Curcuma aeruginosa) and curcumin
not only influenced the antioxidative and anti-inflammatory process in the production
of hyaluronic acid, increased skin moisture and reduced axillary hair growth but also
promoted wound healing and prevented chronic UVB injuries. Moreover, Curcuma was
also found to improve the symptoms of psoriasis and lesions of radiation dermatitis.

Spirulina contains antioxidants such as chlorophyll a and carotenoids, which play an
important role in its antioxidative system [30]. Microalgae contain a variety of antioxidants
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such as carotenoids, ascorbic acid and glutathione, and these antioxidants play an important
role in maintaining the normal life activities of microalgae [31].

Fruits and vegetables that we often eat in our daily life also contain a lot of antiox-
idants. For example, blueberries are rich in bioactive anthocyanins and have significant
antioxidative and ROS-scavenging, anti-inflammatory and antibacterial activities [32–34].
Jujube (Ziziphus jujuba Mill.) fruit contains a variety of bioactive substances, such as polysac-
charides, polyphenols, amino acids, nucleotides, triterpenoid acids, alkaloids and other
nutrients, and has antioxidant and other physiological functions [35]. Cabbage contains
glucosinolates, which not only has good antioxidant capacity but also plays an important
role in cancer prevention [36]. Lotus root contains phenolic compounds, which have strong
antioxidant and scavenging capacities against oxidative factors, so it will become a potential
material for extracting antioxidants [37].

2.1.2. Animal Antioxidants

In nature, antioxidants are also common in animals. They typically include antioxidant
peptides, astaxanthin and so on.

Antioxidant peptides are typical antioxidants of animal origin. It has been found that
a new peptide named OM-LV20, identified in the skin secretion of odorous frog Odorrana
margaretae, exhibits antioxidant and strong wound-healing activities in a mouse model of
full-thickness skin wounds [38]. Tyrosine-OA1 is also a new type of antioxidant peptide
found in amphibians. While having a good antioxidant capacity, it can also promote the
healing of injuries and accelerate the recovery of wounded and formation of new epithelial
tissues [10]. Astaxanthin is a kind of natural ketocarotenoid, which is widely found in
shellfish such as shrimp, crabs and oysters. It has good antioxidant properties and also
shows anti-inflammatory, immunoregulatory, DNA-repairing and anti-photodamaging
properties [39].

One study [40] showed that subcutaneous injection of hucMSC-ex (exocrine bodies
derived from the mesenchymal stem cells of the human umbilical cord) can have an
antioxidative and anti-inflammatory effect on ultraviolet-radiation-induced apoptosis and
DNA damage and promote skin regeneration and repair. Another study [41] showed that
laminin from the cells of the mouse dorsal skin can reduce the concentration of peroxide
ions in the cells while exerting the antioxidant power to repair skin damage.

2.1.3. Microbial Antioxidants

Microorganisms are also important sources of antioxidants, such as actinomycetes,
bacteria, cyanobacteria, fungi and lichens. They contain various antioxidants in their
own complete antioxidant system, which plays an important role in maintaining their
normal life activities [10]. In SKH-1 hairless mice, topical application of the supernatant
of milk fermented with Lactobacillus helveticus NS8 (NS8-FS) alleviated UVB-induced
skin photodamage, including the improvement of the appearance of epidermal thickness,
transepidermal water loss and lipid peroxidation levels [42]. Oral administration of Bi-
fidobacterium breve in hairless mice can inhibit the increase in UVB-induced hydrogen
peroxide formation, protein oxidation and xanthine oxidase activity in the skin [43]. These
studies suggest that exploring the effects of microbiological therapy on skin healing and
other antioxidant treatments may lead to new strategies.

2.2. Artificial Antioxidants
2.2.1. Antioxidants Purified by Artificial Extraction

The content of antioxidants in animals and plants is often low. In order to improve the
antioxidant effects, antioxidants from animals and plants are often extracted. The extracted
product has the characteristics of high safety and strong antioxidant capacity, is easy to
be prepared in large quantities and so on. Extraction is the most commonly used method.
For example, the extract of watermelon rind is rich in antioxidant substances, which can
effectively increase the stability of soybean oil, thereby prolonging its shelf life oil [44].
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Ultrasound-assisted extraction (UAE) can be used to extract polyphenolic antioxidants
from carotene. Compared with traditional extraction technology, UAE provides higher
antioxidant yield and shorter processing time [45].

2.2.2. Synthetic Antioxidants

Artificial synthesis is also one of the common ways to obtain antioxidants. At present,
there are mainly butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), propyl
gallate (PG) and tert-butyl hydroquinone (TBHQ).

TBHQ is a food-grade phenolic antioxidant. It has been found that TBHQ can an-
tagonize a decrease in arsenic-induced cell viability, the production of ROS and lipid
peroxidation, as well as a decrease in superoxide-dismutase (SOD) and catalase (CAT)
activities, and improve arsenic-induced intracellular damage and apoptosis [46]. BHA
is also a phenolic antioxidant, which can reduce DNA damage and lipid peroxidation
induced by mechlorethamine (HN2) and reduce the toxicity of HN2 to A-431 skin cells [47].
N-acetylcysteine, as an antioxidant, can also promote wound healing and has been used as
an adjuvant to treat a variety of skin conditions, as well as protect against radiation-induced
skin damage, including photoaging, photocarcinogenesis and radiation dermatitis [48].

However, compared with natural antioxidants, synthetic antioxidants have many
safety risks, such as excessive use can cause teratogenesis, cancer and some chronic diseases.
TBHQ may cause skin irritation in people who are allergic to Nigella sativa oil [49] and
even in people who are allergic to resins [50]. Adding the antioxidant BHA to the diet
of F344 rats resulted in a high incidence of anterior gastric papilloma and squamous cell
carcinoma [51]. Propyl gallate is a very effective sunscreen; however, Kahn and Curry [52]
reported that it was a strong contact sensitizer. Therefore, the safety evaluation of synthetic
antioxidants is very important for their development.

2.2.3. Nanoantioxidants

In recent years, nanoantioxidants have gradually become a new trend. Nanomaterials
with antioxidant properties have attracted much attention because of their stable structure,
renewable activity and antibacterial and antioxidant activity.

The application of nanoparticles in oxidative stress and inflammation can improve
the activities of antioxidant enzymes such as SOD and glutathione peroxidase in organ-
isms. At the same time, they can also remove harmful peroxide ions and free radicals
in biological cells [53], showing high medical potential in many aspects [54]. There are
a variety of nanoparticles. The nanocomposite films prepared on the basis of chitosan
and gelatin show good co-persistence and absorption in wound dressings; they not only
have good antioxidant capacity but also the capacity to promote wound recovery [55].
A biodegradable hybrid film composed of green synthesized zinc oxide nanoparticles
(ZnONPs) and a chitosan (CS) matrix exhibited remarkable antibacterial and antioxidant
properties with strong visible emission and UV-blocking activities in the 480 nm region [56].
Nano-enzyme is a kind of nanomaterial with enzyme-mimicking activity, which has rel-
atively high physical and chemical stability in a harsh environment, higher durability
and lower cost compared to natural enzymes [57]. Li et al. [58] prepared CuCo2S4 nano-
enzyme, using solvothermal synthesis, which showed excellent peroxidase-like activity
under neutral conditions and was proved to have the capacity to accelerate the healing of
pH-neutral burn wounds. Cerium oxide nanoparticles (nanoceria) (Figure 3) [59] are a kind
of multifunctional enzymes with biocompatibility and a unique biomimetic activity, which
can shield UV radiation, protect tissues from UV-oxidation damage and open the way to a
smarter and safer reduction in skin damage and cancer caused by UV rays.
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Figure 3. Characterization of nanoceria. (A) High-resolution transmission electron microscopy
(HR-TEM) photomicrograph. (B) HR-TEM micrograph of nanoceria. (C) X-ray diffraction of nanoceria
showing the characteristic peaks of the crystal. (D) Scanning electron microscopy analysis showing
the spherical shape and homogenous surface topology of nanoparticles [60].

Silver nanoparticles (AgNPs) has attracted much attention in the field of biomedicine
because of their anti-inflammatory, bacteriostatic, antioxidant and wound-healing capaci-
ties. One study [61] found that the biocompatible AgNPs synthesized from antioxidant-rich
aqueous extract of Aerva javanica had good antioxidant potential, promoted rapid wound
healing after adding it to a hydrogel and showed low toxicity in vitro and in vivo. As one
of the important metal oxidation nanomaterials, zinc oxide nanoparticles (ZnONPs) are
widely used in the biomedical field because of their ultraviolet-absorbing, antibacterial,
anti-inflammatory and other properties. The green synthesis of ZnONPs from the aqueous
extract of sea lavender showed effective antibacterial and antifungal activities, as well as
considerable antioxidant potential [62].

However, many experiments have shown that metal nanoparticles can pass through
the skin and enter the body. After the external application of nano-silver dressing on a burn
wound, silver nanoparticles can enter the blood through the damaged skin and accumulate
in the body to cause liver and kidney toxicity [63]. Moreover, ZnONPs and TiO2NPs can
enhance DNA oxidative damage by increasing the production of ROS, causing concerns
about the safety of ZnONPs and TiO2NPs [64]. Therefore, exploring how to reduce the
toxicity of metal nanomaterials and increase their biosafety has become a new development
of and strategy for the application of metal nanomaterials in the field of biomedicine.
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2.2.4. Gaseous Antioxidants

As an antioxidant gas, H2S can resist oxidative substances such as reactive oxy-
gen species (ROS) and reactive nitrogen species (RNS) and protect skin from oxidative
stress. [65]. It has been found that NaHS can promote the migration of skin fibroblasts
and keratinocytes by alleviating ROS and increasing mitochondrial membrane potential,
indicating that H2S can promote skin repair through antioxidation [66].

Hydrogen has been widely researched in recent years, and more and more studies find
that hydrogen has the effects of antioxidation, anti-inflammation, anti-apoptosis and so on.
As a small molecular substance, hydrogen can easily pass through membrane structures,
quickly reach the damage site, react with the highly oxidizing ROS and scavenge oxidation
products such as free radicals [67]. Hydrogen can also enhance the antioxidant capacity
of peroxidase, thus reducing the damage of oxidative ions such as ROS [68]. A Japanese
study [69] showed that for hospitalized elderly patients with severe stress ulcers, the intake
of hydrogen-rich water through tube feeding can achieve wound size reduction and early
recovery, which might be related to the construction of type I collagen in skin fibroblasts or
the enhancement of mitochondrial reduction and ROS inhibition in epidermal keratinocytes.
Another study [70] showed that inhaling H2 can significantly reduce wound area, 8-oxo-dG
level (oxidative DNA damage) and apoptosis rate in skin injuries. Zhao et al. [71] found
that hydrogen-rich water can significantly improve the survival of a skin flap after ischemia
and reperfusion and reduce the ischemia–reperfusion injury, leukocyte infiltration and the
production of lipid peroxides and inflammatory cytokines. Hydrogen has been widely
studied and explored, and it plays a variety of physiological roles in skin injury repair.

3. Antioxidant Carriers

Drug carriers can change the way drugs enter and are distributed in the body, control
the speed of drug release and deliver drugs to the targeted organ system so as to improve
the utilization, safety and effectiveness of drugs. The main carriers of antioxidants used for
skin repair are electrospun nanofibers, nanoemulsions, microemulsions, nanoliposomes,
hydrogels and so on.

3.1. Electrospun Nanofibers

Among different nanomaterials, nanofibers prepared by electrospinning are widely
used in the best finishing materials because of their excellent physical and mechanical
properties. By adjusting the arrangement of nanofibers, the controlled release of loaded
drugs and superior mechanical properties adapted to limb movements can be realized [72].
Porous nanofiber mats readily produced by the electrospinning process offer a promising
solution in the management of wounds [73].

Various polymers can be selected for electrospinning materials according to the specific
requirements of damaged skin [72]. Brahatheeswaran et al. [74] prepared fiber membranes
by electrospinning zein fibers in TFE solutions containing curcumin at a constant flow rate
of 1.0 mL h−1 under the electrostatic field strength of 2.0 kV cm−1, which had good cell
adhesion and proliferation, strong antioxidation and good sustained-release effects and can
be used in wound dressing and as drug carriers. Dan et al. [75] loaded curcumin (Cur) into
a polycaprolactone (PCL) core and broad-spectrum antibacterial tetracycline hydrochloride
(TH) into a gelatin (GEL) shell and prepared a PCL–Cur/GEL-TH core–shell nanofiber
membrane using coaxial electrospinning. The membrane showed good antioxidant ac-
tivity, excellent antibacterial activity, good water absorption capacity and hydrophilic
and mechanical properties and had great potential to promote wound repair (Figure 4).
Li et al. [76] successfully created a wound dressing core–shell nanofiber membrane (PGEC:
poly(L-Lactic-co-caprolactone) (PLCL), gelatin and epigallocatechin-3-O-gallate (EGCG))
using a coaxial electrospinning technology, which improved the low bioavailability of
EGCG in vivo, had excellent biocompatibility, good antibacterial and antioxidant capacities,
can slow the release of drugs and promote wound regeneration and healing.
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Figure 4. (A) (a–d) SEM images. (B) (e–h) TEM images. The white dash line in (B) (e–h) indicates the
border between the PCL core and the GEL shell. (C) (a) Absorbance of DPPH solution with different
nanofibrous membranes; (C) (b) DPPH-scavenging activities of different nanofiber membranes;
** p < 0.01, *** p < 0.001 [75].

In summary, based on electrospinning loading technology, nanoparticles and bioactive
substances can interact with the electrospun film components and improve the performance
of drug delivery.

3.2. Microemulsions and Nanoemulsions

Microemulsions are usually composed of an oil phase, a surfactant, a cosurfactant
and an aqueous phase and have optical transparency, thermodynamic stability and low
interfacial tension, which can enable the effective dissolution and higher bioavailability
of the drug [77]. Resveratrol is a particularly effective antioxidant with anti-inflammatory
and anti-proliferative properties [78]. It has been found that a microemulsion composed
of sucrose oleate (SO), ethanol, isopropyl myristate (IPM) and water (MESO-E) shows a
significant increase in the amount of resveratrol incorporated into the skin, making it an
effective delivery carrier of resveratrol for the skin [79]. However, because microemulsions
contain a large amounts of surfactants and cosurfactants, they may be irritating to the skin
and have not been widely used in skin repair.

Nanoemulsions are colloidal systems formed by mixing oil, emulsifier and water,
which are dynamically stable and thermodynamically unstable and are divided into oil-in-
water (O/W) and water-in-oil (W/O) systems, of which oil-in-water nanoemulsions are
the most commonly used [80]. As traditional drug carriers, nanoemulsions are not only
simple to prepare but also can cooperate with drugs to achieve a safer, more stable and
more significant drug-use effect. It was found that an optimized curcumin-encapsulated
α-tocopherol nanoemulsion system, obtained by adjusting the content of ingredients in the
formulation and using a high-speed homogenization technique, can significantly reduce
oxidative stress, enhance collagen deposition, prevent wound bacterial contamination and
accelerate the process of skin tissue regeneration [81]. Sunflower oil contains vitamin E
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which can be used as a natural sunscreen to absorb the UVB light. One study found that
sunflower oil nanoemulsions prepared by a self-emulsifying method with F3 (Tween 180%,
sorbitol 38%), F22 (Tween 280%, sorbitol 36%) and F24 (Tween 380%, sorbitol 34%) and 26%
of sunflower oil as sunscreen substances had a higher SPF value and can be considered
more effective when used in sunscreen cosmetics [82].

3.3. Nanoliposomes

Nanoliposomes are liposome structures with a particle size smaller than 100 nm. They
have the special effect of nanoparticles in terms of stability, absorption and distribution
in vivo. They can carry drugs directly to the target tissue to play a pharmacological role.
The seeds of moringa tree (Moringa oleifera Lam.) are rich in isothiocyanates (MITC), which
have excellent antibacterial, anti-inflammatory, antioxidant and antitumor activities [83]. It
was found that amphiphilic hyaluronic acid (HA) coupled with ceramides (CEs) was used
to modify MITC nanoliposomes by a thin-film hydration method to prepare HACE/MITC
nanoparticles (NPs), which can significantly increase the activity of antioxidant enzymes,
eliminate ROS induced by UVB and reduce the expression of MMP-1, MMP-3 and MMP-9
caused by radiation-induced photoaging [84]. Anthocyanins are easily degraded under
the conditions of high pH value, light, heat and oxygen. A large number of studies have
shown that nanoliposomes improve the stability, bioavailability and biological activity of
anthocyanins [85]. One study [86] found that a combination of propylene glycol liposomes
and silver nanoparticles from grape extract prepared using a new optimized one-step
green preparation method with castor seed as a raw material can effectively eliminate
several pathogenic microorganisms and dangerous free radicals and protect fibroblasts
and keratinocytes against antioxidant stress, thus providing a suitable formula for local
treatment of skin injuries.

3.4. Hydrogels

Hydrogels are a new type of dressing to prevent secondary wound injury and infection.
Hydrogels attract more and more attention because of their adjustable chemical, physical
and biological properties and three-dimensional cross-linked polymer networks that can
absorb and retain large amounts of water [87]. One study [88] found that a hydrogel
prepared using MnO2 nanosheets (EM) coated with ε-polylysine (EPL) and insulin-loaded
self-assembled aldehyde Pluronic F127 (FCHO) micelles showed strong antioxidant activity
in the application in chronic wounds. Another study [89] found that a AgNP-PADM
hydrogel synthesized by embedding AgNPs into a PADM hydrogel can slowly release
AgNPs, which showed sufficient antibacterial and antioxidant properties, negligible toxicity
and can promote angiogenesis and cure skin defects. Silver nanoparticles containing
chitosan–polyethylene glycol (PEG) pre-polymer solution were synthesized by reducing
silver nitrate with a polyethylene glycol and chitosan solution to convert silver ions into
silver nanoparticles. A chitosan–PEG hydrogel impregnated with silver nanoparticles,
which were formed by crosslinking the obtained pre-polymer solution with glutaraldehyde,
also improved the antibacterial and antioxidant properties and promoted the healing of
diabetic wounds [90]. Yikun Ren et al. [91] prepared and characterized tyramine-grafted
and hyaluronic-acid/gallic-acid-grafted quaternized chitosan (HT/QGA) hydrogels with
injection and antioxidant properties, which showed excellent injectability, good antioxidant
activity and biocompatibility with great potential application prospects in wound healing
(Figure 5).
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Figure 5. (A) The morphology of HT/QGA measured by SEM. (B) Antioxidant efficiency of HT/QGA
hydrogel: (a) DPPH-radical- and (b) hydroxyl-radical-scavenging activities in hydrogel; ** p < 0.01,
**** p < 0.0001, mean ± SD, n = 3 [91].

4. Conclusions

Many chronic diseases of human body are closely related to the imbalance of the
reduction–oxidation reaction. Rational utilization and development of new antioxidants
play an important role in human health. In this paper, the sources of antioxidants and the
carriers that can realize drug release are summarized and analyzed in order to provide
guidance for the development of new nanoantioxidants and research on new skin repair
systems.

Natural antioxidants, a natural resource, have been proved to have strong antioxidant
effects. Artificial antioxidants are also widely used because of their strong antioxidant
capacity and easy mass preparation, especially the nanomaterial with antioxidant proper-
ties. They have attracted much attention because of their stable structure and renewable
activity and gradually become a new trend. Gas antioxidants have also been found to
play a variety of physiological roles in the repair of skin injuries. Drug carriers such as
electrospun nanofibers, nanoemulsions, microemulsions, nanoliposomes and hydrogels
have also been explored to improve the utilization, safety and effectiveness of antioxidants.
However, there are still some deficiencies in the exploration of antioxidants, and more
safety data are still needed in order to provide the experimental basis and confidence for
the subsequent study of new strategies for skin damage repair and the promotion and
application of new drug-carrier structures. Future studies should strive to find the most
suitable antioxidants and their carriers in various fields and maximize their advantages in
promoting the repair of skin damage and maintaining human health.
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Abstract: Carriers are protective transporters of drugs to target cells, facilitating therapy under
each points of view, such as fast healing, reducing infective phenomena, and curing illnesses while
avoiding side effects. Over the last 60 years, several scientists have studied drug carrier properties,
trying to adapt them to the release environment. Drug/Carrier interaction phenomena have been
deeply studied, and the release kinetics have been modeled according to the occurring phenomena
involved in the system. It is not easy to define models’ advantages and disadvantages, since each
of them may fit in a specific situation, considering material interactions, diffusion and erosion
phenomena, and, no less important, the behavior of receiving medium. This work represents a critical
review on main mathematical models concerning their dependency on physical, chemical, empirical,
or semi-empirical variables. A quantitative representation of release profiles has been shown for
the most representative models. A final critical comment on the applicability of these models has
been presented at the end. A mathematical approach to this topic may help students and researchers
approach the wide panorama of models that exist in literature and have been optimized over time.
This models list could be of practical inspiration for the development of researchers’ own new models
or for the application of proper modifications, with the introduction of new variable dependency.

Keywords: drug carriers; drug release; mathematical models; drug-polymer interactions

1. Introduction

The role of drug transporters raised much interest in the pharmaceutical [1], medi-
cal [2], and engineering fields [3], especially to improve drug bioavailability and efficacy
for target cells [4]. Drug Carriers (DC) have always been considered as transporters of
molecules, improving and preserving their properties during administration [5–8]. Nowa-
days, very complex drug delivery systems have been developed in order to reduce or avoid
side effects, according to drugs’ therapeutic windows.

Today, the well-consolidated theory of drug carriers has been included in an emerging,
more complex concept, which goes under the definition of Drug Delivery Systems (DDS) [9].
These intelligent (and often self-powered [10]) transporters [11] can be either artificial or
natural objects [12], and they are generally used for the simultaneous transportation and
protection of active molecules from the external environment to specific target cells or
living tissues [13].

The intrinsic nature of these carriers could be very different [14] according to sev-
eral fabrication factors [15], such as production process [16], materials employed [17],
type of drug entrapped [18], and the eventual addition of peptides or specific ligands
affecting release [19].

According to their shape, Drug Carriers can be classified [20] in spherical, cylindrical,
disc, or thin film complexes [21,22], which are responsible for their way and time of
releasing their drug content. However, another important parameter of distinction is
related to their mean dimensions (at nanometric or micrometric level), depending on the
application required by the system [23].
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One of the main reasons for the use of drug carriers is related to native drug degra-
dation tendency. Therefore, drug can be in contact with external stimuli [24], such as
heat [25], temperature [26], pH variations [27], or vibrational phenomena, due to near
infrared activation [28]. In addition, drug loss and degradation are often due to endoge-
nous effects, such as the human Immune System (IS), acting against external administered
molecules, which could be identified as “enemies” and subsequently eliminated. Based
on the Cell-Penetrating-Peptide approach (CPP), the main goal of drug carriers stands in
the preparation of specific biocompatible objects that can act as Trojan horses, releasing the
beneficial effects of drugs without being blocked by the effect of the Immune System [29].

Drug carriers have been designed, developed, and used in order to avoid degradation
phenomena, which are often responsible for the inefficacy of drug after administration [30].
This protection is often guaranteed to drugs incorporated in DCs, since carriers’ material
behave as protective barrier during the overall release time necessary from administration
to cellular uptake. Another important role played by protective carriers is related to the
necessity of controlling drug concentration in the blood after delivery [31]; in other words,
drug concentration must be included in the therapeutic window, i.e., a region delimited by
a minimum level Cmin of efficacy and a maximum level Cmax of toxicity. The main problem
of native administered drugs is that each drug may have a very different behavior, in terms
of efficacy and toxic levels, respectively. Therefore, it is actually not easy to determine those
levels with great precision and in a unique manner [32,33]. Without the use of a carrier,
drug molecules can easily reach the toxic level, due to the side effects that an initial burst
could cause; however, diffusion through drug release guarantees a delayed or controlled
release of the drug, thus reaching optimal blood concentration levels within the therapeutic
window. In specific situations, the use of drug carriers can significantly extend the area of
the therapeutic window [34], but this operation must be studied, according to native drug
pharmacokinetics, compared to the same molecule entrapped into DDS.

As defined by Williams in 2008 [35], biocompatibility is the capability of a specific ma-
terial to behave with an appropriate host response in a specific application, i.e., it performs
the desired function without significant side effects or deleterious systemic phenomena.
Therefore, the development of biocompatible drug carriers has been characterized by great
advances in the last 10 years, especially for the technologies developed to continuously bal-
ance the drug concentration in the blood [36], maintaining it at the desired values for as long
as possible. It is the case of Micro-electro-mechanical Systems (MEMS) [37] (first proposed
by the end of 20th century [38] for automatized diabetes control and management [39]) that
are characterized by a precise closed loop algorithm in order to take therapeutic decisions
without a direct human intervention [40].

The increase in complexity in the development of drug carriers resulted in a serious
necessity to start a dialogue and an efficient collaboration among biotechnologists, phar-
macists, medical doctors, and engineers [41]. The knowledge obtained from scientists
working in different scientific fields created a full knowledge of the problems that needed
to be solved. Therefore, several kinds of drug delivery systems have been developed over
years [42]; each of them has its own history and can be classified according to their shape,
geometry, methods of production, and final applications (pharmaceutical, nutraceutical,
cosmetic, etc.). Nowadays, one of the most employed drug carrier systems in pharmaceuti-
cal applications is characterized by a spherical shape, and it can be constituted by lipids,
cholesterol, or other surfactants. This DC subset goes under the name of spherical vesicle-
based carriers [43] and is mainly characterized by liposomes [44,45], niosomes [46,47], solid
lipid nanoparticles [48], polymersomes [49], nanospheres [50], and microcapsules [51]. On
the other hand, there is another subset of DC that is stable in the form of homogeneous and
macroscopic matrices, i.e., finite elements that it is possible to see with the naked eye, if
compared with colloidal nanometric suspensions. These carriers are characterized by a
macroscopic and a microscopic world. Of course, this means that they are constituted by
micro or nanostructures or pores [52]. Foams [53], aerogels [54], and hydrogels [55] have
several characteristics in common, and they deserve to be included in the same subset [56].
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In order to determine a successful production of drug carriers, different techniques
have been developed with the aim of protecting the entrapped drugs after administra-
tion [57]. For example, in the case of liposomes (spherical vesicles made by a double layer
of phospholipids surrounding an aqueous nucleus), hydrophilic drugs can be entrapped in
the inner core, while hydrophobic can be encapsulated among the double lipidic layers.
In these cases, the transportation in these two different compartments of hydrophilic and
lipophilic compounds can also occur simultaneously. Spherical DC are also niosomes,
which are essentially made of surfactants belonging to the family of Tween and Span
(polysorbates); they can be used to entrap drugs of the same nature. Aerogels [58] and
foams [59–62], as well as more complex structures, such as cubosomes, are thought to be a
sort of homogeneous box containing the drug.

The entrapment of drugs into carriers has given these objects a higher chance to
increase the drug’s bioavailability [63], meaning their efficacy during release, soon after
administration. Moreover, according to these systems, drug administration takes place
more gradually, since there is a natural barrier given by the carrier itself; this contributes to
delaying the loss of the active principle. The drug can diffuse from the inner part of the
carrier to the external environment while being delayed by the carrier’s material resistance
and external viscosity. This delay time is not considered a disadvantage; on the contrary,
it is a precise manner to control drug release time, tuning the exact amount of drug that
the cells need to absorb per time unit and avoiding the side effects caused by native drug
administration overdose. To control and learn how to tune drug loss from carriers per
time unit, it is particularly important to study drug release profiles, i.e., the kinetics of the
drugs diffusing from carriers to the external receiving medium. These conditions can be
reproduced easily in vitro.

The theory regarding drug release gained much importance in the last decades, and
it has found great help with the use of computationally aided observation techniques. In
particular, the controlled release’s main purpose is to maintain specific drug concentration
levels in blood vessels for as long as possible, controlling the release rate and its duration
in target tissues.

Drug release profiles often follow different phenomena, such as simple diffusion,
erosion, degradation, and absorption uptake [64]. Scientists have proposed several mathe-
matical models and used them as tools for the design of pharmaceutical formulations [65].
As a definition, models could be intended as mathematical interpretations of the phe-
nomena that are observed by scientists among their experimental findings and common
experience [66]. The necessity to fit the enormous amount of raw data registered, experimen-
tally, from release profiles was also moved by the overlapping of more than one competing
phenomenon, observed or hypothesized, in the release environment. Mathematical models
used to describe raw data release profiles could be empirical, semi empirical, or built on
the physical concepts of their variables. Often, some of these models are derived from
well-known equations reported in the literature. However, only a precise combination of
the experimental observations with the proposed models can result in a full understanding
of the release mechanisms, thereby enabling a correct prediction of release kinetics and
material interactions.

Drug carriers differ in shape, dimension, drug dissolution profile, and functional-
ity [67], thus resulting in the impossibility to develop a unique model for predicting release
profile in a universal manner. Therefore, it is crucial to choose the best model that fits
correctly in each case of study [68].

After a careful reading of the literature, it appears to be of fundamental importance to
study the physical value of each variable included in the model used in order to understand
the effect of different factors affecting the drug dissolution rate and how this can influence
the efficacy of the drug, according to the therapy requested for patients.

Once defined, the main goal of this review work, an overall comment on the most used
drug release modeling profiles, is proposed. Each reported fitting model will be analyzed
from the mathematical and physical point of view, indicating the type of function that is
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described and its related application. An average fitting quality evaluation will follow this
analysis for the same models, according to parameter significance, and study the effect of
the trends on modeling.

2. Description of Models for Drug Release

The interest of researchers in drug delivery is abundantly reported in literature. To
have a concrete idea on the attention of scientists and researchers to this field, the certified
source Academia.edu has been consulted (accessed on the 11 May 2022) in order to get
information on the approximate number of papers that mention, in their full text some
specific keywords.

In particular, by searching “drug delivery” as a very generic expression in this aca-
demic search engine, more than 873 thousand papers appeared, citing these two words,
specifically. Among these, 164 thousand report a more specific “drug delivery modeling”
in their full text. This means that around 18.8% of papers related to drug carriers are
effectively sensible and interested in the problem of modeling raw data obtained from drug
delivery experiments or explanations. A similar result has been obtained by searching
“drug delivery systems” and “drug delivery systems modeling”, obtaining, in the first case,
about 579 thousand mentions and, in the second case, about 137 thousand, with a 23%
ratio. As a third confirmation, a final search has been performed with “drug carriers” and
with “drug carriers modeling”, obtaining a ratio of 22.3%. On average, it appears that one
paper over five is referring to models, denoting that only 20% of the works related to drug
delivery are effectively described by a mathematical prediction of the phenomena.

In Table 1 and Figure 1, the research has been performed by going deeply into details
of the kind of mathematical models used in drug delivery field. This research regards the
10 most used models of drug delivery developed or modified over the years. The searching
criteria consisted of writing the name of the author’s proposing model, followed by “drug
delivery model” as a full expression.

Scientists have studied raw data obtained during experimentations; drug release tests
have been reproduced in laboratories, trying to describe the phenomena involving drug
specific behavior. For example, the resistances offered by materials and media represent a
barrier among drugs and target tissues. These molecules need to overcome those barriers
during their diffusion from the inner part of the carrier to the external receiving liquid bulk.

Several mathematical models have been reported in the literature over the years, and
they were employed by a large number of scientists to fit their drug release raw data [69].
Moreover, drug release previously consisted only in simple observations; then, the advance-
ment of computer simulation and data analysis interpretation resulted in an improved
pharmaceutical technology. The use of well-known mathematical models and the develop-
ment of new ones contributed to correctly designing new drug formulations and dosages.
Nowadays, the main challenge that scientists are facing is the development of mathematical
models that simultaneously combine the theories describing drug release phenomena and
the effects on drugs during transportation to the human body. In other words, it is not
simple to define models that take into account both the diffusion phenomena and the
uptake response of cells, simultaneously. However, this field of study is in continuous
evolution, especially from the industrial point of view, due to its enormous potential.

The kind of drug, its hydrophobicity or lipophilicity, the drug amount incorporated
in carriers, the eventual excipients, and the bulk delivery conditions could affect the drug
release. Some of these features influencing release are listed as: polymer degradation,
polymer or drug dissolution in the external medium, possible degradation of excipient
or stabilizers, creation of hydrostatic pressure inside the system, coalescence of drug
carriers among them, variation of pH or temperature induced by not programmed stimuli,
or environmental phenomena. However, it is practically impossible to simultaneously
predict all of these phenomena, especially considering the drug transport coupled with
cellular response.
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Table 1. Diffusion of specific authors’ and scientists’ models for drug release.

Authors and Scientists Nr. of Full Text Mentions Use Frequency, %

Crank and Baker 2748 5
Peppas 16,117 27
Higuchi 19,243 33

Hixson-Crowell 2094 3
Peppas and Sahlin 640 1
Bake & Lonsdale 1716 3

Hopfenberg 403 1
Corrigan 10,297 18
Weibull 4238 7
Sivak 1047 2

Figure 1. Frequency use distribution of the most famous drug release models.

Mathematical solutions are generally characterized by complex partial differential
equations, with dependencies on time and tridimensional space. The use of numerical
approximations, limiting the introduced error as much as possible, resulted in a reduced
level of complexity in drug release models. In this section, the most famous models for
drug release will be described one by one, describing the physics behind the involved
variables and providing application purposes.

In order to correctly describe the models for drug delivery systems, it is worth adding
the concept of drug encapsulation efficiency into carriers. This means that the effective
amount of a drug entrapped in the carrier could not be equal to the amount of drug
dissolved in the preparation solutions before production of the carriers themselves. For
example, when preparing the precursor solutions, an operator will dissolve M0 (theoretical
initial mass of drug) into a defined initial volume V. This will result in a drug concentration
(defined as C0). However, after the processing of drugs and materials for carriers, a partial
loss of the drug could occur, defining a final Mf value of the drug incorporated in its final
volume Vf, thus resulting in a final concentration Cf. This theory can be described by the
following equation:

EE, % =
C0 − Cf

Cf
100 (1)
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In case the volume of the system is constant, this equation can easily become

EE, % =
M0 − Mf

Mf
100 (2)

Generally, these measurements are performed using a UV-Vis (UltraViolet-VISible)
spectrophotometer at the specific wavelength of the incorporated drug (reported in tables
or databases for each molecule). The ultraviolet region is generally included among 100 nm
and 400 nm, while the visible region is among 400 and 700 nm. This instrument works,
with a good approximation, with the Lambert–Beer equation (Equation (3)), which linearly
correlates the concentration of drug dissolved in the bulk solution to the absorbance of the
drug in that medium:

A = K C (3)

where A is the absorbance of that drug (measured after setting the wavelength), C is
the concentration, and K is the slope obtained by the calibration line at known drug
concentrations. The slope and the concentration should also be multiplied by the optical
path value, which is often equal to one.

The definition of the encapsulation efficiency is extremely important, since it is strictly
correlated with the drug release study. In case of representation of the cumulative drug
release percentage, it is correct to multiply the following modeled drug concentration by
the encapsulation efficiency obtained for the prepared drug carriers. Otherwise, the drug
release pharmacokinetics could be overestimated.

A tool to identify the efficacy of a model in a specific system is equally necessary,
and it is worth citing it in this section. In a certain manner, the following Equation (4)
represents a model-for-the-models; this means that this mathematical correlation can be
used to compare the other models among them and evaluate their predictive efficacy. Before
defining that a model fits his/her necessities, the acute researchers or students have the
chance to minimize the value coming out from the following mathematical correlation.
This equation goes under the classical definition of Summed Square Error (SSE):

SSE = ∑n
i=0(Valuemodel − Valuedata)

2 (4)

where the subtraction, reported in parenthesis, is among the value calculated using the
model and the value observed or registered by experimentation.

2.1. Fick’s Classic Model

Drug release could be described as simple diffusion controlled by a constant coefficient.
This is the specific case of drug depots, which consist of reservoirs of drugs surrounded by a
homogeneous polymer-based membrane. Another example is characterized by monolithic
systems, also known as one-block delivery systems. The important feature is that there
should be no separation between the drug reservoir and the controlling barrier. In other
words, the simplicity of the system could be easily approximated by a generic Fick’s
law [70–72]; in case of complex or multiple barriers controlling the release rate, it is not
possible to use this model.

According to the classification proposed by Siepmann [73–75], in case drug permeabil-
ity through the polymeric barrier is constant, the release kinetic could be approximated as
the first order:

dM(t)

dt
=

A D K
(

M0 − M(t)

)
L V

(5)

where M(t) represents the amount of the drug released with time dependency, M0 is the
initial mass of the drug, V is the total volume of the drug depot, A is the total surface
area of the device, and L is the thickness of the polymeric membrane, which separates
the drug depot from the external environment. Obviously, D is the diffusion coefficient
of the drug among the membrane and in the external bulk. As it is possible to see, in
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these systems, the release rate is considered constant, as well as the diffusion rate and the
A, K, L, and V coefficients; that is the reason why this partial differential equation has a
linear solution in the time variable and could be an easy approximation. Vice versa, in
case the initial drug concentration is larger than the drug solubility in the reservoir liquid
bulk, drug crystals will be created in the depot, resulting in saturated conditions at the
interphase internal/external of the drug carrier. In this case, the differential variation of
drug concentration with time is constant and directly proportional to A, D, K, and Cs, with
this last value being the solubility of the drug in the depot. Therefore, the drug release
system will consist of a zero-order release rate, as long as there will be an excess of drugs in
the drug depot.

In the case of monolithic solutions, the geometry of the system will significantly affect
the drug release. For example, for thin films, Crank and Baker proposed a cumulative
approach model, as follows:

M(t)

M0
= 4

√
D t

π L2 (6)

According to this model, M(t)/M0 ratio should be a value between 0 and 0.6. In particular,
M(t) is the cumulative amount released at time t, M0 is the initial drug amount, D is the
drug diffusion coefficient in the considered matrix, and L is the thickness of the film. Similar
equations were adapted by Crank in 1975 for spherical and cylindrical matrices, which
simply differ by some geometrical modifications, but are essentially similar.

It is also worth adding that M0 is not always equal to Minf. Indeed, the initial mass of
the drug and the mass of the drug released at time infinite are equal only in the case that all
the drug content is released from the carrier, thus indicating M(t)/M0 as the fraction released
at time t. A simulation of the Crank and Baker model has been ideally reported in Figure 2,
where the model evolution over time is discretized in black dots. It is quite important to
note that the varying parameters have been chosen in order to obtain a clear visualization
of the trends on physical effects. However, this choice has been taken according to the
physical significance of these parameters.

(a) (b) 

Figure 2. Crank and Baker model at different thickness values (a) and diffusion coefficients (b).

In case the diffusion controls totally release the system, it could be also independent
from the shape or geometry of the carrier. In that situation, the release model could
be simplified to a classical power law, also proposed by Peppas, as described in the
following sections.
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In case of osmotically controlled systems [76–79], the following equation could de-
scribe the system, as follows:

Mt = K
A Lp σ C πs

δ
t (7)

where Lp is a coefficient of permeability (unit of measure of length over time), C is the
concentration of the drug, δ is the thickness of the carrier matrix, πs is the osmotic pressure
of water, A is the cross-section area of the carrier, σ is a reflection coefficient, and K is an
empirical coefficient.

2.2. Higuchi’s Model

Drug dissolution from matrices requires a different mathematical approach [80]; this
model is well-known in the literature, since it was firstly introduced in the 1960s by Takeru
Higuchi, who derived it while studying drug release from ointments. However, this famous
scientist was also an expert in release phenomena from semi-solid and solid matrix systems.
The first studied systems were characterized by planar mixtures releasing a lipophilic
compound. According to this model, the concentration of drugs liberated increases with
the square root of time. In this case, the mathematical model used was:

M(t)
M∞

=
√

D(2A − Cs) Cst (8)

where M(t)/M∞ represents the drug fraction released per unit surface area. This fraction has
dimensions of [Length]−2 and is a function of the square root of time. Cs is the solubility of
the drug in the external matrix medium, D is the diffusivity in the matrix medium, and A is
the loading of solute, in case it exceeds its solubility in the matrix. A theoretical simulation
of Higuchi’s model has been proposed in Figure 3.

Figure 3. Higuchi’s model at different drug solubility concentrations.

This model, of course, is particularly applicable in a saturated system, and it has also
been proposed for other kinds of shapes and geometries, such as spherical. Available
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in homogeneous and not homogeneous systems, the equation can be adapted to porous
systems, as follows:

M(t)
M∞

=

√
D ε

τ
(2A − ε Cs) Cst (9)

where ε is the porosity of the matrix and τ is its tortuosity factor. Figure 4 reports an ideal
simulation of Higuchi’s modified equation, including tortuosity and porosity dependencies.
It is interesting noting how the direct proportionality is related to porosity, while the
indirect one is related to tortuosity.

(a) (b) 

Figure 4. Higuchi’s model at different porosity (a) and tortuosity (b) values.

However, another modification was proposed for this equation, in case of a matrix
already saturated with a drug, that excluded Cs and introduced C0, intended as the concen-
tration of the diffusing drug in a porous matrix:

M(t)
M∞

=

√
2 C0 D ε t

τ π
= KH

√
t (10)

This equation establishes that the fraction of the drug released is proportional to the
square root of release time; according to this last equation, all the concentration, diffusion,
tortuosity and porosity coefficients are assumed constant and are indicated as a unique
constant KH, named Higuchi’s constant. The possibility to use this model is linked to
conditions; among those, the initial drug concentration must be higher than saturation
conditions of the drug in the defined matrix; moreover, diffusion must be considered
unidirectional and constant; last, but not least, dissolution of the matrix and border effects
are negligible.

2.3. Hixson-Crowell’s Model

The researchers Hixson and Crowell [81–83] proposed a model that correlates initial
drug mass amount fed to the system to the amount of remaining drug (i.e., not released) at
time t. However, in this case, the cubic roots of these two mass values are linearly correlated
with time. Therefore, it is possible to define the following Equation (11):

3
√

Mi(t) =
3
√

M0 − KHCt (11)

where M0 is the initial amount of drug, Mi(t) is a function of time, describing the amount
of drug that still remains confined at each time lapse, KHC is defined as a constant of
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incorporation, which is, respectively, a function of surface and volume of the drug carrier.
Generally, this model is used for specific DC geometries, such as tablets or parallel planes.

The value of this constant could be additionally defined as follows: by introducing the
number of particles N, the diffusivity D, the solubility at saturated conditions and fixed
temperature Cs, and being no less important, the thickness of the thin layer δ.

KHC =
K′ 3
√

N D Cs t
δ

(12)

This equation introduces a new constant, K′, that refers to the average density of the
carrier. Of course, it is in correlation with not only the number of particles but also with
its mass concentration in the bulk solution. Moreover, the use of this model is strictly
correlated to the literal possibility to count particles in colloidal suspensions; this could
be performed using proper instruments or technologies, such as Nanoparticle Tracking
Analysis (NTA). However, this technique is not sufficient by itself, since it gives only
information about particles number and their velocity, following their Brownian motion.
However, the main characteristics of these particles, pores and shape, could be observed and
critically commented on by only using a scanning electron microscope, which also provides
the possibility to measure pores dimensions. If the dissolution of the drug is constant,
especially from spherical particles, K′ becomes constant and determined experimentally.

2.4. Peppas’ Models

The model proposed by Peppas [84–86] in 1983 consisted of a simple power law;
this necessity resulted from the fact that, in general, it is not easy to reach a zero order
kinetic with a linear correlation among the drug fraction released over time t. Indeed, the
laboratory experience of Peppas and his co-workers induced the development of a new
semi-empirical model, which described drug release as an exponential function of time.
Indicating M(t) as the amount of the drug released at time t and M∞ as the final amount of
drug at the equilibrium, the following simple model was proposed:

M(t)
M∞

= K tn (13)

where n is the exponent of time t and it is related to the drug release mechanisms, which
can be also obtained experimentally. In particular, K is the constant that depends on the
shape and geometry of the drug carrier vesicles or matrix. Indeed, this equation can be
easily re-written as

M(t) = K M∞ tn (14)

where M∞ is a constant and could be englobed in K as:

K′ = K M∞ (15)

It is worth clarifying that the encapsulation efficiency plays an important role in
defining the value of M∞; in fact, if the encapsulation efficiency is equal to the total initial
drug amount fed to the system before the preparation of the drug carrier, the value M∞
could be assimilated into the initial amount of the drug dissolved into the system. On the
contrary, if the Encapsulation Efficiency (EE) is not equal to 100%, it is necessary to multiply
M∞ by the EE percentage. An ideal representation of Peppa’s model is reported in Figure 5.

However, it is possible to modify this equation by the necessity to consider the latency
time, i.e., the lag phase in which the drug carrier is overcoming the resistance to diffusion,
offered by the external layers of the drug carrier and/or by the external initial bulk con-
ditions. This power law model has been ideally simulated in Figure 6. In Equation (16),
Mi−l represents the initial mass, considering that the administration starts at the end of the
lag phase.

Mi−l = K M∞ (t − tl)
n (16)
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(a) (b) 

Figure 5. Power law at different exponent values (a) and k coefficients (b).

Figure 6. Power law at different lag times.

Furthermore, it is possible to correct this model in case an initial burst of drug occurs,
as follows:

M(t)
M∞

= K tn + b (17)

where b describes the initial concentration of the drug rapidly released to the system soon
after the time-zero from the beginning of the phenomenon.

However, Peppas is the author of several papers reporting different models developed
in collaboration with his co-workers. For example, the description of uncommon simulta-
neous release phenomena (diffusion and relaxation of polymer chains) was included in this
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model as a sum of two additive contribution of power laws. This new equation by Peppas
and Sahlin [87,88] is described as follows:

M(t)
M∞

= K1 tn + K2 t2 n (18)

where three constants have been introduced: K1, K2, and n. While K1 represents the
Fick’s diffusional contribution from matrices of any shape, K2 is related to the relaxation
contribution.

The relaxation time is correlated to the diffusion time, calculating the following Debo-
rah number:

De =
λ

θ
(19)

where λ is the relaxation time of polymers chains, and θ the diffusion time. In the case that
De is much lower than 1, diffusion controls the release process; on the contrary, when it is
much larger than 1, relaxation phenomenon controls the process. In case of a value near to
1, the two contributions need to be evaluated together.

2.5. Baker’s and Lonsdale’s Model

These two scientists derived a model from Higuchi’s equation [89–91], adapting it for
drug release from spherical matrices. This model was recombined as follows:

(
1 − Mt

M∞

)2/3
+

2
3

Mt

M∞
= K +

2
3

t (20)

In this model, again, Mt is a function of time. Describing the amount of a drug released
over time, M∞ is the maximum amount released considering an infinite time, t is the
independent variable, and K is determined as follows:

K = 1 − 2 D S
r2

0 C0
(21)

where D represents the diffusion coefficient of the drug, S is the solubility of the drug in
the carrier, r0 is the initial radius of the carrier, and C0 is the initial concentration of the
drug. In case the solubility and the diffusion coefficient in the carrier matrix are constant
over time, the value of K could be considered a constant. K values could vary according
to the kind of the entrapped drug and the type of carrier matrix. Of course, the values
of D and S are related to a matrix that is just releasing drug, reducing its diameter and
mass without degradation phenomena. In the case of foams of other porous matrices, the K
value becomes:

K = 1 − 2 D S ε

r2
0 C0 τ

(22)

where ε and τ represent the porosity of the carrier matrix and the tortuosity during drug
diffusion, respectively.

In this case, a graphical simulation of the model is not reported, since it requires a
numerical solution by successive attempts.

2.6. Hopfenberg’s Model

Hopfenberg [92,93] proposed a model to describe drug release from polymers that could
be degraded or eroded during drug loss, independently from their shape or dimensions.

The main representing equation for this model is conditioned by the erosion grade
constant, named k0, and by the initial concentration of drug entrapped in the matrix, C0:

M(t)

M∞
= 1 −

[
1 − k0 t

C0 a0

]n
(23)
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where, as always, M(t) and M∞ are the mass of drug released at time t and at plateau level,
respectively; t is the independent variable of time, and a0 is the initial length of the carrier
matrix. Of course, this last variable could be a function of time; however, in this case, it
can be approximated to the initial value. Indeed, a0 only depends on the shape of the
matrix (radius in case of a sphere or cylinder, or half thickness in case of a thin layer). The
exponent “n” is set to 1 in case of a thin film shape, to 2 in case of a cylinder, and 3 in case
of a sphere.

As it is possible to see, in case of thin layer, the equation becomes:

M(t)

M∞
=

k0 t
C0 a0

(24)

where the three constants could be included under a unique k1 value, as follows:

M(t)

M∞
= k1 t (25)

In case of a not negligible latency time (tL) from the beginning of release experiments
or administration, a correction could be performed on the following equation:

M(t)

M∞
= 1 −

[
1 − k0 t (t − tL)

C0 a0

]n
(26)

This equation represents an evolution of the exponential model. In this case, there
is no graphical simulation, since this model is easily linkable to one of the previously
mentioned equations.

2.7. Corrigan’s Model

Dr. Owen I. Corrigan [94–96] proposed the use of poly(lactic-co-glycolic) acids (PLGA),
for the design of innovative drug delivery systems, for the entrapment of several kinds
of active principles, such as steroids, anti-inflammatory drugs, antigens and, in general,
therapeutic agents. These scientists demonstrated that copolymers could be characterized
by complex simultaneous release phenomena, probably also due to drug-polymer interac-
tions and to drug molecular weight. In the case of large molecules, such as Bovine Serum
Albumin (BSA), the phenomenon of release from polymeric particles was characterized
by a fast initial burst, followed by a subsequent slower, and continuous release. Corrigan
attributed this behavior not only to degradation of polymer but also to the affinity between
BSA and PLGA.

For specific compounds, even three steps were detected during drug delivery observa-
tion: an initial burst due to diffusion, a subsequent lag phase, and a final completion of
drug release due to polymer mass loss. In particular, the kinetics of polymer mass loss, for
pure microparticles of PLGA, are described by the following equation.

ln
(

x
1 − x

)
= k t − k t max = k (t − tmax) (27)

where x represents the polymer mass loss, t is the time lapse since the beginning of the
observation, while k and tmax are, respectively, time and rate constants directly related to
the bulk degradation of the polymer.

Drug release from copolymers such as PLGA/PLA (see Abbreviation List) were
described using a two phase model, according to which there was a first controlling step,
where the drug diffuses among the interface of the polymer, followed by a second release
of the drug entrapped into the polymer structure, with this last step starting its own
degradation. The initial diffusion step is described by the following equation.

FB = FBIN (1 − e−kb t
)

(28)
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where FB is the released amount due to the diffusion, FBIN is the burst fraction considering
an infinite time of observation, and kb represents the first order constant rate associated
with diffusion step. In particular, kb is also directly dependent on the diffusion coefficient
(D), solubility of the drug (CS), and surface area of drug that takes part in the dissolution.
The second degradative step describes the release due to degradation phenomena of the
polymer; this contribution is described by the following equation:

FDeg = (1 − FBIN )

(
ek (t−tmax)

1 + ek (t−tmax)

)
(29)

Combining the two contributes, the Corrigan overall formula becomes the following:

FTOT = FB + FDeg = FBIN

(
1 − e−kb

)
+ (1 − FBIN )

(
ek (t−tmax)

1 + ek (t−tmax)

)
(30)

Moreover, the quantification of the active drug released (At) is given by the product
of the fraction FTOT and the amount of drug loaded. An example that came out from the
studies of Corrigan and co-workers describes the production of ketoprofen-loaded PLGA
nanoparticles, which resulted in an encapsulation efficiency between 40 and 65%. Drug
release studies showed a first plateau at 5 days due to diffusion, followed by a second
plateau reached at about 20 days, due to polymer degradation. An idealistic representation
of Corrigan’s model is proposed in Figure 7. In details, in Figure 7b,c, lines represent guides
for the eyes.

(a) (b) 

 

(c)  

Figure 7. Corrigan model depending on the Fbin coefficient (a), k degradation coefficient (b), and kb

diffusion coefficient (c).
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2.8. Weibull’s Model

Weibull [97–99] proposed a model to describe the phenomena of drug release during
a finite time of observation.

This mathematical model is characterized by three newly introduced parameters. The
first one is k = 1/a, where “a” is the time-scale parameter, and it is obtained empirically; t is
the time elapsed from administration; tc is the central value of time, related to the latency
time from the beginning of the release. This value can be, of course, equal to zero in case of
negligible latency time of the release system; the last parameter is the exponent d, strictly
correlated to the type of modeling curve. In particular, d is equal to 1 in case of a simple
exponential equation, while it is more than 1 in case of a sigmoid and less than 1 in case of
parabolic modeling function.

Mt

M∞
= 1 − e−(k (t−tc))

d
(31)

This model is generally used as a comparative reference to check the accuracy of
different models among them, describing drug release from polymeric matrices. Another
reason linked to its use is that it does not depend on the simultaneous effect of different
phenomena occurring during release. An ideal mathematical simulation of this model is
proposed in Figure 8, where for tc a unit of time has been used.

Figure 8. Weibul model at different tc values.

2.9. Sivak Model

Sivak, in 2009, proposed a model [100] for the simultaneous release of two anti-cancer
compounds (DB-67 and doxorubicin [101]) from polyurethane foams [102]. In particular,
the two indicated compounds are characterized by several functional groups, which can act
as points to create chemical bonds with polyurethane networks. These tests were performed
in a phosphate-buffered saline (PBS) medium at controlled temperatures of 4 ◦C, 22 ◦C,
37 ◦C, and 70 ◦C, for a maximum period of 10 weeks.
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The drug-released amount was detected using fluorescence spectroscopy; raw data
were used to develop this model; in particular, the amount of drug diffused into the external
medium is expressed by the following equation, in terms of molar ratio:

moldrug =
1

MW

[
3 ∑j

i

(m
V

)
i
+

(m
V

)
j

(
VT − 3 Vj

) ]
(32)

where m and V are the mass and the volume of each collected sample at the i-th time
interval, VT is the total volume of the system in which the release experiment is performed,
and j represents the last time interval. Authors showed that, working at 37 ◦C, an initial
rapid burst is detected, especially, for DB-67, but then, drug concentration stabilizes after
about 10 days. Instead, working at 70 ◦C, a rapid increase of the curve slope was detected,
over time, without obtaining a plateau after more than 70 days.

2.10. Pulsatile Drug Delivery

Pulsed delivery [103–105] consists of the artificial intervention during delivery and
after administration. For example, let us imagine that a spherical drug carrier has been
delivered to a blood vessel; it will start releasing drug content only after receiving a stimulus
from an external agent that is activated by an operator. Then, after a defined therapy time,
the operator interrupts this stimulus, stopping the release of the drug from the carrier. The
release function suddenly equals a drug concentration of a fraction equal to zero.

In detail, each of the previously described models are eligible for pulsed drug delivery.
A generic system of this kind can be characterized as follows:

{
C(0 < t < k) = f (t)
C(k < t < m) = 0

(33)

where C(t) is a generic function of time, depending on the release phenomena and type of
carrier employed; instead, k represents a generic variable that, in this case, determines the
timing value of the function. Let k be 1 h; this means that the carrier will be programmed
to release its content for the entire first hour after administration, following the model
indicated by the generic function f (t). Soon after, the release will be stopped by the
interruption of the external stimulus, and the concentration of the drug released will go to
zero, until reaching time m. Of course, this alternation of “release” and “no release” could
be programmed to be cyclic, as well as the associated stimulus that induces the release.
This kind of mechanism could be very useful to have a fast initial burst of drug without a
significant drug accumulation in the target tissues, avoiding consequent toxic side effects.
A tentative representation of this model is ideally reported in Figure 9, considering f (t) as
the equation adapted from the Crank and Baker model, which is assumed as the example.

However, it is possible to simplify this model as follows:
{

C(b < t < k) = p
C(k < t < m) = 0

(34)

where p represents a constant value of drug released concentration, in case the system is
able to lose a time-independent amount of drug; b represents the initial time where the
drug’s initial burst occurs: this last value could be approximated to 0 in the case of very
long release times at a constant value of C(t).
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Figure 9. An example of pulsed delivery, adapted from the Crank and Baker parametric, on thickness L.

3. Discussion

According to the wide literature treating these topics, the previous section represented
just a brief summary of the mathematical models for drug delivery. The difficulty that
researchers and scientists may find during their experimental campaigns stands not only in
the interaction that eventually occur among drug and carrier’s materials but also on differ-
ent phenomena that may happen during delivery, such as degradation, bio-degradation,
erosion, and bio-erosion [106–109]. In order to distinguish these phenomena, it is necessary
to recall their definitions, as summarized in Table 2.

Table 2. Definition of general disrupting phenomena occurring in drug delivery.

Phenomena Definition Ref.

Degradation Scission of a polymer chain in oligomers or monomers [110]
Bio-degradation Degradation due to the action of a biological system [111]

Erosion Mass loss phenomenon from the polymeric interphase [112]
Bio-erosion Erosion due to the action of a biological system [113]

In detail, the scission of a chain is a chemical phenomenon that causes the separation
of a long polymeric chain into monomers and oligomers. This is considered a degradation
phenomenon, since the polymeric barrier created using the long chain is disrupted, thus
characterizing the fast and unwanted diffusion of the entrapped drug from the inner core
to the external bulk. Chain scission could be caused either by artificial stimuli or by the
action of microorganisms. Instead, erosion is actually mass loss, occurring at the interphase
between the DC external surface and the aqueous bulk. This boundary layer phenomenon
is controlled by reactions that only occur on the surface of the DC, and it may be, in this
case, caused by artificial or natural stimuli, such as microorganisms’ action.

Mathematical models can be considered empirical when they are purely characterized
by trial and error attempts to let the variable work correctly to describe the release profiles;
otherwise, the models are classified according to their physic-chemical dependencies, in
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case they describe the diffusive phenomena and the chemical reaction occurring in the
chosen system. In these last cases, they can be classified as semi-empirical models.

In more detail, depending on the specific composition of an erodible support (i.e., on
the kind of polymer), on the loading of additives, and on the geometry and shape of the
matrix, many phenomena of mass transfer and chemical reactions may influence the release
kinetics of a drug. This set of phenomena (listed in Table 3) should be considered as a
subset of Table 1, since they go, deeply, into the effect of degradation on materials.

Table 3. Phenomena of degradation.

Phenomena Reference

External water invades the inner core of the matrix [114,115]
Drug degradation [116,117]

Polymer degradation [118,119]
Creation of aqueous pores [120,121]

Degradative phenomena of interference drug/polymer [122,123]
Polymer swelling [124,125]

Drug/polymer adsorption [126,127]

In details the invasions of the external bulk, in the inner core of DC, is due to prob-
able interphase disruption and the creation of a pressure gradient directed to the inner
compartment. Drug degradation may occur during an increase in temperature and energy
of the system, resulting in total or partial loss of efficacy of a drug during administration.
Polymer degradation may occur during preparation of DC or delivery, probably due to
the overcoming of glass transition conditions. The creation of aqueous pores is a sort
of partial invasion of the external water in the inner compartments of DC. Degradative
phenomena, due to drug/polymer interference, are essentially related to reactions that
may occur in the disruptive polymeric membrane, separating inner compartments from
external bulk. Polymer swelling is caused when a solvent penetrates into the polymeric
network, causing a sudden change in the volume. Drug adsorption on polymers is the
well-known phenomenon of physical uptake of a solute (in this case, the drug) on a solid
matrix (the polymer).

Depending on the complexity of physical phenomena, each release system must be
preliminarily characterized; then, a modeling attempt can be performed. The information
obtained after this analysis can be of fundamental importance to the use of a mathematical
model, which either already exists, in which case it needs to be optimized, or is created ex
novo. If there is not sufficient information on the release system, it will be difficult to find a
model that properly describes the phenomena. For this reason, it is essential to study, with
great attention, the property variations of the system during the release, over time.

Indeed, this work was intended as a collection of mathematical correlations, leaving,
to the reader, the critical choice of the one that best fits with their research and devel-
opment activities. Several scientists have successfully and brilliantly studied the deep
functionalization of complex carriers, thus obtaining outstanding results; some examples
are related to the use of dietary supplements, proteins, aerogel, liposomes, hydrogels,
nanogels, and nanocomposites [128–136], whose data have been successfully used and
applied to the existing models [137,138], taking into account the occurring phenomena
naturally or artificially induced during therapy [139–144].

Purely empirical models generally do not take into consideration the overlapping of
different transport phenomena effects, such as diffusion of water and the drug, swelling,
or degradation phenomena that may also bring to a zero order kinetic. Instead, using a
non-empirical model, physical and chemical phenomena are described precisely, with a
more complex mathematical expression dedicated to them. Summarizing, empirical models
have a less precise approach, but they are particularly powerful with a more simplified
kinetic; non-empirical models describe all the phenomena occurring in the system but with
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a complex mathematical approach. Last, but not less important, semi-empirical models are
a mix of previous characteristics and properties, with variable kinetic orders.

4. Conclusions

Recalling the aims of this paper, the author tried to provide a general and basic
knowledge on this topic without presuming to give the proper tools to predict any kind of
complex simultaneous phenomena and occurring during drug delivery, such as predicting
bio-relevant media for drug dissolution experiments or providing the best carrier material
for a specific molecule. The use of mathematical tools represents a modern approach for
the correct exploitation of drugs and their beneficial effects on human tissues [145]. Release
mechanisms can be controlled and ruled by diffusion, chemical reactions, osmotic pressure,
or swelling. Moreover, the correct prediction of the physics of the systems is a strong
tool also for its potential reduction in the number of experiments; for example, professor
Higuchi was considered a sort of “father” of the mathematical modeling for drug carriers,
since his method was recognized to be theoretically stable and easy to apply [146].

However, the preliminary understanding of these phenomena is of fundamental
importance [147] before approaching the problem using a mathematical model. Indeed,
the theory of drug delivery requires accurate molecular, transport, and thermodynamic
evaluations of the carriers’ behavior in the chosen environmental system, in order to
predict the expected interactions. Of course, a physical and chemical approach to the
system needs to be validated with several experimental runs, especially in terms of drug
dosage optimization; one actual example is represented by the genetic material delivery,
which is particularly complex. This will require much more studies and wider validations
across semi-empirical models, in order to approach a rational design of modern delivery
systems. To reach this goal, the most powerful and efficient high-pressure systems [148,149]
and computer-aided analysis [150–152] and simulations will be significantly helpful in
the decisional process for delivery description and modeling, becoming an integral and
essential part of this theory.
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Abbreviations

DC Drug Carriers
DDS Drug Delivery Systems
IS Immune System
CPP Cell-Penetrating-Peptide
MEMS Micro-electro-mechanical Systems
UV-Vis Ultraviolet-Visible
SSE Summed Square Error
EE Encapsulation Efficiency
PLGA poly(lactic-co-glycolic) Acids
BSA Bovine Serum Albumin
PLA Poly-lactic Acid
PBS Phosphate-buffered saline
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