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Development of new drug molecules is costly and requires longitudinal, wide-ranging
studies; therefore, designing advanced pharmaceutical formulations for existing and well-
known drugs seems to be an attractive device for the pharmaceutical industry. Properly
formulated drug delivery systems can improve pharmacological activity, efficacy and
safety of the active substances. Advanced materials applied as pharmaceutical excipients
in designing drug delivery systems can help solve problems concerning the required
drug release—with the defined dissolution rate and at the determined site. Novel drug
carriers enable more effective drug delivery, with improved safety and with fewer side
effects. Investigations concerning advanced materials represent a rapidly growing research
field in material/polymer science, chemical engineering and pharmaceutical technology.
Exploring novel materials or modifying and combining existing ones is now a crucial trend
in pharmaceutical technology.

The Special Issue “Advanced Materials in Drug Release and Drug Delivery Systems”
was established to present the most recent insights into utilization of different materials
with promising potential in drug delivery and into different formulation approaches that
can be used in the design of pharmaceutical formulations. The brief summary of eleven
articles included in the issue is presented below.

The papers [1–3] present development in the biomedical field using nano- or mi-
croparticulate carriers. Wang et al. provide information about developing an effective
and relatively simple one-pot technique to load graphene quantum dots (GQDs) into
nanoparticles intended for fluorescent imaging offering a new way to visualize the distri-
bution and metabolism of nanoparticles in vivo without radioactive damage. It was shown
that designed GQD-loaded optical magneto ferroferric oxide@polypyrrole (Fe3O4@PPy)
core-shell nanoparticles are characterized by high potential applicability in monitoring
the distribution and metabolism of nanoparticles and in long-term in vivo real-time track-
ing [1]. Zheng et al. [2] describe information about the preparation and characterization
of methoxy poly(ethylene glycol)-poly(lactide) copolymer (mPEG-PLA) microspheres as
carriers of alkaloids from Alstonia scholaris leaves—a traditional Chinese drug used in the
treatment of chronic respiratory diseases. The limiting factor connecting administration of
these alkaloids is short half-life, so the authors focused on the development of a multicom-
partment dosage form providing sustained drug release. mPEG-PLA microspheres with
alkaloids from Alstonia scholaris leaves were obtained by w/o/w double emulsion method.
Designed particles significantly prolonged drug release, were not cytotoxic in HL-7702 cells,
and inhibited auricle and pedal swelling evaluated in mice and rats. Wasilewska et al. [3]
report data on the exploitation of ethylcellulose microparticles containing rupatadine
fumarate in the development of orodispersible minitablets—a novel solid dosage form
connecting benefits of both liquid and solid formulations. As rupatadine fumarate—a
second generation antihistamine drug—is characterized by bitter taste, an attempt was
made to formulate “patient friendly” orodispersible minitablets with acceptable taste. To
mask rupatadine fumarate’s bitterness, the drug was enclosed in microparticles obtained
with widely used in the pharmaceutical technology, non soluble in water ethylcellulose. In
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this work, orodispersible minitablets containing rupatadine fumarate were formulated by
direct compression of commercially ready to use blends and microparticles prepared with
an aqueous ethylcellulose dispersion. Developed formulations of minitablets possessed
beneficial pharmaceutical parameters and provided a taste-masking effect evaluated by
three alternative techniques (e-tongue, human taste panel, and the in vitro drug release).
It was indicated that ethylcellulose microparticles can be successfully used in the direct
compression. A more detailed description of ethylcellulose applicability in drug dosage
forms development is presented in the review paper by Wasilewska et al. [4]. Ethylcellulose
is a multifunctional, hydrophobic cellulose derivative possessing advantageous and unique
properties to be used in pharmaceutical formulations. This water insoluble polymer is
regarded as safe, biocompatible, is degraded into nontoxic products, and shows gastrore-
sistance. Ethylcellulose is widely utilized in the pharmaceutical industry, it is a valuable
excipient to modify drug release profiles and to create controlled release dosage forms. In
this article, particular attention was placed on its role in the oral and topical formulations.

The papers [5,6] present data about multilayer films and electrospun matrices as
advanced materials used in drug delivery systems. Nie et al. [5] reported on the versatile
layer by layer highly stable multilayer films prepared from polymer (hyaluronic acid) and
inorganic–mesoporous silica nanoparticles for the delivery of FITC-labeled short peptides.
The described method improves the stability of the multilayer structure by forming co-
valently cross-linked super strata on the outlying areas of the films. Moreover, the super
stratum functions as a “nano net” reducing nanoparticles diffusion and is simultaneously
permeable for small molecules, which can be used to develop multifunctional drug deliv-
ery systems based on mesoporous silica as the active substance depot. Mesoporous silica
nanoparticles enhance the stability of peptides, retention properties of peptides can be
modified by varying capping-layer numbers, and the release profile of small molecules can
also be adjusted by adequate carrier arrangements. Nazarkina et al. describe sirolimus ma-
trices for coating vascular stents [6]. Development of stent coatings is a valid issue, as stent
implantation is a frequently performed medical procedure which can initialize various reac-
tions stimulating an inflammatory response. In this work, an attempt was made to design
matrices with sirolimus-drug possessing immunosuppressive and antiproliferative activity
and approved both in Europe and United States as stent-coating component. Matrices were
formulated by electrospinning polycaprolactone, human albumin, hexafluoroisopropanol,
and dimethyl sulfoxide, and the optimal composition, the most applicable for bare-metal
stent coating, ensuring prolonged sirolimus release to provide its concentration preferable
for antiproliferative activity, was indicated.

The next three papers are devoted to the ever-expanding technological approaches in
solid oral dosage forms like tablets [7,8] and capsules [9]. Jamróz et al. focus on the deep
analysis of the relationship between structure and pharmaceutical characteristics in 3D
printed tablets. Application of 3D printing in pharmaceutical technology is relatively novel,
requires proper selection of excipients, and to date, only one medicinal product obtained by
this technique is commercially available (Spritam, by Aprecia Pharmaceuticals, registered
in the US). In this work, the composition of the 3D printed tablets and the relationship be-
tween the tablet geometry, tablet shape, and drug release profile was discussed. To evaluate
the influence of a degree of infill on the printing reproducibility and to analyze the tablet
structure, micro-computed tomography was used. Authors developed 3D printed immedi-
ate release tablets with liquid crystal-forming itraconazole and indicated that optimal tablet
characteristics (reproducibility during printing, optimal drug release) was assured when
filament formulation of 20% itraconazole, 76% polyvinyl alcohol, and 4% crospovidone was
utilized [7]. Supercritical fluid method is a relatively new technique with potential applica-
tion in the pharmaceutical industry to reduce particle size and to create inclusion complexes
or solid dispersions. Antosik-Rogóż et al. report on the utility of the supercritical fluid
method (using supercritical CO2) in the development of dosage forms with poorly soluble
bicalutamide-drug from the antiandrogens group used in prostate cancer treatment [8]. The
influence of supercritical CO2 on the characteristics of binary systems with bicalutamide
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and polymeric excipients (Macrogol 6000, Poloxamer 407), and tablets obtained from solid
dispersions was deeply described. It was shown that this process affected particle size and
shape, improved the in vitro bicalutamide release profile, and it evoked changes in the
drug crystallinity. The paper by Maciejewski et al. [9] provides data on the gastro resistant
soft gelatin films and capsule formulation from binary-gelatin/cellulose acetate phthalate
and ternary-gelatin/cellulose acetate phthalate/carrageenan films. They suggest that the
discreet kinetically-limited phase separation was the crucial factor affecting the disinte-
gration of the films. In medium, at acidic pH, gelatin undergoes swelling and dissolving
processes, and exposes the cellulose acetate phthalate skeleton, which is insoluble in acidic
environments. Moreover, addition of carrageenan improved this acid-resistant effect. The
dissolution study performed with diclofenac sodium as a model drug from the lab-scale
soft capsule formulations indicated that the proposed fillings were compatible with the
films, and the drug was not released at acidic pH, but it was released at pH 6.8.

In the paper by Chyzy et al. [10], the latest scientific reports on hydrogel applications as
drug dosage forms were discussed. The authors provide an in-depth description of the main
formulation approaches, classification of hydrogels, their physicochemical characteristics,
and their exploitation in the biomedicine and drug delivery fields (in oral, dermal, ocular,
vaginal, and parenteral administration). This review also provides information on stimuli
responsive hydrogels and modern approaches to improve treatment efficiency by using
hydrogel formulations. Readers can achieve an interdisciplinary vision into the advances
in the design, optimization, and application of hydrogel delivery systems [10]. Faizan et al.,
in turn, reviewed recent literature reports concerning carbon monoxide-releasing materials
providing carbon monoxide (CO) for medicinal purposes [11]. At higher concentration, CO
has a toxic effect, but in lower, strictly controlled doses, it can be treated as a valuable agent
participating in cell signaling, with potential treatment application. The authors discuss the
therapeutic properties of CO and problems connected with designing and development of
effective and safe CO-releasing molecules and CO-releasing materials. They thoroughly
describe the possibilities of delivering CO by using a great variety of structures and
strategies available for biological research and treatment applications (e.g., copolymer
assembles, micelles, nano fiber gels, nanoparticles, nanosheets, metal organic frameworks,
conjugation with proteins, peptides, metallodendrimers, vitamins, nanodiamonds), and
consider toxicological aspects of CO delivery involved in the development of CO-releasing
materials-based pharmaceuticals.

Conflicts of Interest: No conflict of interest is declared.
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Abstract: Fluorescence imaging offers a new approach to visualize real-time details on a cellular
level in vitro and in vivo without radioactive damage. Poor light stability of organic fluorescent dyes
makes long-term imaging difficult. Due to their outstanding optical properties and unique structural
features, graphene quantum dots (GQDs) are promising in the field of imaging for real-time tracking
in vivo. At present, GQDs are mainly loaded on the surface of nanoparticles. In this study, we
developed an efficient and convenient one-pot method to load GQDs into nanoparticles, leading to
longer metabolic processes in blood and increased delivery of GQDs to tumors. Optical-magneto
ferroferric oxide@polypyrrole (Fe3O4@PPy) core-shell nanoparticles were chosen for their potential
use in cancer therapy. The in vivo results demonstrated that by loading GQDs, it was possible to
monitor the distribution and metabolism of nanoparticles. This study provided new insights into the
application of GQDs in long-term in vivo real-time tracking.

Keywords: GQDs; real-time tracking; optical-magneto nanoparticles; in vivo

1. Introduction

Cancer is known to be one of the leading causes of death in almost every country of the
world [1]. The ideal therapy for cancer is to deliver suitable treatment (chemotherapeutic drugs,
genetic drugs, nanoparticles, etc.) to the right place at the right time. Various delivery systems
are designed to track the release and infiltration process of nanoparticles or drugs at the tumor site,
guiding local treatment and monitoring the effects after treatment [2–4]. Due to low temporal or
spatial resolution, the contemporary methods available are unable to track the kinetics of drugs
or nanoparticles in vivo for a sustained period of time [5]. Optical imaging presents non-ionizing,
non-invasive, and non-destructive features with high precision and efficiency [6]. Small molecule
organic dyes, including near-infrared fluorescent dyes sulfo-cyanine7 (Cy7), indocyanine green (ICG),
Dye800 and green fluorescent dyes fluorescein isothiocyanate (FITC), are employed as imaging probes
for their excellent luminescence, while properties such as poor light stability severely limit their
biomedical applications [7,8]. Semiconductor quantum dots have excellent luminescence and light
stability, and are considered as alternatives to organic dyes. However, high toxicity and poor water
solubility would hinder their application in biomedical fields. Moreover, the relatively large size

Materials 2019, 12, 2191; doi:10.3390/ma12132191 www.mdpi.com/journal/materials5
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of semiconductor quantum dots and the scintillating fluorescence are both obstacles to successful
imaging at the molecular level [9]. Therefore, the development of new fluorescent materials is of great
significance to biomedical imaging.

Graphene quantum dots (GQDs) have drawn more attention in recent years due to their outstanding
properties, including excellent light stability and water solubility. Other noteworthy properties of GQDs
include their ultra-small size, highly adjustable photoluminescence, as well as excellent multiphoton
excitation, high luminosity, and chemical inertness [10,11]. Moreover, various nanomaterials including
GQDs and GQD-based nanomaterials are reported to yield reactive oxygen species (ROS) in cells,
leading to the promise of photodynamic therapy for cancer [12,13]. GQDs have shown even more
promising applications in fluorescence imaging, imaging-guided surgery and biosensing [6,14]. Studies
pay close attention to the biocompatibility of GQDs when they are applied in biomedical fields. In vitro
studies illustrate that GQDs show excellent biocompatibility when co-incubated with various cells;
in vivo studies also demonstrate the biocompatibility of GQDs [15]. N-doped graphene quantum dots
exhibit low cytotoxicity when concentrations are under 200 μg/mL [16]. These studies indicate the
promising biomedical applications of GQDs and GQD-based materials.

To achieve multiple functions, it is common to combine GQDs with other nanomaterials. There
are many studies on the combination of GQDs and nanomaterials by dipping or sticking GQDs
on the surface of nanoparticles for drug delivery and imaging [17–19]. Our study proposed an
efficient and convenient one-pot approach to load GQDs into Fe3O4@PPy nanoparticles, which could
avoid complicated binders and be easily extended to other nanoparticles. Fe3O4@PPy nanoparticles
were chosen as model nanoparticles since they were proven to be excellent tumor diagnosis and
treatment platforms, performing multiple diagnostic functions (such as magnetic resonance imaging
and photoacoustic imaging), and have been utilized in various therapies (magnetic hyperthermia
and photothermal therapy) [20]. Combination of the GQDs and magnetic nanoparticles enabled the
function of real-time tracking in the optical-magneto nanoparticles. Moreover, when loading GQDs
into PPy-coated Fe3O4 nanoparticles, longer metabolic processing in the blood and increased delivery
of GQDs were achieved, laying the foundation for the application of GQDs in vivo.

2. Materials and Methods

2.1. Preparation and Characterization

Polyvinyl alcohol (Sinopharm Chemical Reagent Co., Ltd, Shanghai, China) (PVA, 7.5 g) was
dissolved in 100 mL of deionized water. Next, 0.1 g of ferroferric oxide (Sinopharm Chemical Reagent
Co., Ltd, Shanghai, China) was dissolved in 10 mL of deionized water and then mixed with 40 mL
of PVA solution, followed by 30 minutes of stirring. GQDs (0.15 g) were dissolved in 5 mL of
deionized water, then mixed with the above solution and stirred for 30 minutes for uniform dispersion.
The synthesis of used OH–GQDs was carried out according to a previous work of Wang et al. [21].
Subsequently, 0.2 mL of pyrrole liquid was slowly added to the above mixed solution and stirred for
10 min. Then, 0.1 g of ferric chloride hexahydrate (Sinopharm Chemical Reagent Co., Ltd, Shanghai,
China) was added and stirred at room temperature for three hours. Eventually, the solution was
centrifuged five times, washed, and finally dried at 70 ◦C. The obtained nanoparticles were referred
to as GQD-NPs. The as-prepared GQD-NPs were characterized and analyzed by a high resolution
transmission electron microscope (HRTEM; JEM-2010F, JEOL, Tokyo, Japan), X-ray diffraction (XRD,
Bruker D8 Advance X-ray diffractometer, Bruker, Karlsruhe, Germany), Raman spectroscopy analysis
(HORIBA, Montpellier, France), and X-ray photoelectron spectroscopy (XPS; Escalab 250Xi, Thermo
Scientific, Waltham, MA USA). Fluorescent spectra were measured at room temperature with a
fluorescence spectrometer (FLSP920, Edinburgh Instruments, Edinburgh, UK). Magnetic properties
were detected by a vibrating sample magnetometer (Lake Shore VSM 7307, Lakeshore, Columbus,
OH, USA).
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2.2. Cell Toxicity

Murine fibrosarcoma L929 cells were purchased from Peking Union Medical College and cultured
in RPMI 1640 basic medium (Gibco, Carlsbad, CA, USA) supplied with 10% fetal bovine serum (Gibco,
Carlsbad, CA, USA) and 1% penicillin–streptomycin (Gibco, Carlsbad, CA, USA). Cells were seeded
in 96-well plates at 5 × 103 cells per well for 24 h. Then, GQD-NPs with gradient concentrations
(50 μg/mL, 100 μg/mL, 160 μg/mL, 250 μg/mL, 500 μg/mL, and 1000 μg/mL) were added into each well.
The doses of GQD-NPs were selected according to previous studies [3,22–24]. After incubation for
24 h or 48 h, cell viability was measured using a cell counting kit-8 (CCK-8; Dojindo, Kyushu, Japan)
following the manufacturer’s instructions. The cell viability values were all normalized to control
groups (untreated cells after incubation for 24 h or 48 h). The experiments were conducted in triplicate
and the data were expressed as means ± standard deviation. Student’s t-test was used to determine
the level of significance. Differences with p < 0.05 and p < 0.01 were considered statistically significant
and highly significant, respectively.

2.3. In Vivo Tracking

Animal experiments were conducted under the guidance of the Animal Testing Center of Tsinghua
University in accordance with strict animal ethical standards. The BALB/c female mice (5–6 weeks old
and 16–18 g) used in our experiments were purchased from Beijing Weitong Lihua Experimental Animal
Technology Co., Ltd. (Beijing, China). To establish the tumor model, 0.2 mL human breast cancer
cell line MCF-7 cell suspension (5 × 106 cells) was injected subcutaneously into the hind limb of the
nude mice. After the tumor grew to 75–100 mm3, the nude mice were used in the animal experiments.
Each mouse was injected with 0.15 mL of 1 mg mL−1 solution intravenously. Subsequently, the mice
were anesthetized at 6 h, 24 h, 48 h and then placed in supine position. For image acquisition, the
Cellvizio®dual band imaging system (Mauna Kea Technologies, Paris, France) was used to obtain
real-time images of the blood vessels (imaged by tail vein injection of Evans blue under 660 nm
excitation), and GQD-NPs (imaged under 488 nm excitation) at the tumor site.

3. Results and Discussion

The structure of the obtained samples could be clearly seen in the HRTEM image (Figure 1a)
since the outside layer and inside nanoparticles had different contrasts. The HRTEM image (shown in
Figure 1b,c) further illustrated the amorphous coating of the polymer and the inside nanoparticles with
a clear lattice structure. The energy dispersive spectroscopy (EDS) map (Figure 1d–i) demonstrated
that the inside nanoparticles mainly consisted of Fe and O, and the outer layer mainly contained C and
N. GQDs were hardly identified in the HRTEM and EDS images (Figure S1).

X-ray diffraction was employed to further validate the content of the nanocomposites. Peaks in
Figure 2a were ascribed to Fe3O4 [3]. The Raman spectrum of the GQD-NPs was shown in Figure 2b.
The D peak at 1372 cm−1 was generally considered to be the disordered vibration peak of GQDs,
caused by lattice vibrations leaving the center of the Brillouin zone, which characterized the defects or
edges of the GQDs. The peak present at 1582 cm−1 was the G peak, which was a characteristic peak of
GQDs. The G peak was higher than the D peak, indicating the more edged structure of the GQDs [21].
The XPS spectra of GQD-NPs were shown in Figure 2c–g. From Figure 2c, it could be seen that the
nanocomposites consisted of C, N, O and Fe. The C=C peak of C1s in Figure 2d indicated that there
were a large number of conjugated structures in the nanocomposites. The appearance of the C−O
peak revealed that there were both amino groups and hydroxyl groups on the surface of GQDs. In the
spectrum of O1s in Figure 2e, the C−O and O−H peaks further confirmed the presence of hydroxyl
groups on the surface of GQDs. The peak of N–H in Figure 2f was presumed to be the N–H in the
nitrogen-containing ring in PPy. The Fe2p in Figure 2g illustrated the presence of Fe3O4. The XPS
spectra further demonstrated that there were Fe3O4, PPy and GQDs in the nanocomposites [3,21,25].
Studies have shown that excellent fluorescent luminescence performance is one of the most outstanding
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properties of graphene quantum dots [11,26,27]. Therefore, after loading the GQDs, the optical
performance of the nanocomposite would be of concern. As shown in Figure 2h, the GQD-NPs
presented an absorption peak under the excitation wavelength of 490 nm, which was the characteristic
peak of the GQDs. In Figure 2i, the GQD-NPs retained a slightly decreased saturation magnetization
compared to bare Fe3O4, allowing them to perform as a contrast agent for magnetic resonance imaging.

Figure 1. Morphology and elemental analysis of graphene quantum dots (GQDs) loaded nanoparticles:
(a~c) high resolution tranmission electron microscopy (HRTEM) images at different magnifications
(bright field image); (d~i) energy dispersive spectroscopy (EDS) analysis of the nanocomposite; (d)
graph representation, (e) EDS analysis of the nanocomposite (merged), (f) EDS C elemental map, (g)
EDS O elemental map, (h) EDS Fe elemental map, (i) EDS N elemental map.
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Figure 2. Properties of GQD-nanoparticles (NPs): (a) X-ray diffraction (XRD) patterns; (b) Raman
spectrum, the ordered G band and disordered D band were indicated; (c) X-ray photoelectron spectrum
(XPS); (d–g) XPS analysis of C, O, N and Fe, respectively; (h) Photoluminescence (PL) spectra with
the pulsed laser excitations at 490 nm; (i) Magnetizing curve, magnetization (M), magnetic field
strength (H).

The viability of L929 cells incubated with gradient concentrations of GQD-NPs (50 μg/mL,
100 μg/mL, 160 μg/mL, 250 μg/mL, 500 μg/mL, and 1000 μg/mL) for 24 h or 48 h was detected by
CCK8. As shown in Figure 3, after co-incubation for 24 h, there were significant differences between
the groups whose concentrations of GQD-NPs were higher than 50 μg/mL and the control group;
after co-incubation for 48 h, high significant differences were found between all the groups treated
with GQD-NPs and the control group. The outcome illustrated that GQD-NPs exhibited excellent
biocompatibility when the concentration was lower than 250 μg/mL. This particular outcome was in
line with previous studies which investigated the cell toxicity of GQDs [28] or Fe3O4@PPy [22].

9



Materials 2019, 12, 2191

Figure 3. Cell viability of L929 cells incubated with GQD-NPs. The experiments were carried out in
triplicate. Data were presented as mean ± standard deviation (SD) (n = 3). The cell viability values
were all normalized to control groups (untreated cells after incubation for 24 h or 48 h). Asterisk (*) and
double asterisks (**) refer to statistical significance of p < 0.05 and p < 0.01, respectively, compared with
control groups between the cell viability values after co-incubation for 24 h; double pounds (##) refer to
a statistical significance of p < 0.01 compared with control groups between the cell viability values after
co-incubation for 48 h.

Evans blue dye strongly binds to hemoglobin in blood, and is therefore widely used to track the
presence of blood vessels [29]. As seen in Figure 4, prior to injection, a clear vascular system was
displayed at the tumor site under excitation with the 660 nm laser. A few green fluorescence lights were
seen under 488 nm, since some substances in the visible light band would also emit green fluorescence
under visible-light excitation. GQDs were employed in the tracking of nanoparticles in vivo. When the
GQD-NPs were injected for six hours, green fluorescence indicated the presence of GQD-NPs, while
the blood vessels at the tumor site were still clearly visible (red). In the merged image, it could be
seen that a large number of GQD-NPs apeared in the tumor blood vessels, and a small amount of
GQD-NPs penetrated into the surrounding tissues through the tumor blood vessel wall. When the
GQD-NPs were injected for 24 h, the blood vessels at the tumor site were still clearly visible (red), and
there were still many GQD-NPs within the tumor blood vessels (green). As time passed (from 6 h
to 24 h), a large amount of GQD-NPs passed through the tumor vessel wall and penetrated into the
surrounding tissues as for the enhanced permeability and retention (EPR) effect, achieving enrichment
in the tumor tissues. When the GQD-NPs were injected for 48 h, there were still fluorescence signals of
the GQD-NPs (green) in the tumor tissues and the blood vessels, but the fluorescence signals in the
tumor tissues were significantly weakened (relative to 24 h). This indicated that more GQD-NPs had
been metabolized. Thus, reduced enrichment of the GQD-NPs at the tumor site was found. The results
illustrated that by loading GQDs into nanoparticles, the dynamic changes of nanoparticles could be
tracked in vivo.
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Figure 4. Fibered confocal fluorescence microscopic (FCFM) images of GQD-NPs (imaged under 488
nm excitation, green) and blood vessels (imaged by tail vein injection of Evans blue under 660 nm
excitation, red) in tumor tissues over time.

4. Conclusions

The one-pot method of loading graphene quantum dots (GQDs) was proposed as a means to
modify nanoparticles for fluorescent imaging. GQDs were loaded into the optical-magneto Fe3O4@PPy
nanoparticles instead of on the surface. The morphology, components, optical and magnetic properties,
biocompatibility and biomedical application of the GQD-loaded optical-magneto nanoparticles were
investigated. The GQD-loaded optical-magneto nanoparticles performed as an excellent tacking agent,
highlighting the potential application of GQDs in tracking the real-time distribution and metabolism
of nanoparticles in vivo.
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Figure S1: Hydrodynamic size of GQDs-NPs nanocomposites.
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Abstract: Total alkaloids of Alstonia scholaris leaves (ASAs) are extracted from the lamp leaves, which
have positive anti-inflammatory activity and remarkable effects in treating bronchitis. Due to its
short half-life, we used a degradable mPEG-PLA to physically encapsulate the total alkali of the lamp
stage, and prepared a sustained-release microsphere by double-emulsion method. The ASAs-loaded
mPEG10000-PLA microspheres were screened for better performance by testing the morphology,
average particle size, embedding rate and drug loading of different molecular weight mPEG-PLA
microspheres, which can stably and continuously release for 15 days at 37 ◦C. The results of cytotoxicity
and blood compatibility indicated that the drug-loaded microspheres have beneficial biocompatibility.
Animal experiments showed that the drug-loaded microspheres had a beneficial anti-inflammatory
effect. These results all indicated that mPEG-PLA is a controlled release carrier material suitable
for ASAs.

Keywords: total alkaloids from Alstonia scholaris leaves; mPEG-PLA; microspheres; drug release;
biocompatibility

1. Introduction

Respiratory diseases are common and frequently occurring diseases whose incidence has increased
in recent years. Inhalation of dust and irritating gases are the main causes of respiratory diseases, which
cause tremendous harm to human health [1]. Alstonia scholaris leaves, a traditional Chinese medicine
from the Dai nationality, are mainly used to treat chronic respiratory diseases [2]. A. scholaris leaves are
also used as a traditional medicine to treat respiratory diseases in India, Malaysia, the Philippines, and
Thailand [2]. A. scholaris leaf extracts, especially alkaloids, are widely used to treat bronchitis and have
significant efficacy [3–7]. Luo et al. studied A. scholaris leaves and found an alkaloid component that
beneficial effects respiratory diseases. This component has a positive effect on bronchitis and post-cold
infections [8,9]; however, its half-life is short, which limits its clinical application.

Research and development of sustained-release formulations have always been a focus in drug
research and have gradually begun to solve the problem of short half-lives. In recent years, polymer
nanoparticles have shown to be efficient drug carriers for encapsulating drugs [10]. At present,
designing and selecting drug nanocomposites has mainly focused on amphiphilic block copolymers.
Polyethylene glycol (PEG) is often used in the hydrophilic segment of the copolymers, while many
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homopolymers, copolymers and derivatives of degradable polymers, such as polylactic acid (PLA),
polyglycolic acid (PGA) and polycaprolactone (PCL), are used in the hydrophobic segment [11–14].
Methoxy poly(ethylene glycol)-poly(lactide) copolymer (mPEG-PLA) is an amphiphilic polymer
formed by grafting mPEG onto PLA. mPEG-PLA has excellent biocompatibility, a low molecular
weight, and many hydroxyl groups and is nontoxic and widely used as a coating material in
drug-delivery systems [15,16]. PEG blocks can improve the polymer’s hydrophilicity and flexibility,
prevent protein adsorption and avoid recognition and phagocytosis by the reticuloendothelial system
(RES). PEG encapsulates the drug to form the “core”, while the “shell” is formed by the outside
hydrophobic segment, which constitutes the typical “core-shell” structure, with great advantages for
drug release [17–19]. Therefore, in this work, total alkaloids from A. scholaris leaves (ASAs) were
studied, and mPEG-PLA with different molecular weights was used as the carrier material. A series of
drug-loaded microspheres were prepared by the water-oil-water (W/O/W) double-emulsion technique.
Based on the morphology, particle size, encapsulation efficiency (EE), drug-loading efficiency (LE),
and in vitro drug release of the prepared microspheres, the best drug-loaded materials were screened
out, and then the biological properties of its drug-loaded microspheres such as cytotoxicity, blood
compatibility and anti-inflammatory activity were studied.

2. Materials and Methods

2.1. Materials

L-lactide was purchased from Purac Co., Ltd. (Shanghai, China). Dichloromethane (DCM),
ethanol, tert-butyl methyl ether, and isopropanol were purchased from Tianjin Damao Chemical
Reagent Co., Ltd. (Tianjin, China) and were all analytical grade. ASAs were purchased from Kunming
Institute of Botany, Chinese Academy of Sciences, batch number 20180501 (Kunming, China). ASAs
is a mixture of brown solid powder. Two of main active ingredients are Vallesamine and Picrinine,
which were detected by HPLC with peak times of 43.133 min and 72.190 min. NaH2PO4, KH2PO4,
and NaCl were purchased from Chengdu Chron Chemicals Co., Ltd. (Chengdu, China). Stannous
octoate (95%, analytical grade) and polyvinyl alcohol (PVA; Mw = 75,000 Da and 88% alcoholysis
degree) were purchased from Shanghai Jingchun Chemicals Co., Ltd. (Shanghai, China). mPEG
(Mw 5000) was purchased from Shanghai Seebio Biotechnology Co., Ltd. (Shanghai, China). HL-7702
cells (normal human hepatocytes) were purchased from Procell Life Sciences and Technology Co.,
Ltd. (Wuhan, China). High glucose and 1640 medium were provided by HyClone Company.
The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) was purchased from
APExBIO (Houston, TX, USA). High-quality fetal bovine serum (FBS) was purchased from Shanghai
ExCell Bio Co., Ltd. (Shanghai, China). Ethylenediaminetetraacetic acid (EDTA)-trypsin solution,
cyan-streptomycin, and cisplatin were provided by Solarbio (Shanghai, China). Kunming mice,
Sprague-Dawley (SD) rats, and rabbits were purchased from Kunming Medical University (Kunming,
China). Dengtaiye Pian (DP) was purchased from Yunnan Datang Hanfang Pharmaceutical Co.,
Ltd. (Kunming, China). Aspirin was purchased from Bayer HealthCare Manufacturing Co., Ltd.
(Beijing, China).

2.2. Preparation of mPEG-PLA

mPEG-PLA was prepared by ring-opening polymerization. L-LA (18 g) and mPEG (2 g) were
putted in reaction flask as raw materials. Protected by nitrogen, catalyzed by stannous octoate (0.02 g),
the mPEG-PLA was polymerized at 130–160 ◦C for 24 h. Using recrystallization, the product was
precipitated by methylene chloride and ethanol. Product was filtered and washed with hot water to
remove the mPEG bulk polymer. The obtained product was dried with P2O5 for 48 h to obtain a white
copolymer. Figure 1 shows the synthesis process.
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Figure 1. The synthesis process of mPEG-PLA.

2.3. Determination of Molecular Mass

3 mg copolymer were dissolved in 1 mL chromatography grade THF and was filtered by using
a 0.45 μm nylon 66 filter membrane. Then using gel permeation chromatography (GPC) which was
purchased from Waters Inc. (Milford, MA, USA) to define the molecular weight and distribution of the
compounds, and THF was used as the eluent. The system is equipped with a column (7.8 × 300 mm,
Waters Styragel, Waters Inc., Milford, MA, USA), a Waters 515 pump and a Waters 2414 refractive
index detector. When the column temperature of GPC is 40 ◦C, the flow rate is 1 mL/min, and the
baseline is smooth. The filtrate was pulled into an injection needle, and the sample was slowly and
uniformly injected into the sampler when the air was removed. All data were obtained under the same
standard curve.

2.4. Preparing the Blank and ASAs-Loaded mPEG-PLA Microspheres

The ASAs-loaded mPEG-PLA microspheres were prepared using the W/O/W double-emulsion
technique. First, 100 mg of ASAs were dissolved in 1 mL methanol solution, which was the internal
water phase (W1). The 500-mg mPEG-PLA copolymer material was weighed and completely dissolved
in 10 mL of methylene chloride as the oil phase (O). The external water phase (W2) was a 2% PVA
solution. Next, the ASAs solution was injected into the oil phase in an ice bath at a constant rate.
The mixture was emulsified at high speed (21,000 rpm) for 2 min to form the first emulsion. Similarly,
the first emulsion was continuously dropped into 20 mL of 2% PVA (W2) in an ice bath and emulsified
at high speed (21,000 rpm) for 2 min to form a double emulsion. The double emulsion was poured
into 400 mL of 5% isopropanol solution and stirred at low speed at room temperature for 6 h. After
the organic solvent had completely evaporated, the ASAs-loaded microsphere solution was obtained.
Finally, the ASAs-loaded microsphere solution was centrifuged (6500 rpm, 10 min), and the supernatant
was discarded. The microspheres were collected (white solid), washed with pure water 3 times, and
lyophilized at −50 ◦C for 24 h. The obtained microspheres were dried at −20 ◦C. Blank microspheres
were prepared by the same method.

2.5. Morphology, Particle size and Particle Size Distribution of the Microspheres

The morphological characteristics of the ASAs-loaded mPEG-PLA microspheres were observed
using SEM (NOVA NANOSEM-450, FEI, Hillsboro, OR, USA). Conductive adhesive tape was applied
to the surface of the loading platform. A few lyophilized microspheres (white powder) were evenly
spread on a conductive adhesive, and the surface was sprayed with gold to observe. The particle
size distribution of the microspheres was measured using a laser particle-size analyzer (Mastersizer
3500, Microtrac, Malvern, UK). A small portion of the microsphere suspension was diluted in a 15 mL
centrifuge tube until the solution became nearly transparent. The particle size distribution of the
microspheres was determined using a particle-size analyzer.

2.6. Measuring the EE of the Microspheres

Twenty milligrams of lyophilized microspheres were weighed, and 500 μL of methylene
chloride was added to completely dissolve them. Next, 2 mL of methanol solution was added.
After centrifugation, the supernatant was filtered through a 0.45-μm microfiltration membrane. Next,
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20 μL of filtered solution was injected via HPLC, and the area normalization method was used to
calculate the EE% and LE% using the following equations.

LE% =
weight of ASAs in microspheres

total weight of microspheres
× 100%

EE% =
weight of encapsulated drug
weight of initial drug loading

× 100%

2.7. In Vitro Microsphere Release

Fifty milligrams of lyophilized microspheres were weighed and placed in a 15 mL centrifuge
tube, then 5 mL of phosphate buffer saline (PBS) was added and shaken in a thermostatic oscillator
at 37 ◦C. The tube was removed at set time intervals and centrifuged at 5000 rpm for 6 min. Next,
1 mL of the release solution was removed from the supernatant, an equal amount of fresh PBS was
added to the tube, and the tube was placed back in the thermostatic oscillator and shaken at 37 ◦C.
The ASAs content in the release solution was determined by HPLC, and the cumulative drug release
amount was calculated using the following formula [20]. The amount (%) of the released ASAs-loaded
microspheres was plotted against the release time (t, in days) to obtain the in vitro release curve of
the microspheres.

Q = Cn ×V1 + V2

∑
Cn−1

Q: cumulative drug release (μg);
Cn: concentration of the release solution (μg/mL) removed at time t;
V1: volume of the released medium (mL);
V2: volume of the medium to be withdrawn each time (mL).

2.8. In Vitro Microsphere Degradation

Fifty milligrams of lyophilized microspheres were weighed and placed in a 15 mL centrifuge tube,
and then, 5 mL of PBS was added and shaken at 37 ◦C. The tube was removed at set time intervals
and centrifuged at 5000 rpm. The supernatant was collected to determine the pH changes in the
microspheres. Buffer salts on the microsphere surface were washed with pure water and frozen at
−50 ◦C for 24 h. The microspheres were weighed using an analytical balance, and the dry weight
loss of the degraded microspheres was calculated. The molecular weight of 3 mg of the lyophilized
microspheres was measured via GPC. The pH value, the microsphere weight and the relative molecular
weight (Mn) were separately plotted against degradation time to obtain the in vitro degradation curve
of the microspheres.

2.9. Blood Compatibility Testing of The Microspheres

All the trials were approved by the laboratory animals Ethics Committee of Yunnan Minzu
University and were registered on the Kunming Science and Technology Bureau (SYXK (Yunnan)
K2017-0001, 16 January 2017).

2.9.1. Hemolysis Experiment

The samples were dissolved in deionized water (DI water), and the solutions were prepared at
concentrations of 10.6 μg/mL, 1.06 mg/mL, and 0.106 mg/mL. Eight milliliters of fresh anticoagulated
rabbit blood (blood mixed with sodium citrate at a volume ratio of 9:1) was diluted with 10 mL of 0.9%
sodium chloride solution. Two hundred microliters of the sample was placed in a test tube, and 5 mL
of 0.9% sodium chloride solution was added. The tube was then kept in a 37 ◦C water bath for 30 min.
Next, 100 μL of diluted blood was added, and the mixture was gently mixed and incubated for 60 min.
The positive control was treated with 5 mL DI water and 100 μL blood (D = 0.8 ± 0.3). The negative
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control was treated with 5 mL 0.9% NaCl solution and 100 μL blood. After centrifugation at 800 r/min
for 5 min, the supernatant was transferred into a cuvette, and an ultraviolet (UV) spectrophotometer
was used to measure the absorbance at 540 nm. Hemolysis of the sample was calculated per the
formula below. The final sample concentrations were 40 μg/mL, 4 μg/mL, and 0.4 μg/mL. The material
was considered hemolyzed when the hemolysis rate was above 5% [21–27].

Hemolysis rate(%) =
Abssample− Absnegative control

Abspositive control− Absnegative control
×100%

2.9.2. Coagulation Experiment

The samples were dissolved in distilled water to prepare solutions with concentrations of
245.2 μg/mL, 24.52 μg/mL, and 2.452 mg/mL. The final concentrations were 40 μg/mL, 4 μg/mL, and
0.4 μg/mL. Next, 200 μL of the solution was placed in a 15-mL centrifuge tube and kept at 37 ◦C for
5 min. Fifty microliters of fresh anticoagulated rabbit blood was added to the samples, which were
and kept at a constant temperature for 5 min. Ten microliters of aqueous calcium chloride solution
(0.2 mL/L) was added to the blood sample, and the centrifuge tube was shaken to evenly mix the
calcium chloride and blood and kept at a constant temperature for 5 min. The centrifuge tube was then
removed, 12 mL of DI water was added to the solution, and the supernatant was collected. The blood
was measured at 540 nm using a UV spectrophotometer. The optical absorbance (i.e., the optical density
[OD] of the free hemoglobin remaining in the beaker containing 50 μL of whole blood treated with
12 mL of DI water) was used as a reference. The average of 5 measurements was taken. The sample’s
anticoagulant activity was expressed as the relative absorbance [28,29]:

BCI =
Io

Iw
× 100%

Io: relative absorbance of the mixture of blood and calcium chloride after contact with the sample for a
set period of time;
Iw: relative absorbance of blood mixed with a certain amount of DI water.

2.10. Cytotoxicity of The Microspheres

2.10.1. Cell Culture

Normal human hepatocytes (HL-7702) were inoculated into culture flasks, and RPMI-1640 medium
(containing 10% FBS, 100 U/mL penicillin, and 100 U/mL streptomycin) was added. Cells were cultured
in a 5% CO2 incubator at 37 ◦C. Cells grew as monolayers adherent to glass and were passaged once
every 3–5 days using 0.25% trypsin.

2.10.2. MTT Assay of Sample Inhibition on Tumor Cell Proliferation

HL-7702 cells (180 μL; 5 × 104 cells/mL) in the logarithmic growth phase were inoculated in a
96-well plate, and 20 μL of the sample was added to each well after incubating overnight. Three
concentration gradients were set with 3 wells per concentration. After a 48-h incubation, 20 μL of
5 mg/mL MTT was added to each well, and the cells were continuously cultured for 4 h. The culture
medium was aspirated and discarded, and 150 μL dimethylsulfoxide (DMSO) was added to terminate
the reaction. The plate was shaken for 15 min in a shaker. The OD value at 490 nm was measured in a
microplate reader [30,31], and the inhibition rate was calculated [32]:

Cell viability =
ODsample

ODnegative control
× 100%
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2.11. Anti-Inflammatory Activity Testing of The Microspheres

To determine the influence of xylene-induced auricle swelling on the mice [33], 35 Kunming
mice (19–22 g) were randomly divided into 7 groups by body weight and sex, with 5 mice per group.
Except for the aspirin group, only one intragastric administration on the day of the experiment,
the other groups were pre-administered once daily for 3 consecutive days. The control group was
administered the same volume of 1% CMC-Na (carboxymethyl cellulose-sodium). The gavage volume
was 20 mL/kg per group. Thirty minutes after the last gastric gavage, 0.05 mL of xylene was evenly
applied on both sides of each mouse’s right ear, while the left ear was used as the control. The mice
were sacrificed via cervical dislocation 1 h after inflammation. The same area of both ears was cut off
using a 10-mm-diameter puncher, and the weight difference between the two ears was used as the
swelling degree.

To determine the influence of the egg-white-induced pedal swelling in the rats, 35 male SD rats
(170–220 g) were randomly divided into 7 groups by body weight, with 5 rats per group. All groups
were intragastrically administered the microspheres once daily for 3 consecutive days, except the aspirin
group, which received the microspheres via intragastric administration on the day of the experiment.
The control group received the same volume of 1% CMC-Na (carboxymethyl cellulose-sodium).
The gavage volume was 10 mL/kg per group. Thirty minutes after the last gastric gavage, 0.1 mL of
fresh egg white was injected subcutaneously into the pedal of the right rear foot of each rat to induce
inflammation. The foot areas before inflammation and at 0.5, 1, 2, 3, 4, and 5 h after inflammation were
measured. The difference in the foot area before and after inflammation was determined as the degree
of swelling, and the swelling rate was calculated.

Swell rate =
At1 −At0

At0
× 100%

At0: foot area before administration
At1: foot area after administration

3. Results and Discussion

3.1. Characterization of Copolymer mPEG-PLA

Figure 2 shows the nuclear magnetic resonance (NMR) spectra of the mPEG-PLA copolymer.
The 1H NMR image shows the characteristic peaks of hydrogen in the mPEG-PLA. The peaks at
5.19 ppm and 1.5 ppm correspond to the PLA’s methine and methyl peaks, respectively. The methylene
peak at 3.6 ppm is the repeating unit in the PEG. The peak at 3.39 ppm corresponds to the hydrogen
of the CH3O- group of the mPEG at the end of the copolymer. NMR spectroscopy was performed at
25 ◦C (Bruker 400 MHz, Karlsruhe, Germany).

Figure 3 shows the mPEG-PLA gel permeation chromatography (GPC) curve with the different
molecular weights of mPEG. Data were processed using different molecular weights of polystyrene as
the reference material. Table 1 shows the weight-average molecular weight (Mw), number-average
molecular weight (Mn) and polydispersity index of the molecular weight distribution (PDI) of the
copolymer. The obtained copolymers have relatively small PDIs and relatively uniform molecular
weights. Four copolymers with different molecular weights were prepared by copolymerization
of four mPEG with the same amount of L-LA. The GPC curves show that the different molecular
weights of the four mPEG-PLA, they all have a single peak, indicating that no other copolymers were
formed. The copolymer synthesized from mPEG of different molecular weights, wherein the larger
the molecular weight of mPEG, the higher the molecular weight of the obtained copolymer and the
shorter the peak time of the copolymer, which is consistent with the results obtained by the GPC test.
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Figure 2. 1H nuclear magnetic resonance (NMR) spectrum of mPEG-PLA.

Figure 3. Gel permeation chromatography (GPC) of mPEG-PLA.

Table 1. The Mn, Mw and PDI of different molecular weight of mPEG-PLA.

Sample
Mn 1

(g·mol−1)
Mn 2

(g·mol−1)
Mw 1

(g·mol−1)
PDI 1

mPEG550-PLA 4013 4097 4540 1.13
mPEG2000-PLA 5489 5504 6320 1.15
mPEG5000-PLA 7378 7419 8637 1.17
mPEG10000-PLA 11,307 11,416 12,889 1.14

1 Determined by GPC via a universal calibration curve and appropriate Mark−Houwink parameters for THF.
2 Calculated by 1H NMR. Mn: The number-average molecular weight; Mw: The weight-average molecular weight;
PDI: polydispersity index of the molecular weight distribution.
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3.2. Morphology and Size Distribution of the Microspheres

Figure 4 shows the scanning electron microscopy (SEM) images of the mPEG-PLA microspheres
loaded with ASAs. Figure 4A shows mPEG550-PLA microspheres, which have a small particle
diameter, a round smooth spherical shape, and no obvious adhesion. Figure 4B shows mPEG2000-PLA
microspheres with small pores on the surface and varied particle sizes. Figure 4C shows mPEG5000-PLA
microspheres with a few small pores on the surface and with different pore sizes and numbers.
Figure 4D shows mPEG10000-PLA microspheres. Compared with the mPEG550-PLA, mPEG2000-PLA,
and mPEG5000-PLA microspheres, the mPEG10000-PLA’s particle size is larger, its surface has few
small pores and its shape is smooth. The adhesion is due to the relatively large molecular weight of
the mPEG-PLA copolymer. The pores on the surface are caused by water molecule diffusion during
lyophilization. Figure 5 shows the particle size distribution of the mPEG-PLA microspheres loaded
with ASAs using a laser particle-size analyzer (Mastersizer 3500, Microtrac, Malvern, UK). The average
diameter of the mPEG550-PLA microspheres was 1.803 ± 0.21 μm, and the PDI was 0.15. The average
diameter of the mPEG2000-PLA microspheres was 2.083 ± 0.17 μm, and the PDI was 0.14. The average
diameter of the mPEG5000-PLA microspheres was 2.631 ± 0.2 μm, and the PDI was 0.20. The average
diameter of the mPEG10000-PLA microspheres was 3.84 ± 0.30 μm, and the PDI was 0.18(Table 2). These
results are nearly the same as those shown in the SEM images. The experimental results showed that
the diameters of the 4 microspheres were smaller than 5 μm, indicating that these microspheres are
suitable for oral of drug delivery, which is consistent with the study by Wei et al. [34].

Figure 4. Scanning electron microscopy (SEM) images of mPEG-PLA microsphere. (A) mPEG 550-PLA,
(B) mPEG 2000-PLA, (C) mPEG5000-PLA, (D) mPEG10000-PLA. The magnification of SEM image
was 2000.
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Figure 5. Size distribution of mPEG-PLA microsphere.

3.3. Drug Loads

mPEG-PLA microspheres loaded with ASAs were prepared using the W/O/W double-emulsion
technique, and the EE and LE were measured by high-performance liquid chromatography (HPLC;
Table 2). With the increased molecular weight, the microsphere’s EE and LE increased, with trends
similar to those of the mPEG-PLA microspheres loaded with recombinant human growth hormone
(rhGH) prepared by Yi et al. [35]. While preparing the microspheres, a portion of the drug diffused into
the external water phase due to solvent evaporation, resulting in drug loss. A copolymer with a high
molecular weight has a large molecular gap, enabling the drug to diffuse outward, thus increasing
drug loss.

Table 2. The average diameter, PDI, EE, LE of mPEG-PLA microspheres loaded ASAs.

Sample Average Diameter (μm) 1PDI 1EE (%) 1LE (%)

mPEG550-PLA 1.803 ± 0.21 0.15 53.97 ± 2.57 2.71 ± 0.21
mPEG2000-PLA 2.083 ± 0.17 0.14 62.78 ± 3.44 3.05 ± 0.11
mPEG5000-PLA 2.631 ± 0.20 0.20 70.28 ± 3.61 4.14 ± 0.12
mPEG10000-PLA 3.840 ± 0.30 0.18 75.12 ± 4.25 5.17 ± 0.19

1PDI: polydispersity index of the particle size distribution. EE: encapsulation efficiency. LE: loading efficiency.

3.4. Analysis of In Vitro Microsphere Release

Figure 6 shows the release curve of mPEG-PLA microspheres loaded with ASAs in
phosphate-buffered saline (PBS) (pH = 7.40). The cumulative amount of mPEG550-PLA microspheres
released on the first day was 24.32 ± 0.37%, and then, the release rate slowed, reaching 64.38 ± 1.21%
after a two-week stable release. The cumulative amount of mPEG2000-PLA microspheres released
on the first day was 20.74 ± 0.29%, and then, the release rate slowed, reaching 57.09 ± 1.28% after a
two-week stable release. The cumulative amount of mPEG5000-PLA microspheres released on the first
day was 19.54 ± 0.22%, and then, the release rate slowed, reaching 52.45 ± 1.28% after a two-week
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stable release. The cumulative amount of the mPEG10000-PLA microspheres released on the first day
was 15.03 ± 0.51%, and then, the release rate slowed, reaching 45.12 ± 1.04% after a two-week stable
release. The relatively large amount of the drug released on the first day occurred because a small
amount of the drug adhered to the microsphere surface when the microspheres encapsulated the drug.
With the microsphere’s increased molecular weight, in vitro release of the drug from the microspheres
was relatively slow. The release time of the mPEG-PLA microspheres in this study was longer than that
of the microspheres prepared by Zheng et al. [36] and Xiong et al. [37], indicating that the mPEG-PLA
was well encapsulated on the ASAs.

Figure 6. Release curve of mPEG-PLA microspheres loaded ASAs in PBS

3.5. Analysis of In Vitro Microsphere Degradation

Based on the morphology, particle size, EE, LE, and in vitro microsphere release, we selected
mPEG10000-PLA as the optimal microspheres for the study. Figure 7 shows the degradation process of
the ASAs-loaded mPEG10000-PLA microsphere. The figure shows the changes in the microsphere’s dry
weight, system pH and molecular weight over time. In PBS (pH = 7.40, 10 mM), the three curves all
decreased with time. Within 60 days, the microspheric pH decreased from 7.40 to 5.89, the microspheres
lost 47.16% of their dry weight, and their molecular weight dropped from 10307 Da to 8258 Da. As its
degradation progressed, the mPEG-PLA was hydrolyzed to produce CO2, which was dissolved in
water to decrease the pH. mPEG-PLA is an amphiphilic material that absorbs water in PBS and breaks
the hydrophilic segment, thus decreasing the molecular weight. As the hydrophilic segment breaks,
the molecular weight of the copolymer decreases, resulting in a loss of copolymer quality. Li et al. [38]
studied the degradation of mPEG-PLA nanoparticles and found that the mPEG-PLA degraded very
slowly, and the Mn decreased by 27.6% within 30 days. Simone [39] et al. studied the polymer
degradation conditions at pH and found that the pH decreased correspondingly over time, which is
similar to the mPEG-PLA degradation trend in this study.
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Figure 7. The degradation process of the ASAs-loaded mPEG10000-PLA microspheres in the phosphate
buffer saline (PBS) (pH = 7.40): the pH (A) Mn (B) and mass (C) changed with time.

3.6. Analysis of In Vitro Hemolytic Properties of Microspheres

Figure 8 shows the hemolysis and anticoagulation rates of the ASAs-loaded mPEG10000-PLA
microsphere, the mPEG10000-PLA, and the ASAs. The hemolysis rates of the ASAs-loaded
mPEG10000-PLA microsphere, the mPEG10000-PLA, and the ASAs increased as the concentration
increased but did not exceed 5% at 40 μg/mL. Studies have shown that hemolysis rates below 5%
indicate blood compatibility, which is consistent with the International Organization for Standardization
(ISO) hemolysis standard, indicating applicability for intravenous injection. The anticoagulant chart
shows that the blood clotting index (BCI) increases as the concentration increases, indicating that its
anticoagulant activity increases as the sample concentration increases.

Figure 8. Hemolytic activity (A) and blood clotting index (B) of the ASAs-loaded mPEG10000-PLA
microsphere. * P < 0.05 and ** P < 0.01, compared with control, and the whole blood sample with the
ASAs was used as a control.
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3.7. In Vitro Cytotoxicity Analysis of The Microspheres

Figure 9 shows the cytotoxicity of the ASAs-loaded mPEG10000-PLA microspheres, the mPEG10000-PLA,
and the ASAs to the HL-7702 (normal human hepatocyte) cell line. To study the cytotoxicity of the
ASAs-loaded mPEG10000-PLA microspheres, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was used to detect HL-7702 cell viability under different concentrations of
ASAs-loaded mPEG10000-PLA microspheres, mPEG10000-PLA, and ASAs. Figure 8 shows the toxicity
at concentrations from 0.4 μg/mL to 40 μg/mL. The results showed that mPEG10000-PLA microspheres
could be used for drug loading. The microspheres prepared by Song et al. [40] showed that the HL-7702
cells were dose- and time-dependent, and as the concentration increased, the HL-7702 cell survival
rate decreased, which is similar to the HL-7702 cell viability under the ASAs in this study.

Figure 9. The cytotoxicity of the ASAs-loaded mPEG10000-PLA microspheres, the mPEG10000-PLA, and
the ASAs to the HL-7702 cells. * P < 0.05 and ** P < 0.01, compared with control, and the whole blood
sample with the ASAs was used as a control.

3.8. Analysis of the Microspheric Anti-Inflammatory Activity

Table 3 shows the effect of the ASAs on xylene-induced auricle swelling in mice. The ASAs-loaded
microspheres significantly inhibited the xylene-induced auricle swelling in the mice. The effect of the
ASAs-loaded microspheres at 10 mg/kg was comparable to that of the 0.3 g/kg DP, and the efficacies at
20 and 40 mg/kg were stronger than that of 10 mg/kg aspirin.

Table 3. Effect of the ASAs on xylene-induced auricle swelling in mice.

Group Doses (/kg) Auricular Swelling Degree (x ± s, mg) Inhibition Rate (%)

Control — 50.85 ± 3.61 —
Aspirin 10 mg 34.65 ± 2.90 31.86%

DP 0.3 g 37.65 ± 3.04 25.96%
ASAs 0.1 g 39.65 ± 0.78 22.03%

10 mg 39.00 ± 2.69 23.30%
Loaded 20 mg 31.35 ± 6.86 38.35%

microspheres 40 mg 27.65 ± 7.57 45.62%
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Table 4 shows the effect of the ASAs on egg-white-induced pedal swelling in rats. The ASAs-loaded
microspheres significantly inhibited the egg-white-induced pedal swelling in the rats, and the action
time of the ASAs-loaded microspheres at 20 mg/kg was longer than that of the DP, and the action time
of ASAs-loaded microspheres at 80 mg/kg was similar to that of aspirin.

Table 4. Effect of the ASAs on egg-white-induced pedal swelling in rats.

Group Doses (/kg)
Inhibitory Swelling Rate of Sole (%)

1h 2h 3h 4h 5h

Control — — — — — —
Aspirin 20 mg 66.77 62.07 57.02 52.17 49.55

DP 0.24 g 68.81 65.86 60.39 57.31 54.48
ASAs 0.16 g 78.97 69.99 68.29 60.14 57.87

Loaded
microspheres

20 mg 51.73 47.12 43.72 38.97 35.14
40 mg 59.62 55.47 46.64 44.61 41.78
80 mg 75.37 73.22 65.14 58.07 55.27

4. Conclusions

ASAs-loaded mPEG-PLA microspheres were successfully prepared using the W/O/W
double-emulsion technique. The comprehensive results for the microspheres, including particle
size, EE, LE, in vitro release and other tests, showed that mPEG10000-PLA microspheres performed
excellently. The particle size of ASAs-loaded mPEG10000-PLA microspheres was 3.84 ± 0.30 μm, the EE
was 75.12 ± 4.25%, and the LE was 5.17 ± 0.19%. The microspheres sustained release for 15 days in a
simulated human environment, with beneficial biocompatibility at 40 μg/mL, and showed no toxicity
to HL-7702 cells. It significantly inhibited auricle swelling in mice and pedal swelling in rats. These
results indicate that mPEG-PLA is a carrier material suitable for controlled ASAs release.
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Abstract: Minitablets in orodispersible form constitute a flexible drug delivery tool for paediatric
and geriatric population as they eliminate the risk of chocking and do not require drinking water in
the application. Due to their direct contact with taste buds, taste sensation is an important factor.
Preparing microparticles with taste masking polymers utilizing spray drying is an efficient technique
for reducing the bitterness of drugs. Ethylcellulose is a hydrophobic polymer widely used as a taste
masking material. Rupatadine fumarate, one of the newest antihistamines, features an intensive
bitter taste, hence in designing orodispersible formulations, achieving an acceptable taste is a crucial
issue. The main objective of this work was to formulate orodispersible minitablets containing taste
masked ethylcellulose-based microparticles with rupatadine fumarate and evaluation of their quality,
especially in terms of taste masking efficacy. The accessed data indicated that all obtained minitablets
were characterized by beneficial pharmaceutical properties. Three independent methods: in vivo with
healthy volunteers, in vitro drug dissolution, and “electronic tongue” confirmed that all designed
formulations provided satisfactory taste masking rate and that formulation F15 (prepared with
Pearlitol® Flash and Surelease® microparticles with rupatadine fumarate) was characterized by the
lowest bitterness score.

Keywords: ethylcellulose; spray drying; microparticles; rupatadine fumarate; orodispersible
minitablets; taste masking

1. Introduction

The challenge of modern pharmaceutical technology is designing easy-to-administer drug dosage
forms where the dose is sufficiently flexible to enable proper application and dose titration both
to paediatric and adult patients. The currently available formulations that might be used in any
age population are primarily liquids. However, the barrier of their utilization are difficulties in
effective taste masking of bitter active pharmaceutical ingredients (API), the necessity of applying a
large volume of medical preparation to adults, as well as low physicochemical and microbiological

Materials 2020, 13, 2715; doi:10.3390/ma13122715 www.mdpi.com/journal/materials31



Materials 2020, 13, 2715

stability. Therefore, new technological solutions and strategies are being sought, as the appropriate
drug formulation should be acceptable for a wide age group, in terms of organoleptic properties
(taste, smell, appearance) to ensure regular intake of medicine, even while prolonged therapy. In case
of solids, a crucial element that decides if they are swallowed, is their size—the smaller the unit,
the easier application [1–4].

The solid drug dosage form, which connects the advantages of liquids (flexibility of dosing, ease
of swallowing) with the qualities of solids (taste masking, stability), as well as enables individual
dose adjustments for patients of all ages are minitablets (MT). MT are created for those encountering
difficulties with application of larger tablets or as a form providing the possibility of dose titration by
“multiplication”, which allows the use of one product for the entire age population. The appropriate
dose is determined by the number of MT administered (e.g., children of different ages will take different
number of MT as one dose). MT are characterized by small sizes of one to three millimeters and mass
of 5–25 mg. They are produced like traditional tablets, using existing technologies and production
lines, as well as standard tableting blends. A promising type of MT are orodispersible minitablets
(ODMT), which are characterized by very short disintegration and dissolution rates. ODMT are
particularly recommended for patients with swallowing problems, by eliminating the risk of choking
to a minimal [5–11].

The major limitation in designing orodispersible formulations is unpleasant taste of API.
Insufficient taste masking effect of medicine is the most common reason for refusing of taking the
preparation [12]. Taste masking techniques can be divided in two main groups: chemical modifications
of API to reduce its solubility or creating a physical barrier between drug molecules and taste
receptors. The first group includes primarily conversion into a prodrug (ester, salt), complexation with
cyclodextrins, or ion exchange resins. The second mechanism involves designing microparticles or
coatings using polymers having limited solubility in the oral cavity environment. A useful method of
decreasing unsavory taste of a medicine is obtaining microparticles utilizing taste masking polymers.
There are several technologies for preparing microparticles, among which spray drying is one of the
most effective and efficient [12–16].

The aim of the following paper was to create ODMT containing microparticles with rupatadine
fumarate (RUP) as a model bitter drug. Microparticles were obtained employing the spray-drying,
utilizing ethylcellulose as a barrier forming polymer. In our previous work, microparticles prepared
using different forms of EC were compared. The microparticles prepared with an aqueous
dispersion of EC were found to have better properties in terms of taste masking effectiveness
and morphology [17], therefore they were used to formulate ODMT. ODMT were evaluated regarding
their morphological structure utilizing scanning electron microscopy (SEM), uniformity of weight and
thickness, mechanical properties, drug content, and potential interactions occurring using differential
scanning calorymetry. Disintegration time was evaluated in vivo by healthy volunteers on petri dishes
and with texture analyzer usage. The crucial test—assessment of taste masking effect was carried
out according to three alternative approaches: in vivo, by the drug dissolution and with electronic
tongue utilization.

2. Materials and Methods

2.1. Materials

Aquacoat® ECD was donated from FMC BioPolymer, Newark, NJ, USA. Surelease® E-7-19040
was given from Colorcon Inc., Harleysville, PA, USA. Parteck® ODT was received from Merck KGaA,
Darmstadt, Germany. SmartEx® QD-50 was handed over from Shin-Etsu Chemical Co., Ltd., Tokyo,
Japan. F-Melt C was purchased from Fuji Chemical Industry Co., Ltd., Toyama, Japan. Pearlitol® Flash
was a gift from Roquette, Lestrem, France. Magnesium stearate and methylene blue were acquired
from POCh, Piekary Śląskie, Poland. RUP was procured from Xi’An Kerui Biotechnology Co., Ltd.,
Xi’An, China.
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2.2. Preparation of ODMT

A traditional tablet presser (Type XP1, Korsch, Berlin, Germany) with 3-mm punches was
employed to manufacture ODMT by direct compression. In tableting bulk preparation, optimized
spray dried microparticles with RUP prepared with EC aqueous dispersions selected during preliminary
studies—urelease® and Aquacoat® ECD as a barrier coatings were utilized [17]. The conditions
of the spray drying process were established experimentally: 85 ◦C, aspirator flow 98%, rate of
flow 3.5 mL/min. Efficient barrier for masking the bitterness of drug enclosed in microparticles was
obtained utilizing RUP:polymer ratio (0.5:1) with 6% EC concentration and this formulation was used
for designing ODMT. ODMT with a mass of 14 mg and amount of microparticles corresponding
to 0.5 mg of RUP per single tablet were assumed. The compositions of designed tableting masses
utilized in the study are shown in Table 1. Prepared tableting blends were mixed manually for 30 s.
To determine relevant conditions of the tableting process, various pressure force grades ranging from
0.6 to 1.2 kN were tested. Tablets with optimal properties that did not have a damaged surface of
microparticles were obtained using a 0.9 kN (± 0.1) force. To simplify the formulation of ODMT,
multifunctional co-processed mixtures were utilized. Co-processed mixtures are designed by processing
several excipients to possess advantages that cannot be achieved by the simple physical mixtures of
their components [18–24].

Table 1. Composition of orodispersible minitablets (ODMT) formulations.

Ingredient [%]
Formulation

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 F15 F16

RUP - 3.5 - 3.5 - 3.5 - 3.5

SUR MP RUP
[corresponding to 0.5 mg

RUP per one tablet]
- 7.15 - - 7.15 - - 7.15 - - 7.15

AQ MP RUP
[corresponding to

0.5 mg RUP]
- 8.65 - - 8.65 - - 8.65 - - 8.65

Parteck® ODT 99 95.5 91.85 90.35 - - - - - -

SmartEx® QD-50 - 99 95.5 91.85 90.35 - - - -

F-Melt C - - - 99 95.5 91.85 90.35 - -

Pearlitol® Flash - - - - 99 95.5 91.85 90.35

Magnesium stearate 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2.3. Flow Properties of Powders

The tableting blends (Table 1) were subjected to preformulative quality assessment in accordance
with pharmacopoeial requirements [25]. Each study was carried out in triplicate. A tapping apparatus
(Electrolab ETD-1020, Mumbai, India) was utilized for the compressibility studies. The bulk and
tapped densities were calculated as quotients of the weight of the powder to its volumes occupied
before and after tapping and then the powder density index (Index Carr) and the powder flow index
(Hausner’s ratio) were calculated. To investigate powder flow time, 50 g of the sample was placed in
the funnel with the outlet closed and after opening the valve, the flow of the whole sample through the
funnel was measured [25].

2.4. Evaluation of Morphology of ODMT

Morphological structure was assessed utilizing scanning electron microscopy (Inspect™S50,
FEI Company, Hillsboro, OR, USA). Swatches were placed on adhesive tapes fixed to the surface of a
special stand and gold sprayed. Tests were performed at room temperature, using various magnifications.
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2.5. Quality Assessment of ODMT

2.5.1. Uniformity of Weight and Thickness

Twenty randomly chosen ODMT were weighted individually, employing analytical balance
(Radwag, Radom, Poland) [25]. The thickness was tested with calibrated digital caliper utilization
(Beta 1651DGT, Milan, Italy).

2.5.2. Mechanical Properties

Tests were conducted with friability tester (EF-1 W, Electrolab, Mumbai, India) according to
pharmacopoeial monograph for a quantity of ODMT corresponding to 6.5 g [25]. The crushing strength
of ODMT was tested utilizing a hardness tester (5Y, Pharmaton AG, Thun, Switzerland) and a Texture
Analyzer TA.XT. Plus (Stable Microsystems, Godalming, UK) with a steel cylinder of 6 mm diameter
and 0.1 mm/s pre-speed [25]. The minimum force (N) needed to crush the ODMT was measured by
vertically applying pressure along its diameter. Ten randomly selected tablets from the batch were
used for hardness assessment in both methods.

2.5.3. Drug Content

HPLC apparatus (Agilent Technologies 1200) equipped with Waters Spherisorb® 5 μm ODS1
4.6 × 250 mm column (Waters Corporation, Milford, CT, USA) was applied to evaluate RUP content
uniformity for individual ODMT. As a mobile phase methanol:phosphate buffer pH = 3.0 (35:65, v/v)
was utilized (isocratic elution). Flux was established as 1.0 mL/min and wavelength as 245 nm.
Buffer was composed of NaH2PO4 and water, adjusted to pH = 3.0 by H3PO4. Standard calibration
curve was linear in the range of 1–100 μg/mL and the correlation coefficient R2 was 0.999. The studies
were carried out in triplicate [26–28].

2.6. Disintegration Time Assessment

2.6.1. In Vivo

The study was carried out by six probands (Research Ethics Committee at Medical University of
Białystok approval number R-I-002/438/2016) in the following stages: oral cavity rinsing with water,
placing ODMT in the mouth without chewing until disintegration, splitting out. The time needed for
the total disintegration in the mouth was recorded.

2.6.2. Petri Dish

Petri dish having a diameter of 7 cm was filled with 4 mL of phosphate buffer pH = 6.8 imitating
natural spit (composing of Na2HPO4; KH2PO4 and water; adjusted to pH 6.8 by 1-M NaOH) [17] and
single ODMT was put in the center. The test was repeated for 6 tablets from each batch. Time for the
tablet to completely disintegrate into fine particles was measured.

2.6.3. Texture Analyzer

The study was conducted with a texture analyzer (Stable Microsystems, Godalming, UK) with
an ODT disintegration time rig (Figure 1). Single ODMT was attached to the bottom of the probe
with double-side adhesive tape. The ODMT was immersed in the medium (4 mL of phosphate buffer
pH = 6.8 imitating natural spit) until it comes in contact with the perforated bottom of the container.
The test was repeated for 6 tablets from each batch.
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Figure 1. Schematic illustration of disintegration time rig of the texture analyzer.

2.6.4. Wettability

The wettability test was carried out according to Stoltenberg and Breitkreutz [29]. A 96-well plate
(Biologix Group Limited, Lenexa, KS, USA) was used and a cellulose filter disc was placed in each well,
which was then moistened by adding 20 μL of 0.3% aqueous solution of methylene blue. The time
from placing the ODMT on moistened paper to complete coloring of the MT matrix was noted.

2.6.5. Differential Scanning Calorimetry

RUP raw material (API), microparticles placebo (MP AQ placebo, MP SUR placebo), microparticles
(MP AQ RUP, MP SUR RUP), ODMT placebo (F1, F5, F9, F13), ODMT with pure RUP (F2, F6, F10,
F14) and ODMT with RUP enclosed in SUR MP (F3, F7, F11, F15) and AQ MP (F4, F8, F12, F16) were
tested using thermal analyzer system (DSC Mettler Toledo, Greifensee, Switzerland). Swatches were
accurately weighed (5 mg), inserted in pans made of aluminum, then warmed up to 300 ◦C with
10 ◦C/min rate with 20 mL/min flow of nitrogen.

2.7. Evaluation of Taste Masking Effectiveness

2.7.1. In Vivo

The study was conducted in accordance with the Declaration of Helsinki and the protocol was
approved by the Ethics Committee of Medical University of Białystok approval number R-I-002/438/2016.
The efficiency of taste masking level was tested by six probands undergoing a test conducted as follows:
five ODMTs were placed in the oral cavity for 30 s (the maximum time to dissolve/disintegrate in
accordance to FDA guidelines [30]), spitted and mouth were rinsed with water. Sensory evaluation was
marked as follows: 0—no bitterness, 1—slightly bitterness, 2—moderately bitterness, 3—significant
bitterness. Before the experiment was carried out, the participants were chosen on the basis of sensory
sensitivity test, utilizing four main flavors [31].

2.7.2. RUP Dissolution

RUP dissolution was carried out in apparatus II (paddle) (Erweka Dissolution Tester DT 600HH,
Heusenstamm, Germany) with phosphate buffer (pH 6.8, 50 mL) imitating natural spit in following
conditions: 75 rpm and 37 ◦C (+/−0.5). The quantity of dissolved RUP was assessed as pointed in 2.5.3.
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2.7.3. Electronic Tongue

Reagents and Membrane Materials

Analytical reagent grade chemicals and purified water with 0.07 μS/cm conductivity
(Elix Advantage System Mili-Q plus Milipore, Spittal an der Drau, Austria) were used.
The membrane consisted of poly(vinylchloride) (PVC) (Tarwinyl, Tarnów, Poland); bis(2-ethylhexyl)
sebacate (DOS), and o-nitrophenyl octyl ether (o-NPOE) (Fluka, St. Gallen, Switzerland);
potassium tetrakis [3,5-bis(trifluoromethyl)phenyl]-borate (KTFPB), tridodecylmethylammonium
chloride (TDMAC), 1-dodecylpyridinium chloride (DDPC), (Sigma—Aldrich, St. Luis, MO,
USA), and potassium tetrakis(p-chlorophenyl)borate (KTpCPB) (Fluka, St. Gallen, Switzerland);
calix[6]arene-hexaacetic acid hexaethylester (amine ionophore I) (Fluka, St. Gallen, Switzerland),
and 3-mercapto-5-/2′-hydroxynaphthyl-azo-triazole (METRIAN) (Department of Drug Chemistry,
Medical University of Lublin, Poland).

Membrane Preparation

Each solid contact electrode consists of a conventional body and an exchange Teflon holder in
which the two phases are placed. The interior lamina (1) contains PVC with plasticizer in which the
Ag/AgCl electrode is inserted and the exterior lamina (2) contains the ion-sensitive component and
inner layer components. The exterior lamina is in contact with the tested solutions. The steps of the
membrane phase preparation:

(1) weighing inner layer components: 30% (w/w) PVC, 70% (w/w) of plasticizers, DOS or o-NPOE,
(2) mixing and deaerating of obtained mixture,
(3) filling the Teflon holder with mixture to cover the silver-silver chloride electrode,
(4) gelating inner layer (1) at 373 K for 30 min, cooling of the gelled layer,
(5) weighing outer layer components, 27–33% (w/w) of PVC, 64–68% (w/w) of plasticizers, 1–5% of

electroactive components (2) (Table 2),
(6) dissolving of obtained mixture in THF,
(7) placing drops on the inner layer (1),
(8) gelating outer layer (2) in result of evaporation THF at 293 K; repeating the steps several times.

Table 2. Electrodes forming sensor array of the electronic tongue.

Electrode
Number no.

Electrode Type Ionophore (%, w/w)
Lipophilic Salt

(%, w/w)
Plasticizer
(%, w/w)

Polymer
(%, w/w)

1–2 CSF-D − KTFPB (1%) DOS (66%) PVC (33%)
3–4 CSF-N − KTFPB (1%) o-NPOE (66%) PVC (33%)
5–6 CSC-D − KTpCPB (3%) DOS (64%) PVC (33%)
7–8 CSC-N − KTpCPB (3%) o-NPOE (64%) PVC (33%)

9–10 AM-D Amine ionophore I (5%) − DOS (68%) PVC (27%)
11–12 MET-N METRIAN (4%) − o-NPOE (66%) PVC (30%)
13–14 PC-N − DDPC (3%) o-NPOE (64%) PVC (33%)
15–16 AN-N − TDMAC (4%) o-NPOE (66%) PVC (30%)

Potentiometric Measurements

EMF electrochemistry interface system (Lawson Labs. Inc., Malvern, PA, USA) and IBM PC were
used for potentiometric measurements. The potentiometric sensor array of the system contains 16 solid
contact ion-selective electrodes (two sensors of each type) differing active substances and plasticizers
each other. The constructed solid contact electrodes were stored for 24 h in RUP solutions before the
first measurement. As a standard, Ag/AgCl electrode (Orion 90-02, Thermo Electron Corporation,
Beverly, MA, USA) was used. The electrodes calibration curves were performed in 10−5–10−3 mol L−1

RUP solutions because of the poor solubility of RUP in water. Previously developed measurement
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protocol for electronic tongue analysis of pharmaceutical samples [32] was applied to test taste masking
and API dissolution from designed ODMTs. First, the sensors were immersed in deionized water
(50 mL) to obtain 5 min signal stabilization. Then adequate samples were added and released API and
excipients influenced electrodes’ signals, that were recorded as the changes of potentials (ΔEMF) of
particular electrodes in sensor array in a function of time. The release measurements were carried out
for solutions of pure API (RUP), all studied ODMTs and respective placebos. The signals of the sensors
were registered during 15 min (5 min stabilization, 10 min release), in 5 repetition for each sample type.
The sensors were water rinsed and dried between assays.

Data Analysis

Data matrix was composed of data vectors assigned to every investigated formulation (16 variables
for every time-point, responding to 16 ΔEMF signals of 16 potentiometric sensors). The data matrixes
were processed by chemometric procedures: Principal Component Analysis (PCA) or Partial Least
Squares (PLS). These calculations as well as data analysis and presentation were performed in SOLO®

software (Eigenvector Research Inc., Manson, WA, USA).

3. Results and Discussion

3.1. Pharmaceutical Evaluation of ODMT

An attempt was made to design and develop ODMT as an innovative drug dosage form,
utilizing RUP enclosed in ethylcellulose microparticles to reduce bitterness. In preparation of ODMT,
mainly spherical, homogenous, smooth surfaced microparticles based on EC aqueous dispersions were
used (Figure 2). The mean size of microparticles made from Surelease® was 3.2 +/− 1.1 μm and from
Aquacoat® ECD was 3.6 +/− 1.5 μm

Figure 2. SEM picture of microparticles prepared using: (a) Surelease®, (b) Aquacoat® ECD under
magnification 10,000×.

As a model drug with bitter taste, RUP (a long-acting second generation antihistamine showing
anti-allergic and demulcent effect applied both in children and adults) was utilized. RUP is the histamine
receptor selective antagonist and receptor for platelet activating factor (PAF), which highlights it from
drugs belonging to this group and clarifies its unique mechanism of action. RUP binds to the H1

receptor permanently and firmly, acting as an inverse agonist, which prolongs duration of its action.
It was indicated that RUP is characterized by far greater affinity to H1 receptor than fexofenadine or
levocetirizine. Furthermore, by binding to PAF receptors, RUP causes their blockade, what is clinically
relevant to PAF allergic inflammatory processes and bronchial hyperreactivity symptoms. RUP has
not only been shown to reduce the amount of erythema (which is characteristic of all antihistamines),
but also reduces PAF-induced platelet aggregation. The third component of RUP activity is its additional
anti-inflammatory effect consisting in: inhibition of mast cell degranulation and release of histamine
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and cytokines (e.g., IL-4,5,6,8, TNF α), inhibition of eosinophil and neutrophil chemotaxis, inhibition of
expression of adhesive molecules (CD18, CD11b) and transcription factors [33–39]. Commercially it is
available in traditional tablets form [40] and due to its unpleasant taste, there is no orodispersible drug
dosage forms on the pharmaceutical market.

To reduce bitterness of RUP, ethylcellulose (EC), a hydrophobic polymeric material widespread
applied in masking the unpleasant aroma and taste was applied. It belongs to the GRAS (generally
regarded as safe) and FDA Inactive Ingredients [41]. Moreover, EC is considered not to carry any
health risks, therefore its daily intake has not been explicated by the World Health Organization
(WHO) [42]. It is an ethyl ether of cellulose, in the form of a free-flowing, odorless, tasteless,
biocompatible, non-allergenic, and nonirritant white to light-tan powder dissolving only in organic
media, thus creating a polymeric barrier that allows for temporary isolation of a bitter drug from the
oral cavity environment [43–45]. EC is accepted to be utilized in paediatric medicinal products, as well
as in non-parenteral formulations authorized in Europe [41,46,47]. EC is available in organic form
(e.g., Ethocel®) and as aqueous dispersions (e.g., Surelease®, Aquacoat ECD®). Surelease® contains a
25% of solid EC and dibutyl sebacate and oleic acid as plasticizers. In Aquacoat® ECD there is 27% EC,
sodium lauryl sulfate, and cetyl alcohol. The dispersions are accepted for pharmaceutical use in the
Europe, United States, and Japan [48,49].

ODMT were prepared by direct compression method, using commercially available mixtures:
Parteck® ODT, SmartEx® QD-50, FMelt® C, Pearlitol® Flash. The amount of API was set as 0.5 mg
per one ODMT. The dose selection was related to the fact that by multiplication, the dose of 2.5 mg
required for children weighting from 10 to 25 kg can be easily achieved. No significant technological
problems were observed during tableting process. It was connected with low API content in the tablet
masses, so it did not affect the flowing properties of powders. The similar composition of all mixtures
based mainly on mannitol caused all the obtained formulations to be characterized by similar physical
parameters (Table 3). The best flowability was noted for blends with FMelt® C and Pearlitol® Flash.

Table 3. Characteristics of tableting blends.

Powder Mixture
Density [g/mL] Flow Properties

Bulk Tapped Hausner’s Ratio Carr’s Index [%]

F1 0.58 0.72 20.45 1.26

F2 0.58 0.71 20.45 1.26

F3 0.56 0.70 20.40 1.27

F4 0.57 0.68 20.20 1.24

F5 0.51 0.65 15.38 1.28

F6 0.52 0.65 15.38 1.28

F7 0.50 0.63 15.39 1.29

F8 0.49 0.62 15.25 1.30

F9 0.56 0.67 13.25 1.16

F10 0.56 0.66 13.24 1.16

F11 0.54 0.62 13.23 1.17

F12 0.52 0.61 13.22 1.15

F13 0.48 0.57 13.10 1.15

F14 0.48 0.58 13.10 1.15

F15 0.45 0.54 13.05 1.19

F16 0.44 0.53 13.13 1.16
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Physical parameters of prepared tablets might be described as relatively good as the balance
between the mechanical properties (sufficient hardness, friability <1%) and the quick disintegration
time was captured. The obtained ODMT were hard enough that they did not crush while handling,
and simultaneously, the formulations were characterized by the desired rapid disintegration time
(below 30 s) (Table 4). The weight and thickness uniformity of ODMT is essential as it impacts
dosing accuracy. The average masses of obtained formulations had values from 12.5 mg to 14.1 mg.
Thickness of obtained ODMT was in the range from 1.80 mm to 2.01 mm. The optimal mechanical
characteristics and rapid dissolution time are key aspects in orodispersible formulations depending
on the conditions applied during the process. Appropriate tensile force is particularly important
while tableting microparticles. Too high a value of tensile force could result in cracking microparticles,
which has an undesirable effect in the case of taste masking. No microparticles crushing occurred
at the applied pressure (Figure 3). The tensile force value 0.9 kN was determined experimentally as
optimal. While lower pressure was applied, the tablets were too brittle to handle with, while higher
disintegration time was insufficient (>30 s). Friability (in every formulation < 1%) and hardness tests
have proven that obtained ODMTs were characterized by mechanical properties adequate enough so
as not to be damaged during the manufacturing process or packing. However, the hardness of tablets
prepared with microparticles utilization was smaller in comparison to placebo or formulations with
pure RUP. RUP loading was in the range from 0.4 to 0.5 mg—the lowest values were marked for F8,
F12, F16 and they did not meet pharmacopoeial requirements (<85%) [25].
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Figure 3. SEM pictures of ODMT cross-sections: (a) formulation F3, (b) formulation F4, (c) formulation
F7 under magnification 10,000×, (d) formulation F8 under magnification 50,000×, (e) formulation F11
under magnification 10,000×, (f) formulation F12 under magnification 50,000×, (g) formulation F15,
(h) formulation F16 under magnification 10,000×.

Disintegration time tests, conducted under conditions imitating those prevailing in the oral cavity
(2–7 mL) are recommended [50–53], therefore tests in vivo with healthy volunteers, on petri dishes and
using a texture analyzer were utilized. Regardless of the method, disintegration time of all ODMT
formulations was below 30 s, and most formulations disintegrated even below 15 s. The longest
disintegration time was recorded for F13, F14, F15, F16—19–24 s. In all tablets, wetting time below 30 s
was noted.

An appropriate selection of pharmaceutical excipients is a key issue in creating drug dosage forms,
as the excipients might affect physicochemical properties of API. Differential scanning calorimetry
(DSC) is one of the analytical techniques frequently applied to determine drug physical properties,
as well as to investigate potential incompatibilities with other components. The procedure provides
detailed information about the presence of impurities and energetic properties of substances pointing to
the differences in the heat flow generated or absorbed by the sample. To evaluate possible interactions,
RUP raw material (API), microparticles placebo (MP AQ placebo, MP SUR placebo), microparticles
(MP AQ RUP, MP SUR RUP), ODMT placebo (F1, F5, F9, F13), ODMT with pure RUP (F2, F6, F10, F14)
and ODMT with RUP enclosed in SUR MP (F3, F7, F11, F15) and AQ MP (F4, F8, F12, F16) (Figure 4) were
assessed. RUP chemical nomenclature is 8-chloro-6,11-dihydro-11-[1-[(5-methyl-3-pyridyl)methyl]-4-
piperidylidene]-5H-benzo[5,6]cyclohepta[1,2-b]pyridine fumarate [54]. Its melting point should range
from 194 to 201 ◦C. In the literature, there are no polymorphic forms reported for RUP [54,55].
The thermogram of pure RUP presents endothermic event at 196.44 ◦C characterized by a sharp pick,
corresponding to its melting point. Sample decomposition after melting can be observed. Exothermic
event transition is shown at 210.35 ◦C. Both melting and decomposition was noted in a constricted
range of temperatures. No additional thermal events connected with decomposition or loss of surface
water were observed. Thermograms of microparticles show that there are no thermal events for AQ
MP and SUR MP placebo, which indicates that used aqueous dispersion of EC are in an amorphous
state. Converting RUP into microparticle form by the spray drying did not significantly change solid
state nature of the drug; however, some changes in its melting point occurred—in case of AQ MP
RUP the peak has been shifted to 190.67 ◦C and for SUR MP RUP to 210.1 ◦C, which indicates that its
melting point decreased about 6 ◦C or increased about 14 ◦C in microparticle samples, respectively.
This is probably due to the fact that excipients used can slightly change physicochemical properties of
API during spray drying. In all ready-made co-processed mixtures, the main ingredient is D-mannitol,
whose melting point ranges from 155 ◦C to 165 ◦C, what was confirmed in the obtained thermogram.
There is also a peak in 87 ◦C of magnesium stearate. No changes in the position of melting peaks and
their specific heats were observed in the thermograms of ODMT. There are no further peaks of RUP as
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API dissolves at the mannitol melting point. No distinct interactions between RUP and used excipients
were observed.

 

Figure 4. DSC thermograms of RUP (a), microparticles: placebo (MP AQ placebo, MP SUR placebo)  
and with RUP (MP AQ RUP, MP SUR RUP) (b,c), ODMT placebo (F1, F5, F9, F13) (d), ODMT with 
pure RUP (F2, F6, F10, F14) and with RUP enclosed in microparticles (F3, F4, F7, F8, F11, F12, F15, F16) 
(e). 
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Figure 4. DSC thermograms of RUP - rupatadine fumarate (a) microparticles placebo obtained with
Aquacoat® or Surelease® (MP AQ placebo MP SUR placebo) and with RUP (MP AQ RUP MP SUR
RUP) (b,c) ODMT placebo (F1, F5, F9, F13) (d) ODMT with pure RUP (F2, F6, F10, F14) and with RUP
enclosed in microparticles (F3, F4, F7, F8, F11, F12, F15, F16) (e).

3.2. Taste-Masking Efficiency Evaluation

Evaluation of taste masking effectiveness is a significant issue, as there are no pharmacopoeial
and universal methods to assess the taste. To determine taste masking degree, in vivo (human taste
panel) and various in vitro methods (e-tongue, drug release) can be utilized. Human taste panel is
the most frequently used strategy of taste evaluation as it is widely available; however, it presents a
certain challenge. There are high variances in human taste receptors expression and differences in
taste perception (e.g., smoking or taking medicines have an impact). As well, children’s participation
in such a study is considered to be unethical, in turn the results obtained in adults are difficult to
extrapolate to the entire population due to the different perception of taste sensations. Nevertheless,
the predominant approach of assessing the taste of raw medicines and drug dosage forms is by human
volunteers. An alternative approach is electronic tongues utilization. It is an analytical gustatory
tool for automatic analysis of drug taste. Its essential element is the sensor array composed of
chemical sensors with various selectivity. Potentiometric signals recorded in the tested sample do not
provide direct information about the composition of the sample, but create its specific digital chemical
image, whose interpretation allows to identify a sample or the content of its individual components,
including those responsible for generating the taste. Evaluation of bitter taste can also be correlated to
the drug release rate. It seems to be the simplest way to determine taste-masking efficacy based mainly
on the quantification of drug concentration [56–59].
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3.2.1. In Vivo Taste Evaluation

Initially, six selected healthy volunteers assessed ODMT formulations containing microparticles
(F3, F4, F7, F8, F11, F12, F15, F16) as non-bitter or slightly bitter in comparison to those with pure
RUP (F2, F6, F10, F14), which were determined as moderately or very bitter (Table 5). It should be
also mentioned that mannitol—the main component of obtained ODMT—besides being a sweetening
agent, while dissolving in the mouth maintains an impression of cooling, which has a favorable effect
on taste sensation during the application [31].

Table 5. Sensory evaluation of designed ODMT formulations, estimated as follows: 0—no bitterness,
1—slightly bitterness, 2—moderately bitterness, 3—significantly bitterness.

Volunteer
Score

F2 F3 F4 F6 F7 F8 F10 F11 F12 F14 F15 F16

A 3 0 0 2 0 0 2 0 1 2 0 1

B 3 1 1 3 1 1 3 1 1 3 1 1

C 2 1 0 2 0 0 2 0 1 2 0 1

D 2 0 1 2 0 0 2 0 0 2 0 0

E 3 0 1 3 1 1 3 1 1 3 0 1

F 2 1 0 2 0 0 2 0 0 2 0 0

3.2.2. In Vitro RUP Release

Taste masking was also evaluated by RUP release from obtained formulations. Slowing the release
of a drug is associated with better efficacy of masking the taste. ODMT made with microparticles (F3,
F4, F7, F8, F11, F12, F15, F16) released RUP significantly slower compared to ODMT with pure RUP
(F2, F6, F10, F14), where immediate release of RUP occurred (Figure 5). After one minute of dissolution
test, maximum 15% of RUP was released, which indicates satisfactory taste masking effect considering
very quick disintegration time (about 20 s) and short residence time in the oral cavity.

Figure 5. RUP release from designed ODMT performed in paddle apparatus.
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3.2.3. Electronic Tongue

To investigate in detail taste masking efficiency for the studied formulations, human panel
responses were processed by means of a multivariate technique—PCA. This data analysis method
helps to find the most significant information hidden in the multidimensional data structure. As a
result, a score plot in principal components (PC) coordinates is obtained, which shows clusters of
samples based on their similarity. The more similar multidimensional characteristics are, the closer are
the objects in the PC1-PC2 space. PCA scores plot (Figure 6) presents PCA processed data of human
panel responses shown in Table 5.

Figure 6. PC1, PCA of human panel responses showing similarity of sensed bitterness for the studied
minitablets. Values in brackets show mean values of bitterness score calculated from Table 5.

The formulations form various clusters according to the sensed bitterness. The most bitter
formulations: F2, F6, F10, F14, that reached mean score higher than 2, are placed close to each other and
are characterized by high value of PC1. F6, F10, and F14 were evaluated identically by all volunteers,
therefore they are overlapping, having the same coordinates PC1-PC2. Only one volunteer (a) estimated
F2 as very bitter in contrast to F6, F10, F14 scored by him/her as moderately bitter, therefore F2 is similar
to F6, F10, F14 PC1-PC2 scores, but not the same. ODMT F15 are placed in the highest distance from F2,
F6, F10, and F14 cluster, having the lowest value of PC1, because they were estimated as not bitter by
5 out of 6 volunteers (the lowest mean value of bitterness). All remaining formulations were scored as
very slightly bitter (mean values of bitterness from 0.33 to 0.67), and accordingly, they exhibit moderate
PC1 values. All these observations perfectly match the dissolution tests (Figure 5), where formulations
F2, F6, F10, F14 show high dynamics of RUP release, whereas the slowest release in the first two
minutes is observed in the case of F15 minitablets.

Before the measurements of pharmaceutical formulations, an important stage of research was
optimization of the sensor array. For this purpose, calibration curves of electrodes towards RUP were
determined. As it results from Figure 7, for all electrodes containing various active substances and
plasticizers in the membrane, different sensitivity towards RUP was achieved. Sensitivity ranged from
about 10 mV decade−1 to about 51 mV decade−1 of 10−5–10−3 mol L−1.
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(a) 

(b) 

Figure 7. PC2, calibration curves of ion-selective electrodes with CSF, AM, AN (a) and CSC, MET,
PC (b) in 10−5–10−3 mol L−1 RUP solutions.

The electrodes based on KTFPB (CSF-D, CSF-N) displayed very similar calibration curves,
with mean sensitivity 29.2 ± 4.3–32.4 ± 0.89 mV decade−1 in the 10−5–10−3 mol L−1 linear range,
good mean correlation coefficient R2 = 0.9944 (n = 3). The electrodes containing KTpCPB reveal visible
differences between each other; the sensor‘s membrane plasticized with DOS (CSC-D) showed lower
mean sensitivity 23.1 ± 4.4 mV decade−1 (R2 = 0.9983) than electrode with o-NPOE. This electrode
exhibited linear range with slope close to the near Nernstian 51.5 ± 4.0 mV decade−1 and good
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correlation coefficient R2 = 0.9993. Slightly lower sensitivity exhibited the electrode with amine
ionophore, mean response 41.5 ± 4.6 mV decade−1. Moreover, the lowest slope of characteristics
was obtained for electrodes prepared with ammonium and pyridinium ion exchangers. The slope
coefficient of linear range of characteristic amounts 10 mV decade−1 for PC-N electrode and 6 mV
decade−1 for AN-N electrode. The sensor based on metrian (MET-N) showed a similar response to
electrodes CSF. All electrodes possessed lower or higher sensitivity to ionic RUP molecules (carboxyl
groups, protonated nitrogen atom) as a result of the interaction of RUP with the active components
of the polymeric membrane. Concluding, the prepared electrodes of electronic tongue sensor array
exhibited satisfactory sensitivity towards studied API. According to our previous studies [17,60,61],
such sensors are also cross-sensitive, responding to various excipients, which is a necessary condition
for electronic tongue study.

3.2.4. Electronic Tongue—Taste Evaluation

The prepared sensor array was applied to check taste masking efficiency of all prepared ODMT.
The procedure of measurements are presented in the experimental section. According to it, the
responses of every sensor was given as ΔEMF in a function of time. Taste evaluation was performed
for signals recorded after two minutes of release and resulting PCA score plot is presented in Figure 8.

All placebos formed a distinct cluster; they are grouped together even though their composition is
different. On the opposite side of the plot, pure RUP samples are observed. All studied formulations
take place between placebos and API, showing moderate taste between the two, which is correct and
was expected. The clusters of formulations are partially overlapping, however similarity between
electronic tongue study and human panel evaluation can be noticed. There is a cluster formed by F2,
F6, and F14 ODMT in the closest distance to pure RUP, therefore their bitterness is most similar to
pure API. Moreover, in proximity of this cluster, F10 can be seen. These four formulations showed the
highest bitterness according to human panel (Figure 6) and highest dynamic of RUP release (Figure 8).
The closest to RUP samples are F2 minitablets, which were evaluated as the most bitter, having a
mean value of bitterness score equal to 2.5. The formulation that was the closest to placebo (not bitter)
was F15, having the lowest bitterness score (0.17) and this fact also correlates well with human panel
results and dissolution study. However, cluster of F15 is not distinct, it is spread out between other
formulations, overlapping, e.g., F3 and F11 minitablets. Generally, samples having similar taste sensed
by the human panel are considered similar also in terms of electronic tongue response, e.g., F8 is close
to F7, and F12 is close to F16. The correlation is not perfect—the most surprising is the position of F11,
in high distance from F7 and F8 minitablets. Nevertheless, the results of electronic tongue study reveal
highest efficiency of taste masking for formulation F15 and lowest for formulations F2, F6, F10, and
F14, which was confirmed by dissolution tests (Figures 5 and 9) and human panel results.
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(a) 

 

(b) 

 

Figure 8. PC3, PCA score plot of electronic tongue responses for all studied formulations (F2-F16),
respective placebos (PLAC) and pure RUP. On both plots the same object are presented, therefore they
are in the same configuration, but the symbols are given according to: (a) formulation type; (b) mean
values of bitterness score calculated from Table 5.

3.2.5. Electronic Tongue—Prediction of Dissolution Study

Signals of electrodes forming sensor array of electronic tongue were recorded during 10 min of
formulation release. These outputs are related to RUP release, because the sensors are sensitive towards
this API; however, they are also strongly influenced by increasing concentration of excipients, which are
also released, due to cross-sensitivity of sensors. Therefore, to extract information of RUP release from
sensor responses, a supervised data analysis technique was applied. First, we attempted to construct a
Partial Least Squares (PLS) model. PLS regression is a chemometric procedure combining PCA and
multiple regression. This approach leads to the possibility of the prediction of dependent variables

47



Materials 2020, 13, 2715

from independent variables (measurement data). It is performed by transforming the obtained results
into so-called latent components enabling the calculation of the dependent variables [62]. We applied
this data analysis technique for various applications of the electronic tongue system [63–65]. In this
paper, electronic tongue signals in appropriate time points were used for PLS modeling. All obtained
data were divided into the training and test set. Target matrix was constructed based on %RUP release
values that were determined by a standard dissolution test. For establishing a PLS model, a training
set of data was applied aiming to find a correlation between the sensor array signals in an appropriate
time point and % of RUP released in a respective formulation in a respective time point. When model
was ready, the electronic tongue system was capable of predicting of amount of RUP that was released
from the respective formulation based on electrodes’ signals. The values of the RUP release were
obtained for all studied formulations for a few time points. The resulting dissolution curves for
independent test set data are presented in Figure 9. It must be underlined that what is predicted by
electronic tongue system values are estimates, they do not provide accurate values of RUP release.
The most evident example of that fact are negative values of RUP release for F3 minitablets. However,
the outputs of PLS model show general tendencies discerning the studied formulations according
to release dynamics. Two groups of dissolution curves can be observed. According to electronic
tongue signals, four kinds of ODMT: F2, F6, F10, and F14, released RUP very fast, whereas all other
formulations were characterized by much slower dynamics of its release. This finding correlates well
with the standard dissolution test (Figure 5).

Figure 9. Electronic tongue prediction of RUP release (the results for independent test set).

4. Conclusions

Minitablets are getting increasingly significant among modern solid oral drug dosage forms,
enabling the application of medicinal substances for patients of all ages by dose multiplying. Due to
their small size they are easy to administer and swallow. Minitablets in orodispersible form
improve patient compliance in relation to rapid disintegration in the oral cavity within seconds
in the presence of the saliva without requirement of drinking water. Orodispersible minitablets
(ODMT) with rupatadine fumarate were successfully prepared by direct compression of commercially
available ready to use blends and ethylcellulose microparticles. Designed ODMT were characterized
by beneficial physicochemical parameters. The presented study also indicates that MP made of
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etyhylcellulose with rupatadine fumarare might be efficiently utilized in preparation of ODMT by
direct compression technique. The evaluation of taste masking level undertaken by three alternative
approaches (e-tongue assessment, volunteers, and the drug release) established that designed ODMT
are efficient taste–masking carriers of rupatadine fumarate and are supposed to be a promising
alternative for traditional tablets.
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Abstract: Polymers constitute the most important group of excipients utilized in modern
pharmaceutical technology, playing an essential role in the development of drug dosage forms.
Synthetic, semisynthetic, and natural polymeric materials offer opportunities to overcome different
formulative challenges and to design novel dosage forms for controlled release or for site-specific
drug delivery. They are extensively used to design therapeutic systems, modify drug release, or mask
unpleasant drug taste. Cellulose derivatives are characterized by different physicochemical properties,
such as swellability, viscosity, biodegradability, pH dependency, or mucoadhesion, which determine
their use in industry. One cellulose derivative with widespread application is ethylcellulose.
Ethylcellulose is used in pharmaceutical technology as a coating agent, flavoring fixative, binder,
filler, film-former, drug carrier, or stabilizer. The aim of this article is to provide a broad overview of
ethylcellulose utilization for pharmaceutical purposes, with particular emphasis on its multidirectional
role in the development of oral and topical drug dosage forms.

Keywords: ethylcellulose; polymeric material; cellulose derivative; pharmaceutical excipient

1. Introduction

Modern pharmaceutical technology could not exist without polymers, which play an integral
role in the advancement of drug delivery (e.g., by providing controlled release of therapeutic agents,
masking bitter taste of drugs, or serving as carriers in targeted therapy). They have a wide range of
physicochemical characteristics according to their molecular weight and configuration. Therefore,
polymers approved for use in medicines are receiving considerable attention as essential excipients
in the development of different drug dosage forms. Cellulose derivatives are an important group
among the most commonly used polymers in pharmaceutical technology. Cellulose is one of the
most abundant polymers in nature. It is produced by photosynthesis and constitutes a basic plant
component. It is a linear polymer composed of glucopyranose residues, where the units are connected
by 1,4-β-glycosidic bonds. It is a tasteless and odorless component with fibrous structure that is
practically insoluble both in cold and hot water. Among the cellulose modifiers, its esters and ethers are
of practical importance. Cellulose-based biomaterials are widely utilized as biocompatible templates
for designing novel drug delivery systems with a wide range of pharmaceutical applications via
different routes and pharmacotherapeutic purposes [1–4].

Ethylcellulose (EC), an ethyl ether of cellulose, is a free-flowing, white to light-tan powder
prepared from wood pulp or cotton that is used in pharmaceutical manufacturing industries.
The European Pharmacopoeia (Ph. Eur.) and United States Pharmacopoeia (USP) monographs
describe EC as partially O-ethylated cellulose [5–7]. EC with ethoxyl substitution molecular formula
is C12H23O6(C12H22O5)nC12H23O5, where n can vary in order to provide a wide variety of molecular
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weights, which affect its properties. It is insoluble at any pH that occurs in organisms, but it undergoes
swelling in the presence of gastric juice [3,4]. There is very limited data detailing possible side effects of
EC, hence it is generally regarded as safe (GRAS) and included in the US Food and Drug Administration
(FDA) Inactive Ingredients database as well as in the Canadian List of Acceptable Non-medicinal
Ingredients to be utilized in oral capsules, suspensions, tablets, topical emulsions, and vaginal or
ocular preparations. In contrast to other polymers which are insoluble in the gastrointestinal tract
(e.g., nitrocellulose, cellulose acetate, Eudragit RL, or Eudragit RS), EC is characterized as a non-ionic
material, having the advantage of being non-reactive. Moreover, safety data on utilizing cellulose
acetate and methacrylic acid copolymers in pediatric preparations are limited, while EC is clinically
tested and approved for use in pediatric formulations. EC is also allowed for use in non-parenteral
medicines licensed in Europe. The polymer is accepted for use as a food additive because it is a
non-calorific and metabolically inert substance following oral consumption. As EC is not considered
to be a health hazard, the World Health Organisation (WHO) has not specified its acceptable daily
intake [4,8,9]. According to the intended use, the commercially available EC can be classified in two
categories of products: industrial grade and pharmaceutical grade. For the pharmaceutical grade,
the quality standard should meet USP, Ph. Eur., Chinese Pharmacopoeia, and Japanese Pharmacopoeia
standards [6,7,10,11].

2. Physicochemical Characteristics of EC

The polymer is obtained by synthesis (etherification) through the substitution of the cellulose
hydroxyl groups with ethoxyl ones. The chemical reaction involves cellulose dissolution in sodium
hydroxide aqueous solution, which leads to degradation of the cellulose’s molecular structure.
This results in the formation of an alkali cellulose and exposure of the cellulose hydroxyl group for
reaction. Afterwards, ethyl chloride gas is added to the reaction medium, leading to bonding with the
alkalized cellulose. EC, sodium chloride, and water are formed (Figure 1) [1–5].

Figure 1. Schematic illustration of ethylcellulose (EC) obtainment.

EC contains 44–51% ethoxyl groups (-OC2H5) and is composed of β-anhydroglucose units joined
together via acetal linkage. EC is a biocompatible, non-allergenic, nonirritant, colorless, odorless,
and tasteless hydrophobic polymer soluble in a wide variety of organic solvents (alcohols, ketones,
and polycyclic aromatic hydrocarbons), but does not dissolve in water, glycerin, or propylene glycol.
EC that contains no less than 46.5% of ethoxyl groups is freely soluble in chloroform, ethanol,
ethyl acetate, methanol, and toluene. EC is compatible with a wide array of excipients and most of
the plasticizers used in pharmaceutical formulations, and therefore can be well mixed with many
softeners, oils, and waxes (dibutyl phthalate, diethyl phthalate, dibutyl sebacate, triethyl citrate,
tributyl citrate, acetylated monoglyceride, butyl and glycol esters of fatty acids, refined mineral
oils, oleic acid, stearic acid, stearyl alcohol, castor oil). It shows incompatibilities with paraffin and
microcrystalline wax. EC exhibits a high degree of stability within pH 3–11, making it useful both in
acidic and alkaline mixtures. EC is also slightly hygroscopic, absorbing very little water from humid
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air or during immersion. In addition, it can form tough and tensile films and maintains flexibility even
at low temperatures. It possesses good thermal stability and low ash content when burning [1,3–5].

The physical characteristic of EC types and their performance depends on the degree of
etherification or substitution (ethoxyl content), molecular uniformity, and molecular weight of the
cellulosic backbone. Solubility in organic solvents is achieved with degree of substitution (DS) values
between 2.2 and 2.6. A range of commercial products is available with a degree of substitution between
2.15 and 2.60, corresponding to a range of ethoxyl contents from 43% to 50%. At low DS values (0.8–1.3),
the replacement of some of the hydroxyl groups by ethoxyl groups reduces the hydrogen bonding
across the cellulosic chains to such an extent that the material is soluble in water. Further replacement of
hydroxyl groups by the less polar and more hydrocarbon ethoxyl groups increases the water resistance.
Fully etherified EC is soluble only in non-polar solvents [1–5].

The molecular weight can be regulated by controlled degradation of the alkali cellulose in the
presence of air. This can be done either before or during etherification. The molecular weight of
commercial grades is usually expressed indirectly as viscosity. The completely etherified material with
a degree of substitution of 3 has an ethoxyl content of 54.88%. The viscosities are determined using a
capillary viscometer and recorded in millipascal-seconds (mPa·s) or centipoise (cP) synonymous for a
5% w/w solution in toluene/ethanol solvent mixture (80:20), being determined at 25 ◦C and expressed
in mPa·s. For each viscosity grade of EC, the pharmacopoeial specification allows variation of 80–120%
within the stated nominal viscosity (depending on manufacturer). Several types of EC (e.g., Ethocel™

4, Ethocel™ 10, and Ethocel™ 45) differ in the length of the polymer chains, the rate of dissolution,
and the viscosity of their solutions. The mechanical properties are largely determined by chain length;
softening point, hardness, water absorption, and solubility are rather more influenced by the degree of
substitution [1–5,12,13].

EC viscosities increase with the increase in the polymeric backbone chain length. The impact of
EC molecular weight variation (measured by viscosity) on the drug release was determined by Mehta
et al. Metoprolol was selected as a model drug that is highly soluble in water and acetaminophen as
one with low aqueous solubility. Drug-layered sugar spheres were coated with EC of different viscosity
grades at varying coating weight gains, and their drug release profiles were determined. The study
revealed that viscosity variation within the manufacturer’s specifications of EC (Ethocel™ 10, 20,
and 100 cP) had a minimal effect on release of model drugs. Acetaminophen multiparticulates exhibited
slower drug release and longer lag time when compared to the metoprolol beads. The obtained
results can be associated with the lower aqueous solubility of acetaminophen compared to metoprolol.
Based on the study, it was concluded that all grades of EC were suitable for organic solvent coating
of extended release barrier membrane multiparticulates [14]. In another study, sustained-release
metformin hydrochloride nanoparticulate systems were developed, and the effect of different viscosity
EC grades on their in vitro characteristics was investigated. The sustainability of EC was enhanced by
the increase in its apparent viscosity—the EC with higher viscosity grade sustained metformin release
more efficiently [15].

3. Pharmaceutical Characteristics of EC

EC has been widely used in the pharmaceutical industry for decades, being utilized in oral and
topical pharmaceutical formulations for various purposes. It has the potential to modulate and improve
the physiological performance of drug dosage forms because of its hydrophobic nature and swelling
capacity. The main goal of EC utilization is the development of drug dosage forms with modified
release (MR), as EC ensures drug dissolution in the entire gastrointestinal tract, providing constant
drug concentration and eliminating the necessity of taking several doses a day, hence improving
pharmacotherapeutic effectiveness. Because it is an inert hydrophobic polymer and possesses properties
such as lack of toxicity, stability during storage, and good compressibility, it is suitable for designing
sustained-release preparations [1–5,16]. EC provides the formation of hydrophobic coatings, filaments,
or backing layers; masks unpleasant medicine tastes; creates matrices and nanostructures for the
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preparation of bioactive materials or is used as an encapsulation excipient for the preparation of
sustained-release microparticles; and serves as moisture protector or binder. It can also be used as a
dispersing, stabilizing, and water-retaining agent to prevent drugs from getting wet and to promote
the safe storage of drugs. Shell tablets can be obtained by suspending drug in the gastrointestinally
insoluble carrier. EC has also been used as a matrix in the preparation of both water-soluble and
sparingly water-soluble drugs using solid dispersion technique. It is ubiquitously utilized as a coating
material in sustained-release preparations due to its film-forming properties and good mechanical
strength. Also, in the coating context, its important feature is insolubility at any physiological pH.
However, the polymer exhibits swelling in the presence of gastric juice, making it permeable for water
and permitting extended modified drug release [4,17–22]. EC-coated beads have also demonstrated the
ability to absorb pressure and hence protect the coating from fracture during compression. Drug release
from EC-based film coatings depends on the coating level, drug solubility, and the form in which the
polymer is applied in the coating process (e.g., as powder, aqueous dispersion, or organic solution).
It is also common to employ blending polymers to get suitable and desired results, as using a single
polymer may not give the desired drug release profile. Owing to its hydrophobic properties, EC reduces
the penetration of water into the solid polymeric matrix, hence reducing drug release [4,23].

EC can be found in different forms, such as powders with various viscosity grades or aqueous
dispersions. Examples of organic solids are Ethocel™ or Aqualon™, and aqueous dispersions include
Surelease®, Aquacoat® ECD, Aquarius™ Control ECD, and AshaKote® (Table 1, Figure 2) [12,24–28].
Commercially available types of EC (e.g., Ethocel™ 4, Ethocel™ 10, and Ethocel™ 45) differ in the length
of the polymer chains, the rate of dissolution, molecular weights, and hence the viscosity of their
solutions (ranging from 3 to 110 mPa·s) [12].

Table 1. Characteristics of commercially available EC *.

Organic EC products

Ethocel™

Available in many varieties that differ in grade and viscosity (e.g., Ethocel™ Standard Grade 4 Premium,
7 Premium, 10 Premium, 20 Premium, 45 Premium, 100 Premium). Ethocel™ are white to light-tan granular
powders in physical appearance with bulk density and specific gravity of about 0.4 g/cm3 and 1.12–1.15 g/cm3

respectively and glass transition temperatures range between 129 and 133 ◦C. They dissolve in a wide range of
solvents such as aliphatic alcohols, chlorinated solvents, and natural oils. They are practically insoluble in
glycerin, propylene glycol, and water. Films made from Ethocel™ are tough, with high tensile strength and
high flexibility even at low temperatures. They can be combined with water soluble polymers such as
methylcellulose and hypromellose (HPMC) in aqueous coating liquids. They are characterized by
thermoplastic nature and ability to soften at 135–160 ◦C which makes them versatile in pharmaceutical hot
melt extrusion processes. They ensure desired drug release properties and improved bioavailability of
especially poorly soluble drugs [12].

Aqualon™ ethylcellulose

During preparation, the substitution of ethoxyl groups is controlled to obtain commercially useful range of
48–52% ethoxyl (or 2.3–2.6 ethoxyl groups out of a theoretical maximum of 3.0) per anhydroglucose unit. Over
this ethoxyl range, Aqualon™ ethylcellulose is classified into three ethoxyl types: N (low substitution), T (mid
substitution), and X (high substitution). The improved compressible grade (Aqualon™ T10) was developed
with optimized compactability (high ethoxyl content and low viscosity) and good powder flow. The grades of
Aqualon™ ethylcellulose are compliant with the monograph requirements of the United States Pharmacopoeia
(USP) and the European Pharmacopoeia (Ph. Eur.) [24].

Aqueous dispersion of ethylcellulose
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Table 1. Cont.

Surelease®

Surelease® is a family of fully formulated, aqueous dispersion products which constitute plasticized aqueous
dispersions of EC with 25% (w/w) solid content available in four types: E-7-19029, E-7-19030, E7-19040,
E-7-19050. They are plasticized (depending on type) with dibutyl sebacate (3.5%-E-7-19029, E-7-19030) and
oleic acid (1.9%-E7-19040). Surelease® is produced in the following steps: EC is blended with plasticizer, then
extruded and melted. The molten plasticized EC is then directly emulsified in ammoniated water in a
high-shear mixing device under pressure. Ammonium oleate is formed in situ in order to stabilize and form
the dispersion of plasticized EC particles. Then, purified water is added to achieve the final solids content.
Applications of Surelease® include beads and particles coating, matrix granulation (the dispersion can be used
as a binder in wet granulation for the production of free-flowing granules, which can subsequently be
compressed into tablets), taste-masking coating, or nutritional enteric coating [25].

Aquacoat® ECD

It contains primarily EC with a surfactant and a stabilizer from the emulsion stage (sodium lauryl sulfate (SLS)
and cetyl alcohol (CA)). Depending on type it consists of EC (24.5–29.5%), CA (1.7–3.3%), and SLS (0.9–1.7%).
Traces of dimethylopolysiloxane to enhance foaming during distillation may also be present. EC is dissolved in
a water-immiscible organic solvent with CA addition as a dispersion stabilizer. The solution is then emulsified
into an aqueous SLS solution. The resulting crude emulsion is homogenized to yield a submicron emulsion
which is then distilled to remove the organic solvent and water to yield a solid dispersion. EC is present in the
dispersion as spherical particles in the size range of 0.1–0.3 μm. It exists as a milky white liquid with the
characteristic odor of EC. Product does not contain plasticizer. Recommended plasticizers include dibutyl
sebacate, acetylated monoglycerides, triacetin or glyceryl triacetate, acetyltriethyl citrate, and triethyl citrate.
It is used for the aqueous film coating of solid dosage forms to extend drug release, taste mask, or to protect
against moisture [26].

* The table presents examples of selected, most commonly used, products.

Figure 2. SEM pictures of (A) EC in powder form; (B) spray-dried ethanolic solution of EC (inlet
temperature 65 ◦C, aspirator flow 98%, feed flow 3.5 mL/min); (C) spray-dried Surelease®; and (D)
spray-dried Aquacoat™ ECD-30 (author’s pictures under magnification 10,000× (A,B); 5000× (C,D)).
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4. Applicability of EC in Pharmaceutical Formulations

4.1. EC as An MR Coating Material in Oral Delivery Systems

Because of EC’s potential to modify drug release, it is widely studied as a coating agent. EC as
release retardant was employed in a once-a-day sustained-release system of tacrolimus. The pellets
were coated with EC using a fluid bed granulator. Drug release was markedly impeded by the outer
EC-based coating layer, displaying about 60% drug release after 8 h, regardless of the acidity of the
medium. It was assessed that there were no statistical differences between the obtained pellets and
the marketed sustained-release capsules (Advagraf®) [29,30]. Shah et al. developed a multiunit
formulation for the colon-targeted delivery of metronidazole using EC and Eudragit® S 100 as coating
polymers to prevent initial drug release in the gastric region (Figure 3). Cores of mini tablets containing
drug were prepared using suitable swelling agents to provide pH-sensitive pulsatile drug delivery [31].

Figure 3. Schematic illustration of coated modified release (MR) minitablets.

A double-layer coated colon-specific drug delivery system was developed by Kim et al. The system
consisted of a chitosan-based polymeric subcoating of the core tablet (containing citric acid for
microclimate acidification), followed by an enteric EC coating. The system showed drug release in
a controlled manner by inhibiting drug release in the stomach and intestine, but releasing the drug
gradually in the colon [32]. The example of utilizing EC as a release-retarding coating is a commercially
available preparation called Micro-K® in hard gelatin capsules, containing small crystalline particles
of potassium chloride (KCl). Each crystal of KCl is microencapsulated by a patented process with an
insoluble EC polymeric coating which functions as a semi-permeable membrane ensuring controlled
release of K+ and Cl− ions. Fluids pass through the membranes and gradually dissolve KCl within
the microcapsules. As a result, drug slowly diffuses outward through the membrane over an 8–10 h
period [33,34]. Another example is Theo-24®—the first commercial product for 24-h theophylline
therapy launched on the market. The technology utilized in the formulation uses a chemical timing
complex (protected by patent) to produce very small theophylline-coated beads that provide dependable
zero-order controlled drug release. Tiny spheres of a sugar and starch blend form the core of the beads.
The core is first coated with theophylline and then with a timing complex utilizing EC. The resulting
beads are put into capsules. When the capsule dissolves in the gastrointestinal tract, the insoluble
coating on the bead slowly erodes. The drug, which is highly soluble, moves through the coating.
In the core, the starch swells and pushes the drug out while the dissolving sugar also helps carry the
drug through the chemical timing complex, which results in a constant release [33,35].

Matrix tablets of hydrochlorothiazide were coated with an insoluble barrier membrane using
aqueous EC coating (Surelease®) and HPMC-based Opadry® as a pore former, at 85:15 w/w ratio.
The combination of barrier membrane and hydrophilic matrix system was utilized as a strategy to
modulate drug diffusion from hydrophilic matrices and to reduce the overall variability in release [36].
The aims of another study were to control the release of a water-soluble theophylline from mini
matrices made of HPMC by applying an EC film coating (Surelease®) and to assess coating load on
release rates. At low coating weight gains, tablets released the entire drug within 0.5 h, while at high
coating weight gains only a very small amount (<5%) of drug was released after 12 h [17].
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EC has found its application as a coating material in commercially available modern MR solid
dosage forms (Diffucaps, DiffCORE™, SODAS®, or Geomatrix® systems). It is also used in medicines
dedicated to patients suffering from ADHD: Adzenys XR®-ODT and Cotempla® XR-ODT [16,33,37–42].
Diffucaps are a multiparticulate system, where drug profiles are created by layering a drug onto a
neutral core (e.g., sugar spheres, crystals, or granules) followed by the application of a rate-controlling
functional EC membrane. Such a system is applied in Metadate CD® capsules (Figure 4) [16,37].

Figure 4. Schematic illustration of Diffucaps system in a Metadate CD® capsule. Reprinted with
permission from Reference [16]. Copyright 2019 MDPI.

Another example of an EC-coating-based oral system is DiffCORE™ (Lamictal® XR) (Figure 5).
DiffCORE™ is a technology developed to achieve extended release by delivering drug from a tablet core
through one or several apertures in an impermeable coat made of EC. The technology combines the
use of apertures that are mechanically drilled into functional film-coated tablets (on both faces of the
tablet’s structure) with a polymer coating that controls the mechanism of diffusion. This combination
is designed to ensure the dissolution rate of drug over a period of approximately 12–15 h [16,38].

Figure 5. Schematic illustration of DiffCORE™ system. Reprinted with permission from Reference [16].
Copyright 2019 MDPI.

Adzenys® XR-ODT and Cotempla® XR-ODT are examples of orally disintegrating tablets
which dissolve quickly in the mouth, maintaining extended drug release along gastrointestinal tract.
The technology utilized in the medicines uses two different types of particles (in different ratios depending
on the formulation): immediate release and extended release. Two different polymer coatings are applied
to the extended release beads: interior polymer coating as diffusion barrier (EC) and pH-dependent
exterior polymer coating (methacrylic acid) (Figure 6) [16,41,42].
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Figure 6. Schematic illustration of XR-ODT system. Reprinted with permission from Reference [16].
Copyright 2019 MDPI.

Inderal® LA, long-acting capsules with propranolol, uses polymer-coated controlled diffusion
technology to achieve 12 h release of drug for hypertension treatment. Inderal® LA consists of small
spheroids placed in a gelatin capsule. Each spheroid containing propranolol and a microcrystalline
cellulose is coated with a porous membrane made of a mixture of EC, HPMC, and plasticizer [33,43].
Dilacor XR® is a one-per-day oral formulation of diltiazem provided in capsule. The capsules contain
degradable, controlled-release tablets designed based on Geomatrix® technology to release diltiazem
over a 24 h period. Geomatrix™ is a patented controlled-release system incorporated in the tablets.
Each capsule contains multiple extended-release diltiazem tablets, consisting of two inactive surfaces
sandwiched around the drug core (made of HPMC and hydrogenated castor oil) swellable in an
aqueous medium. The inactive surfaces are composed of a methylcellulose–EC combination. The drug
is released as a result of the swelling of the core, which acts as a drug reservoir. Controlled release
of diltiazem begins within 1 h, with maximum plasma concentrations being achieved 4–6 h after
administration. The inactive surfaces hydrate at a rate much slower than the core, thus regulating the
drug release and assuring constant 24 h medicine delivery (Figure 7) [33,44].

Figure 7. Schematic illustration of drug release from Geomatrix™ system modified from Wan et al. [33].
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An interesting example of applying EC as a coating is SODAS® (Spheroidal Oral Drug Absorption
System), utilized in Cardizem® CD. The medicine is formulated as capsules and consists of two
populations of sustained-release beads that differ only by the thickness of the polymer (EC) surrounding
them. The EC membrane contains added water-soluble polymers which dissolve and create pores
in the membrane. The polymer beads release 40% of the total diltiazem amount in the first 12 h
(Figure 8) [33,39,40,45].

Figure 8. Scheme illustration of SODAS® delivery system modified from Elan drug technologies [39].
Reprinted with permission from Reference [16]. Copyright 2019 MDPI.

Core elements of drugs coated with a water-insoluble polymer such as EC offer reduced dissolution
profiles, and as a consequence provide a taste-masking effect [46,47]. EC was used as taste-masking
agent for quinine, utilizing a spray drying method. The obtained results showed that the quinine
dissolution rate was altered, the bitter taste of quinine was successfully masked, and its intestinal
absorption was simultaneously controlled [48]. EC for taste-masking purposes was tested in organic
(Ethocel™) and aqueous form (Surelease®). To determine whether the designed particles effectively
masked the bitter taste of rupatadine fumarate, three independent methods were used: a human
taste panel, an in vitro release test conducted in conditions mimicking the oral cavity environment,
and an electronic taste sensing system (electronic tongue). It was clearly confirmed that particles
formulated from aqueous dispersions of EC provided a very effective taste-masking barrier [49].
Evaluation of the use of Surelease® as a barrier membrane coating with pediatric precedence of use on
the taste-masking of immediate-release acetaminophen granules was also conducted. The dissolution
profiles of obtained granules were successfully modified using a Surelease® and Opadry® blend as a
barrier membrane, providing slow initial drug release [50]. Another study concerned the development
of orally disintegrating caffeine citrate tablets utilizing hot melt extrusion technology (EC was used as
a polymeric taste-masking carrier) [51]. EC was also applied as a taste-masking and release-slowing
agent to develop a gabapentin nanosponge-based controlled release dry suspension for pediatric use,
using the suspension layering technique [52].

Utilizing of EC as release modifier in marketed oral formulations is presented in Table 2.
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Table 2. Examples of commercially available oral solid dosage forms with EC as release modifier.

Product
(Manufacturer)

Drug Dosage Form EC Role Reference

Aciphex® Sprinkle™

(Eisai Management Co., Ltd.)
rabeprazole granules in capsule coating, delayed

release [53]

Adzenys XR-ODT™

(Neos Therapeutics)
amphetamine

extended release
orally

disintegrating
tablet with beads

coating, extended
release [41]

Advagraf XL™ tacrolimus capsules extended release [30]

Cotempla XR-ODT®

(Neos Therapeutics)
methylphenidate

extended release
orally

disintegrating
tablet with beads

coating, extended
release [42]

Cardizem CD®

(Abbot Laboratories)
diltiazem tablets in capsule coating, extended

release [45]

Dilacor XR®

(Actavis Pharma, Inc.)
diltiazem tablets in capsule extended release [44]

Dilatrate-SR
(Epic Pharma, LLC) diltiazem beads in capsule extended release [54]

Durlaza
(New Haven Pharmaceuticals, Inc.) acetylsalicylic acid capsules extended release [55]

Enjuvia
(Teva Pharmaceuticals USA, Inc.) estrogens coated tablets extended release [56]

Entocort EC
(Astra Zeneca) budesonide coated granules in

capsules sustained release [57]

Inderal® LA
(Wyeth Pharmaceuticals, Inc.)

propranolol granules in
capsules

coating, extended
release [43]

Levbid®

(Mylan Pharmaceuticals Inc.)
hyoscyamine tablets extended release [58]

Metadate CD®

(UCB Manufacturing, Inc.)
methylphenidate granules in capsule coating, extended

release [37]

Micro-K®

(KV Pharmaceutical)
potassium microcapsules in

capsules
coating, extended

release [34]

Lamictal® XR
(GSK)

lamotrigine tablets coating, extended
release [38]

Orfiril Long
(Desitin Arzneimittel GmbH) natrii valproas minitablets extended release [59]

Palladone
(PF Laboratories Inc.) hydromorphone capsules extended release [60]

Pentasa®

(Ferring GmbH)
mesalamine granules prolonged release [61]

Qsymia®

(Vivus, Inc.)
phentermine,
topiramate capsules extended release [62]

Tegretol® XL
(Novartis)

carbamazepine tablets matrix, extended
release [63]

Theo-24®

(UCB Pharma, Inc.)
theophylline beads in capsule coating, extended

release [35]

Trokendi XR™

(Catalent Pharma Solutions)
topiramate capsules extended release [64]
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4.2. EC as a Sustained Release Material in Topical Delivery Systems

The utilization of EC to obtain a sustained release profile is also exploited in preparations for
external use (e.g., transungual, ocular, vaginal, or transdermal). Successful topical therapy depends on
effective drug release and penetration into the objective area, which can be achieved using an adequately
developed drug dosage form [1–5,65]. EC can be applied in transungual delivery systems as a release
modifier and a biocompatible agent ensuring optimal viscosity of the formulation. An isotretinoin nail
lacquer intended for the treatment of nail psoriasis was developed, and its penetration efficiency across
the nail plate was accessed. Lacquer with EC (at 6% concentration) possessed improved handling
characteristics and enhanced drug distribution across the nail [66]. Another study documented an
antifungal nail lacquer with miconazole developed with 0.5% EC which extended drug release up to
48 h [67]. Šveikauskaitė et al. studied naftifine hydrochloride release from experimental nail lacquer
formulations obtained from EC and Eudragit. By using microcalorimetry they revealed possible
interactions between naftifine and EC [68].

Eye administration is a demanding issue in pharmaceutical technology, and to enhance ocular
bioavailability, sustained-release drug dosage forms such as hydrogels, inserts, contact lenses,
or minitablets are designed. Among the materials employed in developing ophthalmic formulations,
EC can be utilized as a polymer extending drug release [69] (Table 3).

Reports have also documented the application of EC as matrix material for transdermal patches
for systemic delivery, showing desired permeation enhancement and flexibility [1–5]. Interestingly,
EC has also been indicated in the formulation of a transdermal spray with clotrimazole to improve
drug transport through the skin up to 12 h and to promote its in vivo antifungal activity [70].

Table 3 presents literature examples of EC utilization in ocular and transdermal drug
delivery systems.

Table 3. Examples of ocular and transdermal delivery systems based on EC.

Drug Dosage Form Active Substance Used Excipients EC Role Reference

Ocular formulations

ocular inserts brimonidine sodium alginate, EC hydrophobic, sustained
release coating [71]

ocular inserts ciprofloxacin gelatin, EC
rate-controlling,

increasing residence time
membrane

[72]

ocular insert acyclovir sodium alginate, EC rate-controlling
membrane [73]

in situ ophthalmic
hydrogel besifloxacin sodium alginate, xanthan

gum, EC
increase the pre-corneal

residence time [74]

minitablet ciprofloxacin

HPMC, sodium
carboxymethyl cellulose, EC,

hydroxyethyl cellulose,
carbopol

sustained release [75]

Transdermal formulations

transdermal patch amlodipine EC sustained release [76]

transdermal patch flurbiprofen EC, propylene glycol,
dibutyl phthalate constant drug release [77]

transdermal delivery
system topiramate EC, povidone, Eudragit L

100, carbopol extended release [78]

transdermal patch dexibuprofen EC, povidone, di-N-butyl
phthalate matrix formation [79]

transdermal patch centchroman
EC, polydimethylsiloxane,

propylene glycol,
Di-n-butyl-phthalate

Film-forming polymer [80]
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4.3. EC-Based Solid Dispersions

In preparation of MR dosage forms, the concepts of solid dispersions and drug incorporation
in an insoluble EC carrier have been also explored [81–85]. Tsunashima et al. aimed to prepare MR
formulation of tacrolimus to achieve both an extended release profile and improved drug solubility.
Extended release solid dispersions of tacrolimus were successfully prepared via the solvent evaporation
method using EC and HPMC as polymeric materials [82]. Sadeghi et al. compared characteristics of
EC matrices prepared from solid dispersion systems with those prepared from a physical mixture
of drug and polymer. Sodium diclofenac was used as a model drug. It was shown that matrices
prepared from physical mixtures were harder than those prepared from solid dispersion systems,
and their release rates were considerably faster. In the solid dispersion system, drug particles were
incorporated in an EC matrix, which caused a great delay in drug diffusion through the polymer and
made diffusion a rate-retarding process in the drug release mechanism [83]. Evaluation of the release
mechanism of a poorly water-soluble drug (indomethacin) from extended-release solid dispersion
systems with EC and HPMC was performed by Ohara et al. The dissolution behavior of indomethacin
depended on the structures of EC–HPMC matrices and showed pH dependency—the drug dissolution
rate was slower in an acidic environment than in a neutral one. The obtained results revealed that
hydrophobic interaction between indomethacin and EC occurred under lower pH and strongly delayed
the dissolution rate of the drug [84]. Sustained-release solid dispersions with EC and Eudragit RSPO
were designed to control the release of verapamil hydrochloride. Solid dispersions obtained by a
simple solvent evaporation technique and physical mixture formulations were compressed to tablets.
The in vitro drug release study revealed that solid dispersions containing a combination of EC and
Eudragit RSPO extended the release rate for 20 h compared to the physical mixtures at the same
ratio, and that the release of verapamil from tablets containing solid dispersion could be effectively
controlled [85].

4.4. EC-Based Micro- and Nanocarriers

A common approach to modifying drug release is preparing polymeric micro- or nanocarriers
which contain drug enclosed in the polymer shell or incorporated in the polymer matrix (Figure 9).
Micro- and nanoparticles have gained significant interest for their use in various drug formulations
not only to sustain drug release, but also in order to improve bioavailability, decrease side effects,
or increase drug stability [86]. An extended-release oral flexible tablet (ER-OFT) formulation was
developed using carbamazepine as model drug for pediatric and geriatric compliance. Microparticles
of carbamazepine were prepared using EC as a matrix polymer and HPMC as a hydrophilic pore
former utilizing a high-shear granulator fitted with an atomizing spray system. Granulation of
carbamazepine and EC with ethanolic binder solution resulted in obtaining microparticles with 16 h
extended release [87]. EC microparticles can be formulated using a variety of techniques: interfacial
and in situ polymerization, coacervation phase separation, spray drying, spray congealing, or by rotary
fluidization bed granulator method [88].

Figure 9. Schematic illustration of microparticles as a drug delivery system. Reprinted with permission
from Reference [16]. Copyright 2019 MDPI.
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As the extreme acidic environment of the stomach contributes to poor success in the treatment
of Helicobacter pylori infections, Pan-In et al. encapsulated clarithromycin into particles made of
pH-resistant polymer (i.e., EC). Nanoparticles were prepared via a simple anti-solvent particle
induction method [89]. Similarly, EC nanocomposites containing rifampicin obtained by supercritical
anti-solvent process prolonged drug release and increased its bioavailability [90]. Interestingly, EC was
also tested as a carrier for protecting the L-alanyl-L-glutamine peptide and simultaneously providing
its prolonged release [91].

Shankar et al. formulated EC microparticles for the vaginal delivery of metronidazole by thermal
change method [92]. EC was also utilized in the development of nanoparticles for the topical delivery
of corticosteroids [93] or to modulate the release and reduce the ulcerogenicity of piroxicam after
oral administration [93]. A reduction of 66% in mean ulcer index was observed, indicating that the
obtained particles had a significant potential of offsetting deleterious side effects common in piroxicam
use [94]. Similarly, as etoricoxib has many side effects when taken orally, EC nanoparticles produced
by a nanoprecipitation technique were designed. Etoricoxib-loaded EC nanoparticles for local drug
delivery in arthritis provided sustained drug release, thereby improving patient compliance [95].
Interestingly, nanocapsules of beclomethasone were prepared for pulmonary delivery using EC as
a protective polymer. They were characterized by delayed drug photodegradation, prolonged drug
release without burst effect, and insignificant cytotoxic effect [96].

EC can also be utilized to prepare sustained-release oral liquids, such as syrup with hydrocodone
and chlorpheniramine (Tussionex®) or suspension with mirabegron based on ion-exchange
technology [97–99].

Maulavi et al. tested EC-based-microparticles-laden hydrogel contact lenses to provide
the sustained ocular delivery of timolol. Prototype poly(hydroxyethyl methacrylate) hydrogel
contact lenses improved drug bioavailability due to the increase in ocular residence time [100].
Timolol-encapsulated EC nanoparticles lenses for controlled sustained ocular drug delivery were
also evaluated in vivo using rabbits. Nanoparticles were prepared by a double emulsion method
and incorporated into acrylate hydrogel, then implanted in hydrogel contact lenses. They exhibited
extended timolol release and an intra-ocular pressure lowering effect for 192 h in rabbits without
significant ocular complications [101].

Application of EC microparticles containing naproxen to textile materials was studied by Arici
et al. Microparticles were prepared by spray-drying using an aqueous EC dispersion and applied to
orthopedic support materials. Since these materials are used for traumatic irritations, over-forced
ligaments and tendons, and specific problems of various joints, it was concluded that they can serve as
potential drug delivery systems [102].

Another approach to obtaining microcarriers is microsponge development. Microsponges are
novel drug delivery systems, which ensure effective sustained drug release. They possess unique
properties including self-sterilizability, due to the minimal pore size which does not allow bacteria
to enter and contaminate the formulation. Microsponges can entrap drugs up to three times their
weight due to their very high porosity. EC is utilized as a foundation material for microsponges
and for microsponge engineering due to its nonirritating, nontoxic, and nonallergic nature [103–105].
Bothiraja et al. focused on the development of an EC microsponge gel as a topical carrier for
the controlled release and cutaneous drug deposition of eberconazole. The microsponges were
prepared using the quasi emulsion solvent diffusion method. An in vivo skin deposition study
demonstrated higher retention in the stratum corneum layer as compared with commercial cream
with eberconazole [106]. Jelvehgari et al. developed a microsponge delivery system to facilitate
the topical delivery of benzyl peroxide. As benzyl peroxide has many side effects when applied
per se in gel form, such a delivery system to the skin could reduce those effects while reducing its
percutaneous absorption [107]. EC was also utilized to prepare microsponges to overcome problems
connected with the poor water solubility, low stability, and high volatility of tea tree oil. Microsponges
loaded with tea tree oil were prepared using EC and polyvinyl alcohol and incorporated into carbopol
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gel [108]. Another study describes the development of the topical delivery of oxybenzone—one of
the most widely used chemical filters found in commercial sunscreens—using a microsponge-loaded
gel. As the ingredient can cause dermatitis and skin irritation, oxybenzone-loaded microsponges were
successfully formulated by a quasi emulsion solvent diffusion method with EC utilization. It was
shown that controlled release of oxybenzone from the microsponge structures and barrier effect of
gel resulted in prolonged retention with reduced permeation, reduced irritation, and enhanced sun
protection factor [109]. The aim of another study was to develop a sustained-release delivery system of
tacrolimus, formulated using a microsponge base, employing EC and xanthan gum by modified double
emulsification techniques [110]. EC microsponges can be designed for ocular delivery; acetazolamide
formulated in a microsponges–Pluronic F-127 in situ gel was characterized by improved therapeutic
efficacy and reduced systemic side effects of oral acetazolamide. The obtained formulation showed
higher therapeutic efficacy compared to free drug in gel [111].

EC has also been studied as a material for nanofibers, which possess a broad range of new
applications in pharmaceutical technology [112]. Over the past years, electrospinning has been attractive
as a simple, reproducible, versatile, and cost-effective technique for nanofiber production. Electrospun
nanofibers have been extensively used for different biomedical applications, including wound dressing,
tissue engineering, and drug delivery. The fiber morphology can be manipulated by changing the
solvent ratio, resulting in a decreased fiber diameter. Membranes made of EC nanofibers possess good
physical properties and are characterized by beneficial air permeability [113,114]. Drug delivery rate
is affected by the polymer type, fiber diameter, and drug concentration in the fiber [114,115]. EC as
a filament-forming matrix was tested in ketoprofen nanofiber delivery systems designed by triaxial
electrospinning [116]. EC was also utilized for creating a 5-fluorouracil loaded core for the fabrication of
electrospun fibers [117] and in preparing water-stable composite nanofibers loaded with indomethacin
with a sustained, diffusion-controlled release profile [118]. The inclusion of EC as a matrix former
improved mechanical properties of the entire delivery system [118]. Another study employed blend
fibers of poly(N-vinylcaprolactam) and EC with the aim of developing thermoresponsive sustained
release formulations fabricated by twin-jet electrospinning containing ketoprofen. The obtained fibers
were largely smooth and homogeneous, and the addition of a drug did not affect their morphology [115].
Additionally, Liu et al. reported that nanofibers obtained by electrospinning using blends of EC and
gelatin were characterized by fine morphology and possessed improved thermal stability [119].

4.5. EC in Mucoadhesive Delivery Systems

In the development of dosage forms applied on mucous membranes, the selection of suitable
polymers with adhesive properties is a crucial issue. Polymers that are bioadhesive and do not
dissolve before releasing the incorporated drug are highly appreciated for sustain drug release.
As a water-insoluble polymer, EC is often used as backing membrane for its film-forming property,
low water permeability, drug impermeability, and moderate flexibility. It possesses bioadhesive
properties, however lesser than Carbopol and chitosan [120]. Bagul et al. evaluated the in vitro
mucoadhesive strength of various polymers and reported the following ascending order for force of
adhesion expressed in Newtons (N): gelatin (1.42) < gum dammar (1.47) < gum copal (1.52) < ethyl
cellulose (1.60) < sodium alginate (1.71) < xanthan gum (1.81) < chitosan (1.91) < HPMC (2.25) <
carbopol (2.40) [120].

EC forms a hydrophobic network when the mixture comes into contact with water, resulting in
sustained drug release. The utilization of EC as a single polymer or in conjunction with other
adjuvants in the preparation of film-like drug carriers is well documented. Drug-loaded EC films are
characterized by good adhesion, mechanical strength, and sustained release profile. They provide
a flexible diffusion barrier and its properties can be changed by the amount of pore-forming agent,
film thickness, and EC molecular weight [1,3–5]. Abruzzo et al. designed buccal films for propranolol
administration. A polymeric layer was prepared by casting and drying with polyvinylpyrrolidone
or polyvinylalcohol and the addition of gelatin or chitosan. EC was employed to formulate a second
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layer was applied onto the primary one in order to obtain prolonged drug delivery, increase adhesion,
and mask the drug’s bitter taste [121]. A bilayer mucoadhesive buccal film containing a combination
of ornidazole and dexamethasone was prepared using solvent casting to treat oral ulcers, with EC
utilized as a backing layer. The formulation showed favorable swelling characteristics, and both drugs
were released at 95% after 4 h [122]. EC was also applied for the preparation of allantoin-loaded
films for the management of dry mouth syndrome. The findings revealed that the produced films
were functional, mucoadhesive, flexible, and stable, with the potential for treating various intraoral
diseases [123]. EC-based mucoadhesive buccal films containing fluticasone formulated by solvent
casting technique showed acceptable physicochemical properties, homogenous drug distribution,
adequate mucoadhesion time, moderate swelling, and sustained drug release up to 12 h [124].
The objective of another study was to develop a two-layered buccal mucoadhesive system consisting
of a highly water-soluble drug (i.e., risedronate). Varied concentrations of chitosan, HPMC, and EC
acting as an impermeable backing membrane ensuring sustained release were tested. The obtained
systems showed good swelling and mucoadhesive characteristics, with 90–100% drug release within
8–12 h [125]. EC, as a biocompatible backing layer, was also utilized in the development of mucoadhesive
bi-layered strips used in dental treatment for the controlled delivery of lidocaine [126]. EC dissolved in
N-methyl pyrrolidone was successfully used as a polymeric matrix for the in situ forming gel (with
doxycycline, metronidazole, and benzyl peroxide) as dosage form applied in periodontal pocket in
periodontitis treatment. It turned out that increasing the amount of EC increased the viscosity of
system while still exhibiting Newtonian flow and simultaneously decreasing the release of drug [127].
Another prolonged-release mucoadhesive gel containing metronidazole for periodontal application
was developed basing on a mixture of glycerylmonooleate and EC. EC reduced the initial metronidazole
release and significantly sustained its release profile [128]. Pathak et al. developed a mucoadhesive
coating for fluconazole tablets for oral thrush treatment. EC coating reduced fluconazole permeation
through the buccal mucosa, thereby ensuring high local drug concentration and faster provision of the
fluconazole minimum inhibitory concentration in the oral cavity [129].

5. Conclusions

EC is a water-insoluble cellulose derivative with attractive features such as biocompatibility,
gastroresistance, and degradation to non-toxic and readily excreted products. It is extensively utilized
in pharmaceutical technology. It is generally recognized as safe to use, even in pediatric therapy. EC is
easy to process alone or with the addition of other excipients (e.g., plasticizers or other polymers).
Considering its multifunctional properties, EC is being widely exploited in oral and topical drug
dosage forms. EC’s main advantage is its ability to modify the release of the drug, which allows for
the creation of controlled delivery systems—the unique tailored carriers for many pharmaceuticals.
EC-based materials are widely utilized as matrices for designing novel drug delivery systems with a
wide range of applications.
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Abstract: A viable short FITC-peptide immobilization is the most essential step in the fabrication of
multilayer films based on FITC-peptide. These functional multilayer films have potential applications
in drug delivery, medical therapy, and so forth. These FITC-peptides films needed to be handled with
a lot of care and precision due to their sensitive nature. In this study, a general immobilization method
is reported for the purpose of stabilizing various kinds of peptides at the interfacial regions. Utilizing
Mesoporous silica nanoparticles can help in the preservation of these FITC-peptides by embedding
themselves into these covalently cross-linked multilayers. This basic outlook of the multilayer films
is potent enough and could be reused as a positive substrate. The spatio-temporal retention property
of peptides can be modulated by varying the number of capping layers. The release speed of guest
molecules such as tyrosine within FITC-peptide or/and adamantane (Ad)-in short peptides could
also be fine-tuned by the specific arrangements of the multilayers of mesoporous silica nanoparticles
(MSNs) and hyaluronic acid- cyclodextrin (HA-CD) multilayer films.

Keywords: mesoporous silica; layer-by-layer; FITC-peptide; hyaluronic acid; multilayer film;
host-guest interaction

1. Introduction

Layer-by-layer self-assembly technology is a useful method to prepare multilayer films with a
thickness which can be controlled even down to the nanoscale [1–5], and is among one of the most
widely used techniques to weave the organic-inorganic multilayer films together [6–10]. Mesoporous
silica nanoparticles (MSNs) have been widely used in adsorption and drug delivery due to their unique
pore structure, large specific surface area and good biocompatibility [11]. Some of these can directly
act as catalysts as well because the ordered mesoporous material can accelerate the diffusion rate of
the product. The selectivity is 100% and the conversion rate is up to 90%. Due to the flexibility of the
structure and the narrow pore distribution, the doping of metal oxide and other complexes to these
ordered mesoporous material matrix makes them better catalysts. Biological macromolecules, such as
enzymes, proteins, nucleic acids, etc., have molecular sizes less than 10 nm, while viruses have sizes
around 30 nm. However, the ordered mesoporous materials have quite a range of pore sizes between
2 and 50 nm. Due to the non-toxicity of these MSNs, they play an important role in the decomposition
and fixation of enzymes, proteins and other substances. The mesoporous silica used for a particular
function needs to be of a particle size, otherwise it will have an adverse effect [11–13]. A lot of research
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has been done in the area of multilayer films conjoining polymer and inorganic nanoparticles [14–16],
and this can be attributed to the variable functionalities from the organic and inorganic parts of
multilayer films [17–20]. The multilayer films which incorporate different inorganic parts can generally
be prepared either by forming a covalent cross-link or by utilizing the non-covalent interactions
between the polymer and the inorganic parts [21–25]. According to the literature, under ultraviolet
irradiation, poly (allylamine hydrochloride) (PAH) and 4,4′-diazostilbene-2,2’-disulfonic acid disodium
salt (DAS) can form covalent cross-linked layers in situ [26]. Non-covalent multilayer films have been
obtained by using different kinds of supramolecular interactions [27–29], electrostatic interactions [30],
hydrophobic interactions [29], host–guest interactions [30–32] and so on and so forth.

The knowledge of diffusion mechanism of fluorescent agent in these multilayers is very important
and can provide a deeper perspective into the molecular interaction in organisms, soft material systems,
and various advanced functional films [33–35]. Due to their good absorptivity, water solubility,
and fluorescence quantum yield, Fluorescein derivatives, especially Fluorescein Isothiocyanate
(FITC) have become the most popular fluorescent reagents in this field. Owing to their wide
fluorescence emission range, their good performance on photo-bleaching and fluorescence quenching
on conjugation to biopolymers, the scope of the application can be widened for FITC-based dyes and
their conjugates [36].

Hyaluronic acid (HA) consists of repeatable disaccharides of the β-glucuronic acid and
N-acetyl-d-glucosamine [37]. Hyaluronic gel is found in synovial fluid and is the main component
of a glycosaminoglycan superstructure complex which is associated with different polysaccharides
such as the chondroitin sulfate [38]. Hyaluronic acid can anchor to the surface of the cell by attaching
itself to the cell surface receptors. HA is an upcoming drug delivery molecule for soft tissue repair and
regeneration [39]. Studies to control the host-guest interaction within supramolecular structures are
gradually rising because of their potential application as stimuli-responsive hydrogels, nanoparticles,
smart biosensor devices and so on [40,41].

Amino-betacyclodextrin (CD) is a member of cyclic oligosaccharides and consists of the lipophilic
central cavity and a hydrophilic outer surface [42,43]. Amino-betacyclodextrin has a large structure
with a many hydrogen donors and acceptor groups. However, these groups are impermeable to the
lipophilic films, making them difficult to use as a drug delivery vehicle. To enhance aqueous solubility
of those poorly soluble drugs and to also raise their bioavailability, cyclodextrin has been utilized as a
complexing agent [44]. CD can be grafted onto HA by chemical synthesis, and then the properties of
both the moieties in the complex can be utilized. The grafting rate can be measured by 1H NMR [45].
In addition, there is supramolecular hydrophobic host-guest interaction between adamantine (Ad)
and cyclodextrin (CD) [46]. Peptides with Ad can be used as targets to study the effect of host-guest
interactions in molecular diffusion. At present, there are many reported articles on the host-guest
inclusion phenomena that delays the release of peptides [47].

In this paper, we have explored a new method to construct multilayer film materials that effectively
preserves different kinds of short peptides. Mesoporous silica serves as a short peptide-container and
functional multilayers were embedded in these via electrostatic interactions. Because of the exquisite
film structure, the magnitude of the supramolecular interactions within the multilayer films can be
modulated. The release curves of the short peptides vary with the number of laminated multilayers.
The supramolecular force-delayed molecular release was taken as an example to further demonstrate
the functions of the reported peptides immobilization strategy. This technique can be utilized to prepare
multilayers which can further be used to control the fabrication of these versatile multilayer films.

2. Materials and Methods

2.1. Materials and Instruments

The following chemicals were used without any further treatment: Sodium hyaluronate
(HA, 95%), amino-betacyclodextrin, fluorescein isothiocyanate (FITC, purity > 90), phosphate
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buffer solution (PBS) and peptides (FITC-RGD & FITC-RGD-Ad) modified with fluorescein
isothiocyanate were provided by Sinopharm Chemical Reagent Beijing Co., Ltd (Beijing, China).
Mono-(6-Amino-6-deoxy)-Beta-cyclodextrin was bought from Shandong Binzhou Zhiyuan
Biotechnology Co., Ltd (Shandong, China). Peptides (FITC-(SGGYGGS)4 & FITC-(SGGSGGS)4)
were bought from LifeTein LLC (Beijing, China). Cetyltrimethylammonium bromide surfactant
(CH3(CH2)15N(CH3)3Br, CTAB), tetraethoxysilane (TEOS) and Poly(allylamine hydrochloride)
(PAH, Mw = 15,000) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
4,4′-diazostilbene-2,2′-disulfonic acid disodium salt (DAS), N-Hydroxy succinimide (NHS) and
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) were purchased from TCI
(Tokyo Chemical Industry, Tokyo, Japan). Only deionized water was used for all the syntheses.

UV-vis spectra were obtained using a Hitachi U-3900 spectrophotometer (Hitachi, Tokyo, Japan).
The Surface morphologies of multilayer films were characterized using transmission electron microscope
(TEM) (TEM, Tecnai T12, Field Electron and Ion Company, FEI, Hillsboro, OR, USA). TEM experiments
were carried out on a Titan S/TEM (Field Electron and Ion Company, FEI, Hillsboro, OR, USA)
microscope. 1H NMR spectra were obtained on Bruker Avance III 400MHz WB (Bruker, Baden,
Switzerland). The Brunauer-Emmett-Teller(BET)-Barret-Joyner-Halenda(BJH) BET-BJH data were
obtained from the Autosorb-iQ2 (Quantachrome, Boynton Beach, FL, USA).

2.2. The Preparation of HA-β-CD Gels

HA-CD gel was prepared according to literature [48]. In a 100 mL Erlenmeyer flask, 0.3 g of
sodium hyaluronate and 50 mL of morpholinoethanesulfonic buffer (MES) were added and rapid
stirred for 6 h. Subsequently, 0.285 g of NHS and 0.342 g of EDC were added into the Erlenmeyer flask.
Then the mixture was stirred for another hour. To the mixture, 0.1686 g of amino cyclodextrin was
added, followed by stirring for 24 h. The detailed experimental procedure and the sample codes are
listed in Table S1. 1H NMR spectroscopy was used to determine the degree of grafting of HA-CD.
The graft ratio was calculated by using the integral area of the 1H NMR spectrum. As shown in
Figure S1, the peak at 5.10 ppm represents the proton of amino (NH) (5.10 ppm) group and its integral
area was 0.11. Therefore, the integral area of each hydrogen atom of the aminocyclodextrin was 0.11/7.
Similarly, the peak at 2.05 ppm represents the proton of CH3 (2.05 ppm) group and its integral area was
1.00. Therefore, the integral area of each hydrogen atom of hyaluronic acid was 1/3. Grafting ratio was
obtained by dividing the integral area of each hydrogen atom of amino cyclodextrin by the integral
area of each hydrogen atom of hyaluronic acid. So, according to the 1H NMR (400 MHz, D2O) data,
the grafting rate of HA-CD was 4.71%.

2.3. The Synthesis of Mesoporous Silica Nanoparticles (MSNs)

MSNs were synthetized according to the literature [49]. In brief, an aqueous solution containing
of 2.0 g CTAB, 7.0 mL NaOH (2 mol L−1) and H2O (480 g) was heated for 30 min at 80 degrees
with rapid stirring. To this solution, 8.31 g ethyl orthosilicate was added. The white solid appeared
within two minutes. The product was further stirred at 80 degrees for two more hours, followed
by centrifugation, washing with a lot of ultra-pure water, and drying in vacuum oven for 12 h.
The CTAB extraction was carried at 60-degrees Celsius. This white powder was added to a mixture of
ethanol (120 mL) and concentrated hydrochloric acid (1.0 mL) and stirred for 8 h at 60 degrees Celsius.
The product was then centrifuged and washed with a lot of water and ethanol, followed by drying
under vacuum. The diameter of meso-SiO2 is about 100 nm as seen in TEM images shown in Figure 1c.
The surface area of the MSN is 646.715 m2 g−1 and the pore diameter of the MSN was about 3.4 nm,
which was characterized via the BET instrument.
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Figure 1. (a) Assembly process followed by UV-vis spectrum of (SiO2/PAH)5/(PAH/HA-CD)5/(PAH/DAS)5

multilayers; (b) Cartoon showing the process of layer-by-layer self-assembly; (c) TEM image of MSNs.

2.4. Layer-By-Layer Assembly Multilayer

Quartz slides cleaned by piranha solution (concentrated H2SO4/H2O2 (v:v = 7:3) ) for 10 h were
immersed in PAH (aq., MW = 15,000, 1 mg ml−1, pH = 9) for 25 min in a typical layer-by-layer cycle.
They were rinsed in ultrapure water and then dried with nitrogen. After that, the slides were dipped
into the SiO2 solution for 25 min and rinsed and dried as before. The cycle was continued until desirable
thickness was obtained and the related coating film will be designated as (PAH/SiO2)n. Generally,
the LBL film was assembled in pH = 9 solution. The substrate was immersed in PAH (aq., MW = 15,000,
1 mg mL−1, pH = 9) for 25 min, rinsed in ultrapure water, and then dried with nitrogen. Subsequently,
these slides were soaked into the HA-CD (1 mg mL−1) solution for 25 min, rinsed and dried as before
so that (PAH/HA-CD) LBL films could be deposited onto the surface of the (PAH/SiO2)n films. The film
should be fixed on the quartz substrate to avoid bending during handling so that the good quality of
multilayers on the quartz substrate can be guaranteed.

2.5. Peptide Loading and Release

1 mg of FITC-labeled peptide solution was dissolved in 10 mL of PBS buffer solution (pH = 7.4)
in a 20 mL glass beaker at room temperature. The quartz sheets with the multilayers on the surface
were then immersed in the peptide solution for 24 h. The quartz sheets were then removed and the
surface was immediately rinsed with deionized water and blown dry with nitrogen. Finally, these
quartz sheets were used for release experiments in PBS buffer solution.

3. Results and Discussions

The surfaces of PAH and DAS are positively charged. PAH and DAS can form covalent cross-linked
layers in situ under ultraviolet irradiation. The versatile multilayer films reported here were built
by integrating MSN, which act as the storage space of polypeptide of FITC-peptide-Ad and the
covalently cross-linking multilayers to increase the stability of the whole system of the multilayer films
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(Scheme 1). A multilayer film of (PAH/SiO2)5/(PAH/HA-CD)5 was prepared as illustrated in Figure 1a.
The formation of this multilayer was monitored by UV-vis spectroscopy. The cartoon as shown in
Figure 1b, displays the process of layer by layer self-assembly between MSN and PAH. The MSN used
in the experiment were synthesized in our laboratory. The diameters for these MSNs vary from small
to 100 nm as shown in Figure 1c. The thickness of the cross-section of multilayer films prepared on the
silica substrate was about 140 nm with surface roughness of around 35 nm (Figure S2). As compared
to uncross-linked (PAH/DAS)5 films, the stability of the (PAH/SiO2)5 multilayer films is not great
and could not be enhanced, and the absorbance of the basic solution remains 32.26% of the original
absorbance after the immersion as shown by the UV-vis spectra (Figure 2a,b).

 
Scheme 1. Description of the loading and release using multilayer film: polymer layers and
the mesoporous silica reservoir both play an important role in fabricating functional and stable
multilayer films.

UV irradiation was used to enhance the stability of the multilayer films. (PAH/DAS)5

multilayer films were subsequently prepared by a self-assembly method on the top of the
(PAH/SiO2)5/(PAH/HA-CD)5 multilayers, and cross-link of (PAH/DAS)5 multilayer films was analyzed
using UV spectra. The decrease of the absorbance peak at 340 nm indicates that the DAS decomposes
and forms covalent cross-linkages within the (PAH/DAS)5 films. The stability of these films can be
verified by soaking the cross-linked multilayer films into the basic solution. After the treatment with
basic solution for 2 h, the peak absorbance of the multilayer films increased by 94.12% (Figure 2a).

The result shows that the covalently cross-linked (PAH/DAS)5 acts as an outermost film which
contributes in the enhancement of the stability of the multilayer films within the MSNs. Based on these
results, the presence of (PAH/DAS)5 multilayer films can enhance the stability of the uncross-linked
multilayer films. It was supposed that the nano-net effect resulted in the ability of (PAH/DAS)5

multilayer films to improve the stability of the films by incorporating silica underneath. In addition,
DAS could enter the multilayer films and also enhance the stability of the multilayer films through
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covalent cross-linking bonding. This effective and facile strategy can play an important role in practical
purposes because of its ability in stabilizing different kinds of multilayer films.

Figure 2. (a) UV-vis spectrum of the cross-linked (SiO2/PAH)5(PAH/HA-CD)5(PAH/DAS)5 film before
(black) and after (red) immersion in a basic solution (pH= 13); (b) UV-vis spectrum of the uncross-linked
(SiO2/PAH)5/(PAH/HA-CD)5/(PAH/DAS)5 film before (black) and after (red) immersion in a basic
solution (pH = 13).

In consideration of the above facts, a model multilayer film for the release of FITC-labeled peptides
can be employed as a model drug. The host-guest interaction between CD and Ad existed on the
three-dimensional scale. The cyclodextrin molecule is hydrophilic from outside and hydrophobic
from inside. It indicates that the CD possesses the external hydrophilic surface and the hydrophobic
central cavity.

Figure 3 shows the short peptides release profiles from cross-linked multilayer films.
Figure 3a clearly shows that the drug release rate of FITC-RGD is faster than the drug release
rate of FITC-RGD-Ad. The release curve clearly shows the release time of FITC-RGD from
(SiO2/PAH)5/(PAH/HA-CD)5/(PAH/DAS)5 is about 180 min (in the red line) (Figure 3a); however,
the release time of FITC-RGD-Ad from (SiO2/PAH)5/(PAH/HA-CD)5/(PAH/DAS)5 is about 360 min (in
the black line) (Figure 3a). As shown in Figure 3b, the release time of FITC-RGD and FITC-RGD-Ad
is about 360 min and 480 min, respectively. As shown in Figure S3, ten layers of multilayers were
used for experiments to prove that the molecular size had little effect on the release rate. As shown
in Figure S3, the release time of both FITC-RGD and FITC-RGD-Ad is about 480 min. As illustrated
in Figure 3c, it takes about 480 min for the release of FITC-RGD, and 720 min for FITC-RGD-Ad
from (SiO2/PAH)5/(PAH/HA-CD)5/(PAH/DAS)5 multilayer film. Moreover, it shows that the release
profiles are very smooth in Figure 3. Despite the number of multilayers in the film being same,
the release speed and release time is different. The delayed effect of the films was caused by the
host-guest supramolecular interactions between cyclodextrin and adamantane and also the release
process increased with number of the multilayers. In addition, the release time of different kinds of
multilayer is summarized in Figure 3d. In the experiment, the controlled variable method was used to
study the release of peptide. Figure 4a is the same as Figure 3a. Compared with the release profiles in
Figures 3 and 4a, Figure 4b clearly shows that the peptide release speed of FITC-RGD is faster than the
release speed of FITC-RGD-Ad. The release time of FITC-RGD and FITC-RGD-Ad is about 210 min
and 400 min, respectively. As seen in Figure 4c, the release time of FITC-RGD and FITC-RGD-Ad is
350 min and 470 min, respectively. Delayed effect of the multilayer films resulted from the host-guest
supramolecular interactions, which show an increase in the release process with an increasing number
of multilayers.
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Figure 3. Release profiles of FITC-RGD-Ad and FITC-RGD from the cross-linked (a)
(SiO2/PAH)5/(PAH/HA-CD)5/(PAH/DAS)5; (b) (SiO2/PAH)5/(PAH/HA-CD)10/(PAH/DAS)5 and (c)
(SiO2/PAH)5/(PAH/HA-CD)15/(PAH/DAS)5 multilayer films. (d) the release time of FITC-RGD-Ad and
FITC-RGD from different kinds of multilayer films.

 
Figure 4. Release profiles of FITC-RGD-Ad and FITC-RGD from the cross-linked (a)
(SiO2/PAH)5/(PAH/HA-CD)5/(PAH/DAS)5. (b) (SiO2/PAH)10/(PAH/HA-CD)5/(PAH/DAS)5 and (c)
(SiO2/PAH)15/(PAH/HA-CD)5/(PAH/DAS)5 multilayer films. (d) The release time of FITC-RGD-Ad and
FITC-RGD from different kinds of multilayer films.
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It is well known that tyrosine (Y) is a hydrophobic amino acid. We infer that host-guest interactions
between CD and Y will delay the release speed of Y-based peptide. For proof of concept, different
kinds of multilayers were immersed into different solution of peptide, as shown in Figure 5.

Figure 5. Release profiles of FITC-(SGGSGGS)4 or FITC-(SGGYGGS)4 from the cross-linked (a)
(SiO2/PAH)5/(PAH/HA-CD)5/(PAH/DAS)5 (b) (SiO2/PAH)5/(PAH/HA-CD)10/(PAH/DAS)5 and (c)
(SiO2/PAH)5/(PAH/HA-CD)15/(PAH/DAS)5 multilayer films. (d) The release time of FITC-RGD-Ad and
FITC-RGD from different kinds of multilayer films.

As illustrated in Figure 5a, the release time of FITC-(SGGYGGS)4 from
(SiO2/PAH)5(PAH/HA-CD)5(PAH/DAS)5 is about 50 min. This is the time taken to obtain saturated
release of fluorescent probe. For FITC-(SGGSGGS)4 from (SiO2/PAH)5(PAH/HA-CD)5(PAH/DAS)5

this release time is 80 mins. As shown in Figure 5b, the release time of FITC-(SGGYGGS)4

from (SiO2/PAH)5(PAH/HA-CD)10(PAH/DAS)5 is about 80 min and around 120 min for
FITC-(SGGYGGS)4 from (SiO2/PAH)5(PAH/HA-CD)10(PAH/DAS)5. Figure 5c shows that it
takes around 180 min for the release of FITC-(SGGSGGS)4 and 260 min for FITC-(SGGYGGS)4 from
(SiO2/PAH)5(PAH/HA-CD)15(PAH/DAS)5 multilayer films. The more the number of the multilayers in
the film, the greater the host-guest interactions. By changing variables and adjusting parameters,
it is proved that upon coming in contact with supramolecular forces, host-guest interactions between
HA-CD and FITC-(SGGYGGS)4 delayed the release speed of fluorescent molecules as shown in
Figure 5.

4. Conclusions

In this study, a method has been developed which can raise the stability of multilayer films made
up of polymer and inorganic nanoparticles. The covalently cross-linked super stratum was formed on
outermost layer of the multilayer films so that the structure of multilayers can be stabilized. The super
stratum acts as a nano-net which prevents the diffusion of the nanoparticles from the substrate. It is
worth mentioning that the super stratum possesses permeability for small molecules like FITC-RGD,
FITC-RGD-Ad, FITC-(SGGYGGS)4 or FITC-(SGGSGGS)4. The difference in permeability of the super
stratum towards nanoparticles and small molecules is utilized to synthesize a functional system for
drug delivery incorporating mesoporous silica as the molecule reservoir. The construction of functional
multilayer films that incorporate inorganic nanoparticles has potential promotional value benefitting
from the mild synthesis conditions of the super stratum.
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Abstract: Although a number of drug-eluting coatings for vascular stents (VSs) have been developed
and are in commercial use, more efficient stent coatings and drug delivery systems are needed.
Sirolimus (SRL) is a clinically important drug with antiproliferative and immunosuppressive activities
that is widely used for coating stents. Here, we characterized SRL-enriched matrices, intended for
coating vascular stents, that were produced by electrospinning (ES) on a drum collector from a solution
of polycaprolactone (PCL) and human serum albumin (HSA), 1,1,1,3,3,3-hexafluoroisopropanol (HFIP),
dimethyl sulfoxide (DMSO), and SRL. The release of tritium-labeled SRL (3H-SRL) from matrices in
phosphate-buffered saline (PBS) or human blood plasma (BP) was studied. The introduction of DMSO
in the ES blend decreased SRL release. The use of BP significantly accelerated SRL release through
binding with serum biomolecules. The exchange of PBS or BP after every time point also increased
SRL release. The maximum SRL release in BP was observed at 3 days. The matrices produced from
the ES solution with DMSO and HSA released no more than 80% SRL after 27 days in BP, even under
medium exchange conditions. Therefore, PCL-based matrices containing HSA, SRL, and DMSO can
be used for coating VSs with prolonged SRL delivery.

Keywords: sirolimus; electrospinning; drug release; polycaprolactone; 3D matrix; drug-eluting stents

1. Introduction

Stent implantation is one of the most common procedures for the reconstitution of blood flow
through atherosclerosis-occluded arteries. The placement of the stent initiates a variety of reactions,
including endothelial injury, crushing of the plaque, and stretching and lacerations of the arterial
wall, which can lead to stent-induced restenosis [1]. These processes stimulate an inflammatory
response—the predominant cause of neointimal proliferation and in-stent restenosis [2] accompanied
by the migration and proliferation of smooth muscle cells (SMCs) and fibroblasts from the arterial
wall [3]. It was suggested that neointima growth after application of angioplasty drug-eluting stents
(DESs) could be prevented by reducing the growth and migration of SMCs and other cell types.
Sirolimus (SRL)-eluting stents, which were approved in Europe in 2002 and in the United States in
2003 [4], are the most popular and have been shown to be the most effective among the relevant analogs
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in reducing coronary restenosis, re-intervention rates, and other adverse cardiac events in patients
with coronary artery disease [5,6].

SRL (rapamycin) is a polyketide macrolide compound obtained by a strain of
Streptomyces hygroscopicus [7]. In mammals, the molecular target of rapamycin, mTOR, is a cell
cycle-specific kinase involved in complex intracellular signaling pathways that regulate cell growth
and proliferation, immunity, angiogenesis, fibrogenesis, and metabolism [8]. After entering into the
cell, SRL interacts with the immunophilin FKBP-12. This complex interacts with mTOR kinase and
inhibits its activity [7]. Thus, SRL blocks the activation of p70S6 kinase, which leads to cell cycle arrest
at the G1 to S phase.

SRL is a potent inhibitor of the antigen-induced T- and B-cells’ proliferation and antibody
production [7], as well as the proliferation of a variety of cell types of nonlymphoid origin [9], including
the inhibition of human coronary artery SMC proliferation [10]. Complete inhibition of PDGF-induced
DNA synthesis in SMCs was achieved at 10 ng/mL SRL, and more than 50% inhibition was observed at
an SRL concentration of 0.1 ng/mL. The inhibitory properties of SRL could be observed from a threshold
concentration of 0.01 ng/mL. SRL is able to inhibit both quiescent and actively cycling cells [10].

SRL has a broad therapeutic window. Preclinical animal trials have shown that SRL demonstrates
biological activity in doses from 18 to 1200 μg, without showing toxicity to the vessel wall [4]. Despite
the promising pharmacological activities of SRL, however, its clinical application is complicated by poor
aqueous solubility, first-pass metabolism, and nonspecific distribution in off-target sites [8]. SRL has
some adverse, dose-dependent effects, including immunosuppression; the inhibition of bone growth;
increased cholesterol, triglyceride, and creatinine serum levels; and decreased glomerular filtration
rates. Leukopenia, thrombocytopenia, anemia, rash, stomatitis, arthralgia, diarrhea, hypertension, and
hypokalemia may also occur [11]. Owing to its lipophilic nature, SRL is widely distributed in lipid
membranes, resulting in a large volume of distribution and a relatively long half-life [12,13].

The most commonly used first-generation SRL-eluting stent in clinical practice is Cypher stent
(SES; Cordis, Warren, NJ, USA) [14]. This DES consists of a stainless-steel platform with a strut
thickness of 140 mm and 140 mg/cm2 sirolimus with a poly(ethylene-co-vinyl acetate) and poly(n-butyl
methacrylate) polymer. A pharmacokinetic study showed that the maximum concentration of SRL in
blood is observed between 3 and 4 h after stent implantation, with a peak concentration of 0.57 ng/mL
in patients receiving one stent [15]. The average terminal-phase elimination half-life of SRL is 213 h.

It is known that SRL can induce fibrinoid vascular necrosis [16]. A reduction in the SRL dose can
reduce this toxic effect in an animal model. A lower SRL dose (25, 40, and 100 μg), released from a
nonpolymeric hydroxyapatite-coated stent built by MIV Therapeutics (Atlanta, GA, USA), results in
less vascular healing, presenting significantly fewer fibrinoids without increasing neointima formation
as compared with Cypher stent (111 μg of SRL) [16]. The REDOX trial showed that lower doses (40%
or 70% compared with Cypher stent) of SRL effectively maintain luminal patency for up to at least
12 months, as determined at a follow-up [17].

The stent platform, the antiproliferative drug, and the drug carrier polymer are the three major
components that determine stent safety and efficacy [18]. The Cypher stent has not been manufactured
since 2011 because the first-generation stents displayed an increased risk for late thrombotic events [19];
this risk was considered to be associated with the permanent presence of the non-erodible polymers
poly(ethylene-co-vinyl acetate) and poly(n-butyl methacrylate). Therefore, a second generation of
DES was developed using more biocompatible polymer coatings. SRL was also used to develop a
new generation of DESs with ultrathin (<70 μm) struts coated with biodegradable polymers, such as
Orsiro and BioMime [20]. Another type of SRL-eluting stent is MiStent, which has ultrathin struts
composed of crystalline SRL and a biodegradable polymer poly(lactic-co-glycolic acid). Clinical trials
have shown the superiority of ultrathin strut biodegradable polymer-coated DESs compared with
durable polymer-coated DESs in maintaining a good safety profile [21].

The Tetriflex (Sahajanand Medical Technology, Surat, India) is a new-generation, ultrathin
(60 μm), biodegradable SRL-eluting stent with coating composed of a combination of hydrophilic and
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hydrophobic polymers for controlled and prolonged release of SRL. Clinical studies have demonstrated
the safety and effectiveness of the Tetriflex stent [22].

One of the novel DESs is Svelte SRL-eluting stent containing fully bioresorbable polymer and
pre-mounted on a single lumen, fixed-wire delivery system [23]. The pharmacokinetics of the Svelte
stent mimics the SRL release of the Cypher stent. The Svelte amino-acid based polymer can be
enzymatically degraded with complete resorption in 12 months. The OPTMIZE Trial, including
1630 subjects, will estimate the safety and clinical efficacy of the Svelte stent [23].

The DESs used in clinics are manufactured using different techniques for coating metallic
vascular stents, including ultrasonic coating [24], dip-coating [25], spray-coating [2], air-brush [26],
electrohydrodynamic jetting, plasma-treated coating, electrotreated coating [27], and electrospinning
(ES) [28]. Coating techniques have an influence on drug release kinetics and clinical outcomes [27].

ES is based on the generation of polymer fibers from a blend of polymers and drugs in a strong
electric field. The advantages of the ES method are the ability to obtain fibers of different diameters
and ultrastructures laid in a 3D matrix, as well as its suitability for a broad range of materials,
cost effectiveness, and mechanical support from the stented area that covers the inter-strut area
(e.g., the InspireMD CGuard stents consisting of a fine mesh that inhibits neointima growth thanks to
the prevention of cell migration from the damaged area) [29–31]. Drug release and dissolution of the
bioactive substance can be controlled through the structure of polymer fibers, which is determined by
the composition of the ES. In recent years, the ES technique and its modifications have been widely
used in drug delivery and regenerative medicine. The FDA has approved heart valve prostheses and
esophageal stent produced using the ES technique for clinical studies [32].

The materials for coating vascular stents (VSs) must be hemo- and biocompatible, and extensible
by at least 2–2.5×. Synthetic materials produced from polycaprolactone (PCL) possess these properties
and are widely used in medicine owing to their PCL biocompatibility, mechanical characteristics,
and ease of manufacturing. The average degradation time for PCL is about 2–3 years [33]. The PCL
matrices produced by ES are convenient for VSs owing to their mechanical properties [29] and good
hemo- and biocompatibility [34,35]. The matrices produced from pure PCL possess poor wettability
and low cell compatibility, but incorporation of human serum albumin (HSA) into the PCL matrices
strongly interferes with its properties, thereby increasing the stiffness and biological properties of such
matrices [29]. It is known that HSA reduces platelet adhesion and increases the thromboresistance and
hemocompatibility of blood-exposed surfaces [36,37].

In a previous study of paclitaxel release from ES-produced matrices, we showed that drug release
depends on the structure of the fibers and the composition of the surrounding medium [29].

In the current study, we investigated SRL release from ES-produced matrices using different
solution compositions: 5% PCL/SRL/10% HSA, 5% PCL/SRL/10% HSA/3% dimethyl sulfoxide (DMSO),
and 5% PCL/SRL. The physicochemical properties of the materials and the dependence of SRL release
on the composition of the surrounding medium were also studied.

2. Materials and Methods

2.1. Production of 3H-Labeled Sirolimus

3H-SRL was synthesized by thermoactivated tritium exchange, as described earlier [38]. 3H-SRL
was purified from byproducts using reversed-phase chromatography (RP-HPLC) on a C18 column
using a gradient of acetonitrile in water (25–100%). The purity of 3H-SRL was evaluated by
autoradiography following thin layer chromatography (TLC) on Kieselgel 60 F254 plates (Merck,
Darmstadt, Germany, 25 Alufolien 20 cm × 20 cm) in a chloroform–methanol–water mixture (19:1:0.1,
Rf = ~0.7). The radioactivity of the preparation was measured on a Tri-Carb 2800 TR β-counter
(PerkinElmer, Waltham, MA, USA) in a “ULTIMA GOLD LTT” scintillator (Perkin Elmer, Waltham,
MA, USA). The radioactivity of all samples was evaluated as reported earlier [29], that is, 0.1 mL of the
sample was thoroughly mixed with 0.9 mL scintillator, and radioactivity was measured immediately.
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2.2. Fabrication of the ES Matrices

The ES solutions were prepared using stock solutions of 9% PCL and 1% HSA (Sigma-Aldrich,
St. Louis, MI, USA) in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP, Sigma-Aldrich, USA). The HSA
concentration in the matrices was 10% (w/w). SRL (150301, Fujian Kerui Pharmaceutical Co. Ltd.,
Fujian, China) was dissolved in HFIP or DMSO (Sigma-Aldrich, USA) and added to the ES solutions to
a final concentration of 0.9 μg/cm2 (0.7 μg per disk). Then, 3% (v/v) DMSO was added to the solution
of polymers. 3H-SRL was mixed with unlabeled SRL to reach radioactivity of 27,000 cpm/cm2 (21,000
per 10 mm diameter disk). To obtain more-uniform fibers, the PCL/SRL ES solution contained 0.1 mm
triethylamine (TEA). To obtain the matrices containing 3H-SRL, we used a custom made ES device with an
airproof chamber and an exhaust HEPA filter equipped with a Spellman SL 150 (30 kV, Spellman, Brockton,
MA, USA) power supply. Matrices of 110–125 μm thickness were prepared using a drum collector (4 cm
diameter and 5 cm length). Electrospinning conditions were the same for all matrices: voltage—26.5
kV; feed rate—1 mL/h; nozzle to collector distance—20 cm; collector rotation speed—300 rpm; 23–25 ◦C;
25–35% humidity. After fabrication, matrices were removed from the collector, dried in vacuum under 10
Pa for 12 h, and stored in sealed ziplock polyethylene containers at 4 ◦C.

2.3. Characterization of the Matrices

2.3.1. Mechanical Characterization

Strain–stress diagrams were obtained using a universal Zwick/Roell Z100 (Zwick Roell,
Ulm, Germany) test bench as described in ISO 7198:1998 [39]. Four 1 × 5 cm rectangular sheets
for each matrix were cut and placed between holders at a distance of 2–2.5 cm. Tensile strength testing
was performed at a rate of 10 mm·min−1 at room temperature (21–23 ◦C).

2.3.2. Matrix Surface Characterization

The morphology of matrices were studied by scanning electron microscopy (SEM), as described
earlier [35]. The size of the pores and the diameter of fibers were estimated from the SEM images
according to ISO 7198:1998 [39]. To estimate the stability of the fiber structure, the matrices were
incubated in PBS (Sigma-Aldrich, USA) or blood plasma (BP) at 37 ◦C for 27 days. After incubation,
the matrices were rinsed with water, air-dried, and studied by SEM. To evaluate the structure after
elongation, the matrices were fixed between clumps of the small device that expands the matrix and
fixes it in an SEM camera. Matrices were fixed at conductive colloidal graphite (G303, Agar Scientific
Ltd., Cambridge, UK) before gold sputter-coating.

2.3.3. Additional Characterization of the Matrices

The contact angle was measured on a Drop Shape Analyzer–DS A25 (Kruss GmbH, Hamburg,
Germany) using water as a solvent (drop volume, 1 μL; shooting speed, 160 frames per second).

The porosity of the matrices was evaluated according to the following formula:

Porosity (%) = [1 − Da/Dp] × 100

where Da =matrix weight/matrix volume and Dp is the PCL density.

2.4. Sirolimus Release Kinetics

To evaluate SRL release, 10 mm diameter disks (~0.785 cm2) were excised from the matrices by die
cutting and placed in wells of a 48-well plate. Then, 400 μL of PBS or EDTA-stabilized BP was added to
each well. The investigation was approved by the Local Ethical Committee of Center of Personalized
Medicine, Institute of Chemical Biology and Fundamental Medicine of the Siberian Branch of the
Russian Academy of Sciences (№1, 15.01.2016). The plate was sealed with a film (Microseal® ‘B’ PCR
Plate Sealing Film, adhesive, Bio-Rad, Hercules, CA, USA) to prevent drying, followed by incubation
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on a Titramax 1000 shaker (Heidolph, Schwabach, Germany) at 37 ◦C; platform rotation speed of
200 rpm. Moreover, 0.01% sodium azide was used to prevent bacterial growth. Two series of SRL
release kinetics were studied. The matrices were incubated in PBS or BP for 20 min, 60 min, 3 h, 9 h,
27 h, 3 days, 9 days, and 27 days without (Series 1) or with (Series 2) medium replacement. For Series
2, the supernatant was removed at each time point, fresh solution was added, and the matrix was
incubated in a fresh solution until the next time point. After incubation, the matrix was washed with
H2O and air-dried at room temperature for SEM analysis. The radioactivity of the supernatants was
measured in duplicate, as described above (Section 2.1).

The influence of matrix elongation on SRL release was evaluated as follows. The matrix was
fixed in the clamps and then slowly stretched by a screw to double the measured distance. After
stretching, the linear sizes of the matrix were measured and the amount of SRL per disk was calculated.
The 10 mm diameter discs were then excised from the stretched matrix, and SRL release was estimated
as described above. All experiments were performed in duplicate.

2.5. Statistical Analysis

The results were processed using Microsoft Excel 2010 and the Statistica 7.0 package (StatSoft Inc.,
Tulsa, OK, USA).

3. Results and Discussion

3.1. Preparation and Characterization of the SRL Matrices

3H-SRL was obtained by thermoactivated tritium exchange. 3H-SRL has the same Rf after RP-HPLC
and TLC, suggesting a similar chemical structure of the compound. Purified 3H-SRL preparation
with a specific radioactivity of 0.2 mCi/mL (~0.055 Ci/mmol) was thus obtained. The compound was
homogenous according to the TLC data, being detected as a single spot on the autoradiograph with
the expected Rf corresponding to unlabeled SRL. 3H-SRL was combined with unlabeled SRL to reach a
dose of ~1.05 μg/cm2 SRL and a radioactivity of ~27,000 cpm/cm2.

ES is a very promising method based on the generation of polymer fibers from a blend of polymers
and drugs in a strong electric field. The advantages of the ES method are the ability to obtain fibers
with different diameters (from nm to μm) and ultrastructures, broad material suitability, and high
cost effectiveness [30,31]. Several parameters have an influence on the structure and morphology of
polymer fibers, including voltage, collector to needle distance, solution flow rate, polymer concentration,
solvent type, dielectric constant, temperature, pressure, and moisture [31]. The solvent type, polymer
concentration, and voltage strongly affect the resulting fiber diameter. Drug release and dissolution of
the bioactive substance can be controlled by the structure of the polymer fibers. In this study, we used
the same ES conditions to obtain all matrices.

Three different matrices were prepared using ES on a drum collector from solutions containing
PCL, HSA, DMSO, SRL, and 3H-SRL. Electrospinning conditions were the same for all matrices:
voltage—26.5 kV, feed rate—1 mL/h; nozzle to collector distance—20 cm.

Polymers used for drug-eluting stent coatings need to have mechanical characteristics and
biological properties similar to those of natural vessels. The PCL scaffolds exhibit good mechanical
properties, flexibility, and nontoxicity [40]. The average degradation time for PCL is about 2–3
years [33]. Earlier, we studied the structure of fibers produced by ES from PCL–HSA solutions [35];
like other authors, we demonstrated that HSA increases the hemocompatibility of blood-exposed
surfaces [35–37]. The mechanical properties of PCL/HSA-containing matrices improved compared
with pristine PCL, and HSA was tightly bound, with the fiber surface exposed for a long period
of time because it is only partially accessible for protease hydrolysis [35]. HSA contains carboxylic
and amine groups that promote cell attachment and spreading via integrin-binding sites, and can
thus provide endothelization [40]. As such, HSA is the most abundant protein in human blood
responsible for fatty acid transport and is the major binding protein for neutral and acidic drugs [41,42].
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Its non-immunogenicity, high biocompatibility, and good biodegradability (as well as its binding of
drugs) make HSA a prospective compound for DES coatings.

The physical properties of the obtained matrices are shown in Table 1. The tensile strength of the
prepared matrices depend on the composition of the ES solution, demonstrating a typical two-phase
curve with an extended plastic deformation region, starting from 7–10% to 250–300% and varying
from 10.4 to 15 MPa (Table 1). These properties provide elongation without breakage during stent
expansion, as well as a low residual load after the stent installation, as previously discussed [29].

Table 1. Physical properties of the matrices. PCL, polycaprolactone; SRL, sirolimus; HSA, human
serum albumin: DMSO, dimethyl sulfoxide.

Matrix Type
Thickness

(μm)
Strength

(MPa)

Mass Per
Unit Area
(mg/cm2)

Fiber
Diameter

(μm)

Pore
Diameter

(μm)

Porosity
(%)

Contact
Angle (◦)

5% PCL/SRL/10% HSA 111 10.45 ±
1.48 2.51 0.27 ± 0.8 1.94 ± 0.33 63.3 117.63 ±

2.72
5% PCL/SRL/10%
HSA/3%DMSO 125 12.41 ±

3.11 2.47 0.14 ± 0.05 1.12 ± 0.18 64.7 109.52 ±
2.22

5% PCL/SRL 114 15.04 ±
2.50 2.44 0.36 ± 0.09 2.11 ± 0.34 60.9 127.37 ±

3.41

The structure of the matrices was studied by SEM. All matrices were composed of randomly
oriented fibers. The composition of the ES solution influenced the fiber diameter and its variability
(Figure 1). The matrices obtained from the blend containing 5% PCL, SRL, and 0.1 mm TEA were more
heterogeneous in fiber diameter. The average diameter of the fibers made from the PCL/SRL/HSA and
PCL/SRL solution was 0.27 and 0.36 μm, respectively (Table 1, Figure 1). The fiber diameter significantly
decreased when DMSO was added (0.14 μm for the PCL/SRL/HSA/DMSO matrix). The SEM at a higher
resolution reveals the smooth surface of the PCL fibers. The decrease in the fiber diameter for matrices
containing DMSO was previously shown for the PCL-based matrices containing paclitaxel [29].

According to SEM data, incubation in PBS for 27 days did not alter the structure of the
PCL/SRL/HSA and PCL/SRL matrices (Figure 1), while fiber fusion and thickening were observed
when the PCL/SRL/HSA/DMSO matrix was incubated in PBS or BP for 27 days. A negligible thickening
effect was also observed for the PCL/SRL matrix, where the thickness of the PCL/SRL/HSA/DMSO
fibers increased almost twofold. There was no significant change in the structure of the PCL/SRL/HSA
matrix during incubation. No significant weight change after 27 days of incubation was observed for
all matrix types (data not shown). This means that, during the assayed time, there was no substantial
matrix degradation. The incorporation of hydrophilic biodegradable components like HSA into the
PCL matrices can potentially increase their rate of biodegradation, but we did not observe such an
effect for 27 days [40].

The porosity of the matrices was estimated from the matrix weight and polymer density in the
range of 60–65% (Table 1). No significant differences were observed for the matrices prepared from
different blends. The presence of DMSO in the electrospinning solution resulted in a decrease not only
in fiber diameter, but also in pore size. The PCL/SRL/HSA/DMSO matrix containing 3% DMSO had a
pore diameter approximately 1.7-fold less than those without DMSO (Table 1, Figure 1). These data
correlate with those previously obtained for PCL-based matrices containing paclitaxel [29].

The wettability of the matrices affected the cell distribution in the matrix and cell proliferation [40].
The polar amine and carboxyl groups in HSA might have improved the surface wettability of the
matrices. HSA has a high water-binding capacity and can increase the hydrophilicity of materials [40].
Measurement of the contact angle is a commonly used technique to determine wettability. The water
contact angles of the matrices are indicated in Table 1. The HSA-containing matrices (PCL/SRL/HSA
and PCL/SRL/HSA/DMSO) show a lower contact angle compared with that of PCL/SRL. According to
the literature data, hydrophilic matrices are more suitable for implants owing to their lower ability to
adsorb proteins and induce inflammation [43,44].
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Figure 1. Scanning electron microscopy (SEM) images of the matrices incubated under different
conditions. BP, blood plasma; PCL, polycaprolactone; SRL, sirolimus; HSA, human serum albumin:
DMSO, dimethyl sulfoxide.

3.2. Study of SRL Release

The SRL release from PCL-based matrices was studied with (2) or without (1) a medium
replacement to mimic SRL release in a biological system. The kinetic curves shown for PBS without any
medium replacement were similar for all matrices (Supplementary materials, Table S1), although SRL
release from the PCL/SRL/HSA/DMSO matrix was slightly slower, with the maximal release of 70%
observed at 27 days (Figure 2A). The maximal release observed for the PCL/SRL/HSA and PCL/SRL
matrices was 76% and 74%, respectively. When the matrices were incubated with replacement of PBS
throughout, the rate of SRL release from the PCL/SRL/HSA/DMSO matrix was significantly slower, with
a maximal level of 75% for 27 days (Figure 2B). Meanwhile, the PCL/SRL/HSA and PCL/SRL matrices
released 75% SRL during the first three days, and reached maximal levels of 90% and 85%, respectively.

It was shown earlier that paclitaxel is distributed both throughout the volume and on the surface
of the fibers in PCL-based matrices [29]. In this work, the SRL distribution seems to be very similar to
that of paclitaxel, because we used the same method to obtain matrices. Desorption of SRL from the
matrix surface limits the rate of establishing the equilibrium between SRL on the surface and SRL in
the solution. This process is the result of the low solubility of SRL in water (2.6 mg/L) [45]. Removing
the medium with dissolved SRL led to the additional desorption of SRL from the matrix surface into
the solution, thus the amount of dissolved SRL increased. The presence of ions and SRL-binding
molecules can also increase the solubility of SRL in PBS and BP.
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Figure 2. The kinetic curves of SRL release from the matrices. The matrices were incubated (A) in
PBS without any medium replacement; (B) in PBS with medium replacement; (C) in BP without any
medium replacement; and (D) in BP with medium replacement. The data are presented as the means
of four independent measurements; the error of the mean did not exceed 7%.
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When incubated in BP, SRL was completely released from the PCL/SRL/HSA matrix after 27 h
(Figure 2C). The kinetic curve for the PCL/SRL matrix showed a slower SRL release, with saturation
achieved over 6–9 days, and a maximal level of 96% was observed at 27 days.

HSA acts as the main transporter of SRL in blood and tissues. HSA has two ligand-specific binding
sites for drugs, site I and site II (high-affinity binding and low-affinity binding, respectively) [42,46,47].
SRL binds to albumin at site I more often than at site II. At low BP concentrations, SRL binds to site I.
At higher PB concentrations, both sites participate in SRL binding. The affinity association constant for
SRL binding to HSA was determined to be 3.99 × 105 M−1 [42,46]. Apparently, the SRL resorption
on the matrix surface is hindered by the binding of SRL with HSA in BP. It is also possible that other
biomolecules in plasma interact with SRL.

Incubation with a BP replacement resulted in an increase in SRL release from the PCL/SRL matrix
of up to 100%. According to the SEM data, there were no changes in the fiber structure of PCL/SRL
matrices during the 27-day incubation in PBS or BP (Figure 1). This means that long-term SRL release is
not associated with matrix structure reorganization or fiber degradation. According to the kinetic study,
the PCL/SRL/HSA and PCL/SRL matrices are not capable of prolonged SRL delivery because of rapid
SRL release (100% in three days) in BP. The changes in fiber structure and/or SRL distribution inside the
fibers are necessary to obtain matrices suitable for prolonged SRL release. Addition of DMSO to the
electrospinning blend enabled to obtain porous fibers and retain SRL in the fibers. DMSO is nontoxic,
has a boiling point of 189 ◦C, and dissolves SRL. Moreover, as shown previously, the addition of 3%
DMSO to the ES blend significantly reduced paclitaxel release in both PBS and BP [29]. As indicated
above, the addition of 3% DMSO to the ES blend resulted in both decreased fiber diameter and pore size.
In these matrices, the fiber diameters nearly doubled over the 27 days of incubation owing to the water
absorption by HSA. The change in structure of the freshly obtained fibers and those of the fibers after
incubation of the PCL/SRL/HSA/DMSO matrices, as well as for the initial and long-term incubation,
induced redistribution of SRL in the fibers and obviously affected SRL release. The lowest rate of
SRL release in BP (as well as that in PBS) was observed for the matrix containing DMSO. The matrix
produced from a 5% PCL/SRL/10% HSA/3% DMSO blend released a maximum of 80% SRL over 27
days, both with and without medium replacement. The data obtained demonstrate the importance of
the PCL/SRL/HSA/DMSO matrix as a prospective material for DES coating.

3.3. Influence of Matrix Elongation on SRL Release

Considering the twofold elongation of the matrices covering the vascular stents during their
installation, the effect of the deformation of the matrices on drug release was studied. To study the
influence of twofold elongation on the matrix structures, we used a device that expands the matrix
and fixes it in an SEM camera (Figure 3A). This type of deformation differs from the deformation
during stent implantation, whereupon uniform deformation of the tube walls occurs, but can simulate
the influence of deformation on fiber location and structure. Different areas of the matrices were
studied by SEM owing to unequal deformation of the matrices (the maximal deformation was in the
center and the minimal deformation was near the clamps) (Figure 3B). In the central area (Figure 3B,
1 and 2; Figure 3C columns 1 and 2), SEM demonstrated that twofold elongation did not lead to a
disruption of the fibers, although it was accompanied by the orientation of the fibers along the force
vector and compaction of the fiber stack. The structure of the matrix near the clamps with minimal
stretching (Figure 3B, 4; Figure 3C column 4) resembles an intact matrix (Figure 1). The intermediate
area (Figure 3B, 3; Figure 3C column 3) differs in that fibers are only slightly oriented. After twofold
elongation of the matrices and removal of the load, the linear dimensions were reduced by 10–17%
(compared with twofold elongation), depending on the type of matrix. According to the SEM data, all
obtained matrices are able to withstand elongation during stent installation.

As shown in Figure 4, SRL release from the parent and the twofold expanded matrices were very
similar for all matrices under study (Supplementary materials, Table S1). The PCL/SRL/HSA and
PCL/SRL matrices present very similar curves of SRL release. SRL was completely released from the
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PCL/SRL/HSA and PCL/SRL/TEA matrices, with maximal release in the first 27 h, whereas SRL release
from the PCL/SRL/HSA/DMSO matrix was significantly slower, with a maximal level of 80% for 27 days.
Data on the SRL release from the matrices with BP replacement demonstrate that twofold elongation
barely changes the release kinetics of the matrices (when normalized to the linear/weight/volume
characteristics of the matrices). Nevertheless, it is necessary to account for the changes in the areas of
the matrices after stent installation when calculating the dose of the drug introduced into the matrix,
considering the approximately 1.8-fold increase in the linear size, and thus the decrease in the specific
content of the drug in the covered square.

Figure 3. SEM images of the expanded matrices. (A) A device allowing one to expand the matrices
and fix them in a sputter coater and SEM camera. (B) Location of the areas studied by SEM. (C) SEM
images of different areas of the matrices.

Figure 4. The kinetic curves of SRL release from the expanded matrices. Incubation of the matrices in
BP with medium replacement. The data are presented as the means of four independent measurements;
error of the mean did not exceed 7%.
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4. Conclusions

The structure and physicochemical characteristics of the ES matrices obtained from the solutions
of PCL with SRL in HFIP and their blends with HSA, DMSO, and TEA were studied. The matrix
produced from 5% PCL/SRL/10% HSA/3% DMSO was shown to be the most suitable for bare-metal
stent coating because it is sufficiently strong, exhibited long-term SRL release kinetics, and is thus
expected to maintain a concentrations of SRL in the vascular wall that are suitable for antiproliferative
activity over a long period. The use of BP increased SRL release. We showed that all matrices can
release SRL without fiber degradation. The twofold elongation of the matrices barely changed the SRL
release kinetics. Therefore, PCL-based matrices containing HSA, SRL, and DMSO are a promising
material for vascular stent coating with prolonged delivery of SRL.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/12/2692/s1,
Table S1: Release curves comparison using Fit factors f1 and f2; Table S2: Release curves comparison using Fit
factors f1 and f2. Comparison of kinetic curves of SRL release from the parent and the two-fold expanded matrices.
Incubation of the matrices in BP with medium replacement.
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Abstract: The simplicity of object shape and composition modification make additive manufacturing
a great option for customized dosage form production. To achieve this goal, the correlation between
structural and functional attributes of the printed objects needs to be analyzed. So far, it has not
been deeply investigated in 3D printing-related papers. The aim of our study was to modify the
functionalities of printed tablets containing liquid crystal-forming drug itraconazole by introducing
polyvinylpyrrolidone-based polymers into the filament-forming matrices composed predominantly
of poly(vinyl alcohol). The effect of the molecular reorganization of the drug and improved tablets’
disintegration was analyzed in terms of itraconazole dissolution. Micro-computed tomography was
applied to analyze how the design of a printed object (in this case, a degree of an infill) affects its
reproducibility during printing. It was also used to analyze the structure of the printed dosage forms.
The results indicated that the improved disintegration obtained due to the use of Kollidon®CL-M
was more beneficial for the dissolution of itraconazole than the molecular rearrangement and liquid
crystal phase transitions. The lower infill density favored faster dissolution of the drug from printed
tablets. However, it negatively affected the reproducibility of the 3D printed object.

Keywords: 3D printing; fused deposition modeling; hot-melt extrusion; solid dosage forms; itraconazole

1. Introduction

Additive manufacturing has huge potential to revolutionize the methods of drug delivery system
formation. It was proven for mass-scale drug production by Aprecia Pharmaceuticals, which registered
the first 3D printed drug, Spritam®, in 2015. However, the use of additive manufacturing also enables
the preparation of small batches of customized, on-demand-prepared formulations—for example,
in the treatment of patients with rare diseases or for clinical trials. The great applicability of 3D printing
(3DP) in the pharmaceutical field results from the simplicity of object shape modification, which allows
the production of dosage forms of complex shape and internal structure, containing one or more active
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pharmaceutical ingredients (APIs) [1,2]. Moreover, the differences in shape and infill density of tablets,
which cannot be achieved in compressed tablets, lead to alternation in the surface-to-volume ratio
and allow us to produce printlets with desired drug dosages and dissolution profiles [3–5]. Although
the issue of the correlation between the internal structure of printed tablets and their properties,
particularly the dissolution characteristics, has been explored by several research teams, there is still
deficiency in studies on the actual microstructure and quality of printed objects and the mechanisms
driving the release of the drug from printed dosage forms [6–9].

In the case of nearly all 3DP methods, the object is built layer by layer based on the computer aided
design (CAD) model. However, various printing technologies vary between each other regarding
used materials and process conditions such as temperature. The 3D printing methods can operate
with a powder, which is bound with a liquid binder or sintered with a laser, a photosensitive
resin, a thermoplastic material, or a semi-solid formulation extruded through the printer nozzle.
Several techniques, such as stereolithography [10–14], selective laser sintering [8,15] digital light
processing [16,17], binder jetting, [18,19], and extrusion-based methods including direct powder
extrusion [20,21], semi-solid extrusion [22–26], and fused deposition modeling (FDM) [27,28], have been
investigated for application in the pharmaceutical industry. The 3DP methods which can be introduced
in the high-scale manufacturing process should be characterized by the high-speed production of
uniform objects [29,30]. In the case of most of the abovementioned printing methods, process conditions
may cause amorphization of the active ingredient, which increases its solubility [31,32].

Various dosage forms, such as orodispersible films [33], mucoadhesive films [34], immediate
and modified-release tablets [35,36], capsules [37,38], implants [39], or even formulations imitating
sweets [40], have been recently developed using fused deposition modeling. In the printed dosage
forms, drug release modification is obtained mostly by selecting either the filament-forming polymers
characterized by suitable pH-dependent solubility [41] or the printlet shape and geometry, i.e.,
the presence of channels [42], empty cavities (floating tablets) [43,44], variations in the infill degree
or shape as well as the use of shape-memory polymers to prepare retentive drug delivery systems
(4D printing) [45,46]. Despite the fabrication of dosage forms by means of 3DP, this technique can
be used for capsular shell fabrication [47] to control the API’s dissolution process as well as mold
preparation to create custom-made, patient-oriented drugs [48]. The 3D printed molds can be also
used in a range of science and technology sectors including electrochemical electrical applications—for
example, flexible sensor prototypes [49,50].

The application of FDM printing technology in the manufacturing of dosage forms requires the
use of previously prepared drug-loaded filament. Filaments are produced mostly in the hot-melt
extrusion process (HME), which is also the method applied to increase drug solubility. During this
process, a mixture of drug and thermoplastic polymer is heated and blended, and the molten mass is
pushed through a nozzle to form a filament [51]. Instead of drugs, other substances can be used in
the HME process, e.g., insoluble hydroxyapatite for filament fabrication, which can be used in bone
tissue engineering [52]. One of the most important advantages is that this process does not require
the use of organic solvents, such as the preparation of amorphous solid dispersion (ASD) by spray
drying. However, HME operates at high temperatures, which are required to melt the formulation
components [53]. In some cases, it is necessary to add plasticizers to the formulation to lower the
process temperature in order to protect the thermolabile active ingredient and improve filament
printability [36,54,55]. The combination of HME and FDM can induce phase transitions, including
amorphization, which results in increased drug solubility. Further drug dissolution modification can
be also achieved by changing the shape and surface of the printed dosage form [26].

Itraconazole (ITR) is an oral antifungal agent used in the treatment of systemic and superficial
fungal infections, commercially available in the form of 65 mg and 100 mg capsules, 200 mg tablets,
and 10 mg/mL solutions. It is a highly lipophilic, weakly alkaline drug with very low water solubility
of 1 ng/mL at pH 7 and 4 μg/mL at pH 1. ITR is classified as a Biopharmaceutics Classification System
(BCS) class II substance [56], which means it has solubility-limited bioavailability. The drug exhibits
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three polymorphs varying in stability and solubility [57]. Moreover, ITR can form liquid crystals,
which are particularly interesting from the perspective of pharmaceutical sciences. Liquid crystals can
adopt various molecular arrangements (nematic and smectic in the case of ITR), which affect the free
energy of the system and thus the dissolution performance. Due to the relatively high glass transition
temperature (Tg = 59 ◦C), ITR can be also transformed into a stable amorphous state, usually in the form
of amorphous solid dispersions with polymers or co-amorphous systems with small molecules [58].

Soluplus® [59–61], Eudragit® L [62], polyvinylpyrrolidone (PVP) [63], Kollidon® VA64 [64,65],
polyvinyl alcohol (PVA) [65,66], as well as semi-synthetic cellulose derivatives such as hydroxypropyl
cellulose [67] and hydroxypropyl methylcellulose acetate succinate [53,54,68–70], are examples of
pharmaceutical polymers tested for preparing itraconazole amorphous solid dispersions (ASD) and
also suitable as filament-forming polymers for FDM. Although many papers described the formation
of amorphous solid dispersions with ITR, including the use of the hot-melt extrusion process [61],
only two considered the formation of dosage forms using 3D printing. Kimura et al. reported that it
is possible to use fused deposition modeling to prepare zero-order sustained-release floating tablets
containing itraconazole [43]. They were able to control floating time by printing tablets with empty
cavities inside and to modify the drug dissolution rate by changing the tablet surface and wall thickness.
Goyanes et al. prepared tablets containing amorphous solid dispersions of itraconazole in different
grades of hydroxypropylcellulose using direct powder extrusion 3D printing—a novel, single-step 3D
printing process. In contrast to FDM, this 3D printer tool head is equipped with single screw extruder,
which allows it to print directly using mixed powders or pellets, without preparing filaments [20].

In this paper, we describe for the first time the liquid crystal phase transitions of itraconazole
in 3D printed tablets. The drug was combined with polymers, formed into filaments via hot-melt
extrusion and then printed using fused deposition modeling technology. The filaments were based
on poly(vinyl alcohol), a water-soluble semi-crystalline polymer known for its superior printability.
The two PVP-based polymers were also added to the filament-forming mixture to introduce the
additional functionalities into the printed matrices. Kollidon® VA64 was supposed to modify the
physicochemical properties—the molecular arrangement in particular (analyzed using thermal analysis
and X-ray diffractometry)—and Kollidon® CL-M was added to modify drug dissolution due to the
improved tablet disintegration. We performed deep micro-computed tomography (μ-CT) analysis
as the first attempt to analyze how the design of a printed object (degree of an infill) affects its
reproducibility during printing. It was also used to analyze the structure of the printed dosage forms to
support the dissolution data. To clearly understand the advantages of extrusion and printing processes,
drug dissolution from printed formulations was compared with tablets having similar composition,
obtained by the compression of either raw powders or milled filament.

2. Materials and Methods

2.1. Materials

Itraconazole (ITR, 1-(butan-2-yl)-4-{4-[4-(4-{[(2R,4S)-2-(2,4-dichlorophenyl)-2-[(1H-1,2,4-triazol-1
-yl)methyl]-1,3-dioxolan-4-yl]methoxy}phenyl)piperazin-1-yl]phenyl}-4,5-dihydro-1H-1,2,4-triazol-5-one,
99.8%, Henan Tianfu Chemical Co., Ltd., Zhengzhou, China) served as a model drug. Poly(vinyl alcohol)
(PVA, Parteck® MXP, Merck®- KGaA, Darmstadt, Germany), copovidone (K/VA, Kollidon® VA64,
BASF®, Ludwigshafen, Germany), crospovidone (K/CL, Kollidon® CL-M, BASF®, Ludwigshafen,
Germany) were utilized as the matrix-forming polymers to prepare both filaments and 3D printed
tablets. Talc (Fagron®, Kraków, Poland) and magnesium stearate (Avantor® Performance Materials,
Gliwice, Poland) were added to tablets prepared by compression in tablet press. Hydrochloric acid
(Merck® KGaA, Darmstadt, Germany) and potassium chloride (Avantor® Performance Materials,
Gliwice, Poland) were used as dissolution media ingredients. Water used in all experiments was
produced by Elix 15UV Essential reversed osmosis system (Merck® KGaA, Darmstadt, Germany).
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2.2. Preparation of Drug-Loaded Filaments

Filaments were extruded using a 40D, 12-mm co-rotating twin-screw extruder (RES-2P/12A
Explorer, Zamak Mercator®, Skawina, Poland) equipped with a gravimetric feeder MCPOWDER®

(Movacolor®, Sneek, The Netherlands) and an air-cooled conveying belt (Zamak Mercator®, Skawina,
Poland). The mixtures of itraconazole and matrix-forming polymers, of the composition presented in
Table 1, and the total mass equal to 200 g were extruded through a 1.75 mm die at 160 ◦C. The feeding
rate was set to approximately 70 g/h, which resulted in the linear filament extrusion speed of 25 m/h.
The barrel temperature varied from 40 to 190 ◦C. The optimized temperature profile and screw
configuration are presented in Figure 1.

Table 1. Composition of the filaments.

Formulation Itraconazole Poly(vinyl alcohol) Copovidone Crospovidone

PVA

20%

80% - -

PVA_K/VA 56% 24% -

PVA_K/CL 76% - 4%

 

Figure 1. Screw configuration and temperature profile.

2.3. Evaluation of Filament Properties

The diameter uniformity of the obtained filament was evaluated using a Mitutoyo® micrometer
screw (Kawasaki, Japan). Six randomly selected points were measured. Mechanical properties
were assessed in stretching test performed with an EZ-SX tensile tester (Shimadzu®, Kioto, Japan).
The measurements were performed six times for each type of filament. Randomly selected pieces
of filament, 100 mm in length, were placed in the tensile tester’s jaws and stretched up to breakage.
Hardness and elasticity of the filaments were determined based on the measurements of tensile strength
and Young’s modulus.

2.4. Determination of Itraconazole Content in the Obtained Filament

Six randomly selected and accurately weighed pieces of filament were placed in conical flasks
filled with 25 mL of a mixture of methanol and 0.1 M HCl of pH 1.2 (1:1 v/v) and shaken for 24 h
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using a Memmert® water bath (WNB 22, Schwabach, Germany). The drug concentration was assayed
at λ = 255 nm using a Shimadzu® UV-1800 spectrophotometer (Kioto, Japan). The specificity of the
analytical method was verified. There was no sign of interference between the drug and excipients at
the analytical wavelength.

2.5. Preparation of 3D Printed Tablets

The Blender® 2.79b software was used to design the models of the oblong tablets (Blender
Foundation, Amsterdam, The Netherlands). The basic model was 20 mm long and 10 mm wide.
The model height varied from 2.4 to 3.65 mm, which was related to the number of 3D printed layers.
Voxelizer® slicing software (version 1.4.18, ZMorph®, Wroclaw, Poland) was applied to define the
height and the width of the single layer path. The 3D model was imported in stl format and divided
into layers before printing. The thickness of the first layer was equal to 0.2 mm to improve the adhesion
of the print to the printer bed, whereas the height of the subsequent layers was 0.15 mm. The path
width was equal to the diameter of the printing nozzle, i.e., 0.4 mm. One outline and rectilinear infill
(density of 20%, 35%, and 60%) were designed for the printing process. Each tablet was composed
of 50 mg of ITR and 200 mg of polymer carriers (Table 1). The tablets were printed by an FDM
ZMorph® 2.0 S personal fabricator (Wroclaw, Poland) equipped with a 1.75 mm commercially available
printhead. Printing temperature was 205 ◦C. The tablets were printed with a 10–15 mm/s printing
speed. The temperature of building platform was 40 ◦C.

2.6. Preparation of Tablets by Filament Compression (HME Tablets)

For comparison purposes, filament milled in a Tube Mill 100 control (IKA®, Staufen, Germany)
and raw compounds were compressed in a Korsch® EK0 single-punch tablet press (Berlin, Germany).
The composition of the tablets was similar to 3D printed tablets; each tablet was composed of 50 mg
of ITR and 200 mg of polymer mixture. Additionally, the blends contained 12.5 mg of a talc and
magnesium stearate mixture (9:1 w/w), which played the role of glidant and lubricant, respectively.

2.7. Preparation of Directly Compressed Tablets (DC Tablets)

Powder blends composed of 3DP tablet ingredients with the addition of the talc and magnesium
stearate mixture (9:1 w/w) were compressed using Korsch® EK0 single-punch tablet press (Berlin,
Germany) for comparison purposes, to investigate the impact of technological processes on the ITR
dissolution profile.

2.8. Micro-Computed Tomography

Micro-computed tomography (μ-CT) analysis was performed using a SkyScan® 1172
microtomograph (Bruker®, Billerica, MA, USA). It was applied to examine the structure of the
3DP tablets with 20%, 35%, and 60% of infill and to verify the repeatability of printing process (the data
collected for three tablets with 35% of infill were compared). The image pixel size was 6.9 μm for
measurements of all samples. A cone beam reconstruction software program (Nrecon SkyScan®,
Bruker®, Billerica, MA, USA) based on the Feldkamp algorithm was used for the reconstruction of
the projections. A CT-Analyser® (SkyScan®, Bruker®, Billerica, MA, USA) was used for binarization
purposes. The procedure was based on density distribution histograms collected for the whole sample
volume. A CT-Analyser® was also used for the characterization of the morphological features of the
tablets, their volume, and surface. CTVox® software (Bruker®, Billerica, MA, USA) was applied to
present the 3D results.

2.9. Differential Scanning Calorimetry (DSC)

Thermodynamic properties of neat ITR, PVA, K/VA, K/CL, and their mixtures in the form of
filaments and 3DP tablets were examined using a DSC 1 STARe System (Mettler-Toledo®, Greifensee,
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Switzerland) equipped with an HSS8 ceramic sensor with 120 thermocouples and liquid nitrogen
cooling station. Zinc and indium standards were used for the temperature and enthalpy calibration.
The samples were measured in an aluminum, pinned crucible (40 mL). The samples were heated
with a rate of 10 K/min. The experiments were performed in nitrogen atmosphere with a gas flow of
60 mL/min.

2.10. X-Ray Powder Diffraction (XRD)

A Rigaku Denki® D/MAX Rapid II-R (Tokyo, Japan) equipped with a rotating Ag anode and an
image plate detector in the Debye–Scherrer geometry was used for the X-ray diffraction measurements.
Graphite (002) crystal was used to monochromatize the incident radiation (λKα = 0.5608 Å). The width
of the X-ray beam at the sample was 0.3 mm. The samples were pulverized before the experiment
and measured at room temperature, in glass capillaries with a diameter of 1.5 mm and wall
thickness of 0.01 mm. The background intensity from empty capillary was subtracted. The obtained
two-dimensional diffraction patterns were converted into one-dimensional functions of intensity versus
the scattering vector.

2.11. Dissolution Studies

The dissolution of ITR from tablets was determined in 1000 mL of 0.1 M HCl with the addition of
KCl, in the pharmacopeial paddle apparatus (Vision® G2 Elite 8, Hanson Research®, Chatsworth, CA,
USA) equipped with a VisionG2 AutoPlus autosampler. Stainless steel, spring-like sinkers were used
to prevent tablet floating. The samples were filtered and analyzed on-line at 255 nm at predetermined
periods using a UV-1800 spectrophotometer (Shimadzu®, Kioto, Japan) equipped with flow-through
cuvettes. Three repetitions for each sample were carried out. The results represent the averaged results
and the standard deviations (mean ± SD).

2.12. Solubility Study

An excess of physical mixture (PM), extrudate (HME), and printed systems (3DP) were dispersed
in 20 mL of 0.1 MHCl and shaken at ambient temperature using a KS 130 basic orbital shaker (IKA®,
Staufen im Breisgau, Germany). After 48h, the samples were filtered through a 0.45μm Chromafil® Xtra
CA-45/25 membrane filter and analyzed spectrophotometrically at λ = 255 nm (UV-1800 Shimadzu®,
Kioto, Japan). The reported data represent the averages from three series of measurements with
standard deviations (SD).

3. Results

3.1. Evaluation of the Filaments

All prepared filaments were made using a PVA as a filament-forming polymer, a semi-crystalline
polymer of molecular weight equal to 32 kDa with 87–89% hydrolysis grade, having a glass
transition temperature, melting point, and degradation temperature of 40–45 ◦C, 170 ◦C, and ≥250 ◦C,
respectively [66]. The obtained itraconazole-loaded filaments were opaque and creamy in color.
The diameter of the filaments was kept at a constant level; however, in the case of the PVA_K/CL
filament, the diameter variations were higher than 0.05 mm, which is considered as a maximum
acceptable deviation from the declared diameter [71]. The itraconazole content and its uniformity
were satisfactory. All the API-loaded filaments were tested for their tensile strength and elasticity,
which were found to be critical quality attributes in term of printability. The results are presented in
Table 2. It was found that the addition of copovidone and crosslinked PVP resulted in a decrease in
the tensile strength and Young’s modulus of the filaments. All the prepared filaments were able to
be printed with a ZMorph® 2.0 S 3D printer immediately after extrusion and after storage in zipper
storage bags.
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Table 2. Hot-melt extruded filament characteristics.

Filament
Composition

Diameter ± SD
(mm)

Itraconazole Content ± SD
(%)

Tensile Strength
± SD (MPa)

Young’s Modulus
± SD (MPa)

PVA 1.70 ± 0.02 19.67 ± 0.43 49.0 ± 10.3 2641.1 ± 144.4

PVA_K/CL 1.68 ± 0.07 19.60 ± 0.34 52.6 ± 19.8 2771.1 ± 347.2

PVA_K/VA 1.69 ± 0.05 19.20 ± 0.33 28.2 ± 7.1 2042.1 ± 256.3

In Figure 2, the differences in the mechanical characteristics are presented. The Young’s modulus
corresponds to the slope of the curve in the elastic behavior region.

 

Figure 2. Comparison of the mechanical strength and resilience of the filaments.

3.2. Thermal and Structural Properties of the Filaments and 3DP Tablets

To investigate how the employed polymers modify the thermal properties of neat ITR, the systems,
prepared in the form of both filaments and 3DP tablets, were measured (after pulverization) by
means of DSC. The samples were examined in the temperature range from 273 to 453 K at a heating
rate of 10 K/min. In Figure 3, the obtained DSC traces are compared to the thermogram of the neat,
quench-cooled ITR. Because the used PVA polymer has a lower glass transition temperature than ITR
(Table 3) (Tg of neat PVA and ITR are equal to 313 and 332 K, respectively), the plasticization effect
was observed. Interestingly, the DSC thermograms of the same compositions with different forms,
filament or 3DP, differ from each other. As can be seen in Figure 3, the thermograms of the 3DP tablets
are characterized by: (i) a shift in glass transition temperature towards lower values when compared
with filament and (ii) the appearance of an additional, very broad endothermal event in the vicinity of
320 to 420 K. The observed differences suggest that the 3DP tablets also contain water in addition to
API and polymers. Water exerts a plasticization effect on the samples and evaporates at temperatures
from in the range of 320 to 420 K.

When the neat ITR is heated above its glass transition temperature, on the DSC thermogram,
one can distinguish two endothermal processes associated with the liquid crystal (LC) phase transitions.
The thermal event located at 348 K reflects transition from smectic (Sm) to nematic (N) LC alignment,
while at 364 K, ITR loses the nematic order and becomes an isotropic (I) liquid. The performed
experiments reveal that the employed polymers shift to lower temperatures for both Sm-N and N-I
phase transition. The determined, based on calorimetric studies, values of Tg, TSm-N, and TN-I for
all investigated systems are compared in Table 3. It is worth noting that in one of the examined
systems (PVA_K/VA), regardless of the applied technological process, the lack of the nematic phase
was observed (i.e., the N-I endothermal event was not registered by means of DSC).
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Figure 3. DSC thermograms of neat ITR and its mixtures with PVA, PVA_K/VA, and PVA_K/CL
prepared in two forms: filament and 3DP tablet.

Table 3. Comparison of values of Tg, TSm-N, and TN-I of neat ITR and its mixtures with PVA, PVA_K/VA,
and PVA_K/CL which were prepared in two forms: filament and 3DP tablet.

Sample Tg (K) TSm-N (K) TN-I (K)

Neat ITR 332 348 364

PVA filament 315 326 347

PVA 3DP tablet 306 330 344

PVA_K/CL filament 312 329 346

PVA_K/CL 3DP tablet 308 330 344

PVA_K/VA filament 317 328 (TSm-I)

PVA_K/VA 3DP tablet 315 330 (TSm-I)

In order to investigate whether the employed polymers indeed modify the ITR’s LC alignment,
both the neat ITR as well as the pulverized 3DP tablets were measured by wide-angle X-ray diffraction
(XRD) technique. The comparison of the scattering patterns collected at room temperature for neat
ITR and pulverized tablets containing either PVA, PVA_K/VA, or PVA_K/CL is presented in Figure 4.
The presented XRD patterns demonstrate that the polymers affect the LC order in ITR. As can be seen,
samples containing PVA or PVA_K/CL reveal less intense peaks at around 0.22, 0.45, and 0.68 Å−1,
which are indicators of smectic layering [72]. In the case of the system containing K/VA, the reduction in
the intensity of the peaks at 0.22 and 0.68 Å−1 is combined with the disappearance of the peak at 0.45 Å−1.
These results indicate that the layered structure in ITR is medicated by the employed additives.

3.3. Micro-Computed Tomography Studies of Tablets

The dimensions and masses of 3DP tablets corresponded to predefined values. The average tablet
mass ranged from 239.73 to 253.05 mg. Tablet length varied from 19.85 to 20.15 mm, whereas height
ranged from 1.78 to 3.65 mm. The real layer height was from 0.142 to 0.158 mm and was calculated
by dividing the tablet height by the number of layers, given the fact that the first layer was 0.2 mm
(Table 4). Digital photos of 3D printed tablets can be found in the Supplementary Materials associated
with this article (Figures S1–S3, Supplementary Materials).
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Figure 4. XRD diffraction patterns of neat ITR and its mixtures with PVA, PVA_K/VA, and PVA_K/CL
in an initial form of 3DP tablet.

Table 4. Parameters of 3D printed tablets.

Polymers Infill (%) Mass (mg) Width (mm) Length (mm) Height (mm)
Number
of Layers

Real Layer
Height (mm)

PVA 35 252.82 ± 4.16 10.18 ± 0.03 20.15 ± 0.03 2.34 ± 0.03 16 0.142

PVA_K/VA 35 253.05 ± 3.67 10.08 ± 0.01 20.09 ± 0.01 2.89 ± 0.05 20 0.142

PVA_K/CL 35 250.12 ± 4.52 9.98 ± 0.02 19.85 ± 0.12 2.67 ± 0.03 17 0.154

PVA_K/CL 20 244.12 ± 5.77 9.96 ± 0.03 19.86 ± 0.09 3.65 ± 0.03 24 0.150

PVA_K/CL 60 239.73 ± 3.01 9.99 ± 0.05 20.05 ± 0.03 1.78 ± 0.02 11 0.158

Based on the 3D tablet images obtained from Voxelizer slicing software (Figure 5) and predefined
settings of the path size, the theoretical volume of 3DP PVA_K/CL tablets was calculated. The values
varied from 184.4 mm3 for T_20 tablets to 195.6 mm3 for T_60 and 195.9 mm3 for T_35 tablets.

 

Figure 5. Images of PVA_K/CL tablet layers obtained from Voxelizer software.

The morphology of the PVA_K/CL printed tablets was verified by the μCT scans. Tablets with
20% of infill had the highest object volume (236 mm3) and the highest open pore volume (485 mm3).
Medium pore size (structure separation) was 1.11 mm, whereas the average structure thickness was
0.25 mm. Tablets with 60% of infill were characterized by the lowest values of object volume (202 mm3)
and pore volume (134 mm3) as well as structure separation (0.19 mm) and pore size (0.25 mm).
Aforementioned parameters for tablets with 35% of infill can be placed between T_20 and T_60 values
(Table 5, Figure 6).
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Table 5. Comparison of μCT scan data of 3DP PVA_K/CL tablets with 20% (T_20), 35% (T_35), and 60%
(T_60) infill ratio.

Description Unit T_20 T_35 T_60

Object volume mm3 236 220 202
Percent object volume % 33 41 60

Structure thickness mm 0.25 0.20 0.19
Structure separation mm 1.11 0.62 0.25

Volume of open pore space mm3 485 312 134
Open porosity % 67.2 58.5 39.9

 

Figure 6. 3D tablet models, μ-CT scan images of 3DP tablets, and structure thickness and structure
separation of 3DP tablets.
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Parameters of tablets with 35% of infill are similar and no important differences between the three
analyzed tablets can be distinguished (Table 6, Figure 7).

Table 6. Comparison of μCT scan data of 3DP PVA_K/CL tablets with 35% of infill ratio.

Description Unit T_35_1 T_35_2 T_35_3

Object volume mm3 220 224 213
Percent object volume % 41 42 39

Structure thickness mm 0.20 0.19 0.17
Structure separation mm 0.62 0.62 0.62

Volume of open pore space mm3 312 307 327
Open porosity % 58.5 57.7 60.4

 

Figure 7. Comparison of 3DP tablets with 35% of infill.

3.4. Dissolution Studies

Itraconazole dissolution from 3D printed tablets with 35% infill was compared with the dissolution
profiles obtained for the tablets made from milled extrudate (HME tablets) and directly compressed
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tablets (DC tablets) to evaluate the impact of the excipients and hot-melt extrusion on the dissolution of
the API. Determined itraconazole solubility limits were equal to 5.8, 22.2, and 29.3 μg/mL for physical
mixture, extrudate, and 3D printed matrix, respectively. The solubility limits were calculated as the
percentage of ITR dose in tablets (11.6%, 44.4%, and 58.6% for physical mixture, extrudate, and 3D
printed tablet, respectively) and are marked in Figure 8 to make the interpretation of the dissolution
easier. It was found that the performed technological processes, namely hot-melt extrusion and 3D
printing, affected the dissolution profile of itraconazole. The highest amount of the drug was dissolved
from 3D printed tablets. The amount of ITR released from milled extrudate was significantly lower,
while the smallest amount was released from directly compressed tablets (Figure 8). After 2 h of
the dissolution test, 75.8%, 51.3%, and 11.0% of the itraconazole was released from the PVA-based
3D printed, hot-melt extruded, and directly compressed tablets, respectively. This relationship was
confirmed for all the prepared formulations. It must be highlighted that in the case of all 3D printed
formulations, i.e., PVA, PVA_K/VA, and PVA_K/CL, the amount of dissolved itraconazole was far
above the solubility limit and the supersaturation lasted as long as the dissolution test was performed.

Figure 8. The influence of the technological process on the release profiles of itraconazole from
PVA-based tablets (infill density equal to 35%).

The impact of copovidone and crospovidone addition to the PVA formulation on the release
profile was also evaluated (Figure 9). The best dissolution profile was noticed for PVA_K/CL 3D
printed tablets. After 45 min, 91.5% of the API was dissolved from PVA_K/CL 3D printed tablets,
while only 64.3% and 46.7% of the drug was released from 3D printed tablets with Kollidon® VA64
and PVA-based tablets, respectively.

The impact of the infill density on the dissolution characteristics was evaluated for the PVA_K/CL
formulation (Figure 10) as it was selected as the most promising formulation from all the prepared
3D printed tablets. Three rectilinear infills with different densities, namely 20%, 35%, and 60%,
were evaluated. The results confirmed that the lower infill density favored faster dissolution of the
API. After 45 min of the dissolution test, 96.9%, 89.7%, and 80.9% of the itraconazole was released from
3D printed tablets with 20%, 35%, and 60% infill, respectively.
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Figure 9. The influence of the excipients on dissolution profiles of itraconazole from 3DP tablets (infill
density equal to 35%).

 

Figure 10. The influence of infill percentage on dissolution profiles of itraconazole from 3DP tablets.

4. Discussion

The filament extrusion went smoothly, and it can be carried out as a continuous manufacturing
process. As a result of the optimization of the barrel temperature profile, generated torque, which may
be considered as one of the major limitations during the extrusion, was as low as 2.82 ± 0.09 Nm during
the filament extrusion process. All the prepared filaments were of satisfying quality and were printable
using a ZMorph® 2.0 S 3D printer. PVA-based filaments were characterized by the most uniform
diameter which may result from the simplest composition of the filament. Copovidone (K/VA) was
added to the filament formulation to improve the solubility of the drug in the polymer matrix as it was
shown by Włodarski et al. [65], while crosslinked PVP (K/CL) was added to improve disintegration
and API dissolution from the extrudates and 3D printed tablets. The elasticity of the filaments was
evaluated based on the Young’s modulus values. The values obtained for itraconazole-loaded filaments
were in the range 2042.1–2641.1 MPa and they were comparable to the results obtained by Feuerbach et
al. for Resomer filaments [73]. The filament elasticity was not significantly affected by the addition of
either copovidone or crospovidone to the formulation, while the values of the Young’s modulus varied
in the narrow range. However, it was found that the filament with the addition of copovidone was
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characterized by slightly higher elasticity than the one composed of only PVA or PVA-K/VA filaments.
The obtained Young’s modulus values for all prepared filaments suggest that they are suitable for
fused deposition modeling 3D printing. The tensile strength was in the range from 28.2 to 52.6 MPa;
the lowest value was obtained for the filament with the addition of Kollidon®VA64. Its introduction to
the polymer matrix caused a more than 1.7-fold decrease in tensile strength in comparison with the
itraconazole-loaded PVA filament. This may result from the Kollidon®VA64 extrudate’s brittleness,
which was confirmed by Fuenmayor et al. [74]; however, it was still durable enough to be printed.

A set of 10 × 20 mm2 oblong tablets with different infill densities was printed with good
repeatability. The tablets were uniform in shape and mass. The dimensions of the 3DP tablets were
similar to predefined 3D objects. The adjustment of tablet height and, in consequence, the number
of layers was related to the filament properties to obtain tablets with comparable mass (Table 4).
The differences in tablet mass did not exceed 12.5 mg (±5%) from the theoretical value of 250 mg.

The theoretical tablets’ volume was compared to the real object volume of 3DP PVA_K/CL tablets
with infill of 20%, 35%, and 60% (Table 5), determined during the μCT scan. In the case of 20%
of infill tablets (T_20), the real tablet volume was almost 1.3 times higher than calculated. This is
related to the morphology of tablets with low infill density. The substantial distance between infill
cross-points, in which two adjacent layers adhere, resulted in overhangs without support. It led to
path disorder and an increase in vertical layer dimension. Therefore, subsequent cohesion in some
spaces between cross-points was observed (Figure 6). In the case of T_35, the difference in tablet
volume was smaller (1.12 times higher) whereas the volumes of T_60 tablets were similar (1.03 times
higher). This improvement was related to the higher density of tablets’ infill with increasing number
of cross-points.

The phenomenon of path expansion between the cross-points can also be explained by the
deviations of the structure thickness parameter in comparison with the theoretical value of 0.15 mm.
This effect was observed for all degrees of infill; however, it was less pronounced in the systems
with the higher infill density (Figure 6). The biggest difference was noticed in the case of T_20
tablets, for which the mean structure thickness was 100 μm higher than the theoretical layer height.
For T_35 and T_60 tablets, the structure thickness was 40–50 μm higher. The differences in the structure
thickness distribution are presented in Figure 6. The widest span of structure thickness was noticed
for T_20 tablets and the structures with 0.25–0.35 mm thickness had the greatest volume within 3DP
objects. On the contrary, the T_60 tablets exhibited the narrowest span, with structures of thickness
varying between 0.15 and 0.25 mm highly represented within the object (Figure 6). Structure thickness
distribution among a set of T_35 tested tablets was similar and showed good repeatability of printed
dosage forms with 35% of infill (Table 6, Figure 7). Moreover, identical mean structure separation was
observed within all T_35 tablets (Table 6) The porosity within T_35 tablets was similar, and histograms
of structure separation distribution revealed that pores with size 0.8–1.0 mm are highly represented
(Figure 7). Decreasing the tablet infill from 35% to 20% resulted in porosity changes. Pores with
larger sizes, between 1.2 and 1.75 mm, are visible on the histograms and the total porosity increased
from 58.5% to 67.2%. In the case of T_60 tablets, pore size did not exceed 0.5 mm and total porosity
was almost 1.7 times smaller (39.9%) than T_20 (Figure 6). It should be emphasized that the volume
of the open pore space within the 3DP T_20 tablet (485 mm3) is twice as high as the volume of the
solid part of the tablet (236 mm3), whereas the volume of the open pore space of T_60 (134 mm3) is
1.5 times smaller than the solid part of the tablet (202 mm3). The tablet open space will promote the
penetration of dissolution media through the tablet’s internal structure and will have an impact on its
disintegration and dissolution behavior. The influence of the internal structure of 3D printed objects
on their properties was highlighted and widely discussed by Nazir et al. in the comprehensive review
of the various 3D printed lattice and cellular structures, their advantages and limitations [75].

The results of the dissolution studies indicate that the 3D printing process improved itraconazole
release when compared with tablets made by compression with either milled extrudate or a simple
powder blend. This should be attributed to the developed internal structure and resulting extended
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surface area as well as the molecular rearrangement in the structure of API within the polymer matrix.
Itraconazole release was faster from tablets containing added copovidone than PVA alone because
the hot-melt extrusion and following 3D printing led to the formation of more disordered systems,
which was confirmed by the lower intensity of the characteristic peaks in the XRD diffractograms
and the lack of the nematic phase confirmed by DSC in the PVA_K/VA 3DP tablets. The release of
itraconazole from filaments and 3D printed tablets containing only PVA was lower than from the
corresponding systems containing the additive of PVP-based polymers since its structure was more
ordered, as indicated by the presence of smectic and nematic domains. It is worth mentioning that the
improved drug dissolution results from the applied technological processes, not just the addition of the
polymers. The results of the dissolution from directly compressed tablets revealed that the presence of
the polymers themselves did not enhance the dissolution of itraconazole as the amount of dissolved
API did not exceed 12% of the initial dose.

The results indicated that the addition of the disintegrant, i.e., crospovidone, to the 3D printed
tablets is beneficial in terms of ITR dissolution. The addition of the disintegrant to the formulation led
to a higher increase in API dissolution than adding a copovidone to achieve molecularly disordered
material. With the presented results, we have demonstrated that the PVA_K/CL formulation is the
most promising in terms of immediate-release tablet preparation, as it is characterized by the best
dissolution profile. Subsequent optimization was performed to evaluate the possibility of further
improvement of itraconazole release. The optimization included changes in the infill density, as it
was confirmed by many research groups that infill density significantly affects the dissolution rate of
the API [76]. The tablets with infill density of 20%, 35%, and 60% were successfully 3D printed and
tested. As predicted, lower infill density resulted in faster dissolution. However, the micro-computed
tomography imaging revealed that during the printing of the tablets with 20% infill, there was an issue
with maintaining the internal structure geometry, which also manifested in higher deviations in the
amount of dissolved itraconazole in the first 20 min of the dissolution test (Figure 10). The tablets with
60% infill were characterized by the slowest itraconazole release. This is directly connected with the
difficulty of water penetration into the tablet due to the smaller pores and channels in the internal
structure. Therefore, we chose 35% infill as the best formulation to evaluate the tablet shape, dose,
and internal structure reproducibility in the 3D printing process. In all cases of 3D printed tablets,
long-lasting supersaturation of the itraconazole was achieved. It is well-known that the persisting
state of supersaturation may lead to bioavailability improvements, which is especially beneficial in
terms of poorly soluble drugs such as itraconazole [77].

5. Conclusions

Our study has shown the detailed methodology for the development of immediate-release 3D
printed tablets with liquid crystal-forming itraconazole. The development stage included both the
optimization of the formulation composition and the correlation between the geometry of the printed
object, namely the degree of infill, with shape reproducibility and drug dissolution.

The use of well-printable PVA polymer alongside the functionalized excipients, i.e., polyvinylpyrrolidone
derivatives, during the hot-melt extrusion process covered not only the optimization of the mechanical
properties of the filament and its printability but also the function of the polymer matrix in terms
of intended drug release profiles. The results of the dissolution study and physicochemical analysis
indicated that improved disintegration obtained due to the use of Kollidon®CL-M was more beneficial
than the molecular rearrangement and liquid crystal phase transitions. The lower infill density favored
faster dissolution of the drug from printed tablets.

Micro-computed tomography was utilized to confirm that the design of printed objects was
properly reconstructed. The comprehensive analysis revealed that the infill density, which is often
considered as a way to control or improve drug dissolution, should be utilized with a deep
understanding of its effect on the 3D printed objects’ reproducibility. In the case of low infill densities,
reproducibility issues, i.e., path disorder, increased layer dimension, and the path cohesion between
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cross-points, may occur. On the contrary, dense infill limits the surface area available for dissolution
media and slows down the dissolution of the API.

In the case of the presented results, the most appropriate properties, i.e., good reproducibility
during the object printing combined with superior drug dissolution, were achieved for the filament
composed of 20% of itraconazole, 76% of PVA, and 4% of crospovidone acting as a disintegrant.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/21/4961/s1,
Figure S1: 3D printed itraconazole-loaded tablet with 20% infill density; Figure S2: 3D printed itraconazole-loaded
tablet with 35% infill density; Figure S3: 3D printed itraconazole-loaded tablet with 60% infill density.
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Abstract: The increasing demand for novel drug formulations has caused the introduction of
the supercritical fluid technology, CO2 in particular, into pharmaceutical technology as a method
enabling the reduction of particle size and the formation of inclusion complexes and solid dispersions.
In this paper, we describe the application of scCO2 in the preparation of binary systems containing
poorly soluble antiandrogenic drug bicalutamide and polymeric excipients, either Macrogol 6000 or
Poloxamer®407. The changes in the particle size and morphology were followed using scanning
electron microscopy and laser diffraction measurements. Differential scanning calorimetry was
applied to assess thermal properties, while X-ray powder diffractometry was used to determine the
changes in the crystal structure of the systems. The dissolution of bicalutamide was also considered.
Binary solid dispersions were further compressed, and the attributes of tablets were assessed.
Tablets were analyzed directly after manufacturing and storage in climate chambers. The obtained
results indicate that the use of supercritical CO2 led to the morphological changes of particles and the
improvement of drug dissolution. The flowability of blends containing processed binary systems
was poor; however, they were successfully compressed into tablets exhibiting enhanced drug release.

Keywords: Bicalutamide; Poloxamer® 407; Macrogol 6000; supercritical carbon dioxide; solid
dispersions; dissolution rate; amorphization

1. Introduction

The growing number of active pharmaceutical ingredients (APIs) are characterized by poor water
solubility. Currently, more than 70% of APIs under development are considered as poorly water
soluble and almost 40% present in the pharmaceutical industry possesses aqueous solubility less than
100μg/mL. Most of them belong to the second class of the Biopharmaceutical Classification System (BCS).
These compounds are characterized by low solubility and high intestinal membrane permeability [1].
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Given that the oral bioavailability of active pharmaceutical ingredients depends on their solubility and/or
dissolution rate, many methods of solubility improvement have been developed [2]. They include
chemical modifications, such as prodrugs [3,4] or salt formation [5], physical processes as micronization
or polymorph transitions, as well as the preparation of drug-carrier systems, including solid dispersions
(SD) [6,7] and complexes with cyclodextrins [8–11]. Solid dispersions are defined as drug-carrier
systems in which a hydrophobic active pharmaceutical ingredient is either molecularly dispersed
in a hydrophilic matrix or exists as micro-fine crystals [12]. The matrix can be made from low
molecular weight compounds, or more frequently, hydrophilic polymers. They provide the dissolution
rate improvement, particle size reduction, reduction of agglomeration, wettability improvement
that are achieved by solid dispersion [13,14]. They possess different functional groups, molecular
weight, melting temperatures (Tm), and glass transition temperatures (Tg). They can be crystalline
(poly(vinyl alcohol)), semicrystalline (poly L-lactic acid), or amorphous (polyvinylpyrrolidone).
Moreover, each polymer is characterized by different abilities to maintain molecular dispersion of active
substances [15]. Drug-polymer solid dispersions are formed using evaporation methods, such as spray
drying, and melting methods, including extrusion. These techniques often require high temperatures,
which can influence the stability of the active substance, or high amounts of solvents, which may
increase product toxicity and affect the environment [16]. These undesirable effects can be avoided
by using supercritical fluid technology for solid dispersion preparation. The most commonly used
gas is carbon dioxide, which is a non-toxic, non-flammable and widely available substance. In the
supercritical state, i.e., above the critical temperature (31.4 ◦C) and pressure (74 bar), it is viscous and
permeable like gaseous substances, while the density is comparable with liquids. It can act as a solvent
and/or as a plasticizer for many substances. Also, it is easy to remove from the product after processing,
so it is possible to obtain a solvent-free product without a dedicated solvent removal process [16–19].

Currently, tablets are the most popular dosage form. This is due to the ease of administration,
neutral taste, appropriate stability and low cost of manufacturing [20–23]. Given that compression is an
integral part of tableting, the effect of applied the compression force on the physical stability of the drug
needs to be considered, especially in the case of the compounds undergoing mechanically induced
activation [24,25]. One of such is bicalutamide, a non-steroidal antiandrogen, which belongs to class II
of the Biopharmaceutics Classification System, exhibiting low aqueous solubility (below 5 μg/mL) and
high lipophilicity (logP = 2.92) [26]. Th drug undergoes polymorph transition (from physically stable
form I to metastable form II) or amorphization upon mechanical treatment as a consequence of a need
for the relaxation of stress field applied during milling [27,28]. Drug amorphization was previously
described upon milling and spray drying with polyviylpyrrolidone (PVP) [29,30]. Given that glassy
bicalutamide recrystallizes easily upon grinding or scratching, the effect of increased pressure on
physical stability needs to be investigated deeply. Although many papers describe the effect of
temperature and humidity on the stability of amorphous drugs, the effect of pressure applied to solid
dispersions during tableting was rarely described [31]. Also, only a few papers describe how the
tableting and storage of solid dispersions affect the dissolution performance of bicalutamide.

The polymers chosen for this study were polyethylene glycol (Macrogol 6000, PEG6000,) and
Poloxamer® 407 (PLX407). These excipients are commonly used for solid dispersion preparation due
to their solubilizing effects, surface adsorption, and wetting enhancement. Macrogols are widely used
as carriers due to their low melting point, fast solidification, and capability of forming solid drug
solutions [32,33]. However, the presence of a crystalline form may result in unstable formulations
and lower dissolution rates [32]. For some drug-active substances, the improvement in solubility
enhancement by Poloxamer is more efficient than by Macrogols [34]. Poloxamers, also called pluronics,
are amphiphilic block copolymers consisting of hydrophilic ethylene oxide blocks (EO) attached to a
central polypropylene oxide unit (PO) of hydrophobic character. They are widely used as carriers,
mostly due to a low melting point. Moreover, the differences in the solubility of the constituent blocks
of poloxamer macromolecule lead to thermo-responsive self-assembly in an aqueous environment,
which is the additional advantage for solubility enhancement [35].
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In our studies, we evaluated the use of the supercritical carbon dioxide (scCO2) method as a
way to obtain solid dispersions with bicalutamide, which were further (after mixing with excipients)
compressed into tablets. The effect of tableting and storage in both normal and accelerated conditions
was evaluated together with drug dissolution performance.

2. Materials and Methods

2.1. Materials

Bicalutamide (BCL, 99.3% purity, Hangzhou Hyper Chemicals Limited, Hangzhou, China) was
used as an active substance: molecular formula C18H14F4N2O4S, molecular weight 430.4 g/mol,
solubility in water 3.7 μg/mL, logP = 2.92, pKa = 12.6, melting point 196 ◦C. Macrogol 6000 (PEG6000,
Clariant, Muttenz, Switzerland): molecular formula H(OCH2CH2)nOH, average n = 100, nonionic
substance, melting point 65 ◦C, and Poloxamer® 407 (PLX407, BASF, Ludwigshafen am Rhein,
Germany), molecular formula HO(C2H4O)a(C3H6O)b(C2H4O)aH a = 101, b = 56; average molecular
weight 9840–14,600 g/mol, melting point 55 ◦C, freely soluble polymers were used as carriers.
Carbon dioxide (CO2; 99.99% purity, Pszczyna, Linde Gaz, Poland) was used as a supercritical
fluid. Sodium lauryl sulfate (SLS; 98.8% purity; BASF) was used to prepare dissolution medium.
Distilled water was used to prepare all the solutions. Cellulose microcrystalline (JRS Pharma, Rosenberg,
Germany), sodium starch glycolate (DFE Pharma, Goch, Germany) and magnesium stearate (Merck,
Darmstadt, Germany) were used as excipients to formulate tablets. All excipients used to formulate
tablets were of pharmaceutical grade.

2.2. Methods

2.2.1. Solid Dispersion Preparation Using Supercritical Carbon Dioxide (scCO2)

Bicalutamide and carriers, i.e., Macrogol 6000 or Poloxamer® 407, were mixed in a 1:1 weight
ratio and loaded into a high-pressure reactor BR-300 (Berghof Products + Instruments GmbH, Eningen
unter Achalm, Germany) equipped with a magnetic stirrer MR Hei-Standard (Heidolph Instruments,
Schwabach, Germany), a heating mantle and a CHY 700T thermometer (CHY Firemate Co., Tainan City,
Taiwan). To obtain supercritical conditions, carbon dioxide was pumped and compressed into a
high-pressure reactor by a syringe pump SFT-10 (Supercritical Fluid Technologies Inc., Newark, NJ, USA).
The process was conducted at 50 ◦C and 150 bar with Macrogol 6000 as a carrier, and at 60 ◦C and 160 bar
with Poloxamer®407. In both cases, the magnetic stirrer was set at 500 rpm. The process parameters
were monitored during the whole operation. The total mass of powder introduced into the high-pressure
reactor was equal to 2 g. After the process, solid dispersions were pulverized through 1.8 mm sieve.

2.2.2. Scanning Electron Microscopy (SEM)

The morphological characterization of the samples was conducted using a Phenom Pro desktop
electron microscope (Phenom World, Thermo Fisher Scientific, Waltham, MA, USA). Powdered samples
were placed on the conductive adhesive tape glued to the specimen mount and measured in a holder
for non-conductive samples. The acceleration voltage was equal to 10 kV. The stream of argon was
used to remove the powder loosely bounded to the tape before the measurement.

2.2.3. Laser Diffraction Measurements

A Malvern Mastersizer 3000 (Malvern, UK) equipped with a HydroEV unit was used to determine
particle size distribution. The samples were analyzed by the wet method using cyclohexane (reflective
index, RI = 1.426) as a dispersant. Fraunhofer diffraction theory was applied to find the relationship
between the particle size and the light intensity distribution pattern. The reported data represents the
medians (D50 values) calculated as averages from ten series of measurements of each sample and the
distribution span.
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2.2.4. Powder X-Ray Diffraction (PXRD)

The diffraction patterns of the samples, i.e., pure substances, solid dispersions, and tablets, were
registered at ambient temperature using an X-ray Rigaku Mini Flex II diffractometer (Tokyo, Japan) with
a 5◦/min step. Samples were scanned from 3◦ to 45◦. Monochromatic Cu Kα radiation (λ = 1.5418 Å)
was used.

2.2.5. Differential Scanning Calorimetry (DSC)

The thermal properties of the solid dispersions, raw bicalutamide, and carriers were examined
using a differential scanning calorimetry (DSC) 1 STARe System (Mettler-Toledo, Greifensee,
Switzerland). The measuring device was equipped with an HSS8 ceramic sensor with 120 thermocouples
and a liquid nitrogen cooling station. The instrument was calibrated for temperature and enthalpy
using zinc and indium standards. The glass transition temperature, crystallization, and melting were
determined as the midpoint of the glass transition step, the onset of the exothermic peak, and the
peak of the endothermic event, respectively. The samples were measured in an aluminum crucible
(40 μL). The sample mass used for DSC experiments varied between 7 to 10 mg. All measurements
were carried out with and without annealing (T = 323 K; t = 10 min). The experiments were performed
from 273 to 478 K, with a heating rate equal to 10 K/min.

2.2.6. Preparation of Tablet Blends

The composition of each three formulations containing raw BCL or solid dispersions are presented
in Section 3.3. Bicalutamide or solid dispersions were manually mixed with excipients: cellulose
microcrystalline as a filler for 3 min, sodium starch glycolate as a disintegrant for 3 min and magnesium
stearate as a lubricant for 1 min, in the porcelain dish.

2.2.7. Tableting Process and Tablet Characterization

The compression of tablets blends was performed using a single punch tableting machine
(Korsch EK0, Berlin, Germany) equipped with the round flat punches which are 8 mm in diameter;
each tablet type contained 50 mg of the active substance. Punches were equipped with tensiometers
connected to a computer by Esam Traveler 1 Data Acquisition System Master Unit, type 0508-S-ESA
(ESA Messtechnik GmbH, München, Germany). To obtain tablets that possess satisfactory properties,
the pressure force applied on a blend containing raw bicalutamide and solid dispersions was equal to
7 kN (140 MPa) and 2 kN (40 MPa), respectively.

The mass uniformity of tablets was measured based on the method described in European
Pharmacopoeia (Ph. Eur.) 9.0. The hardness, thickness and diameter of 20 randomly selected tablets
were measured using hardness tester apparatus (VanKel VK200, Agilent Technologies, Santa Clara, CA,
USA) and expressed as a mean value with standard deviation. The friability test was performed using
a Pharma Test apparatus (Pharma Test Apparatebau AG, Hainburg, Germany). The disintegration
time of the tablets was measured in distilled water at 37 ◦C using an Electrolab ED-2 SAPO (Electrolab,
Mumbai, India) disintegration apparatus at 30 strokes/min.

2.2.8. Dissolution Studies

The dissolution studies were carried out using the method recommended by the Food and Drug
Administration (FDA) for BCL tablets, i.e., United States Pharmacopeia (USP) paddle apparatus
(II type), and the parameters, i.e., 50 rpm, 1000 mL of 1% SLS solution, 37 ± 0.5 ◦C. The analysis was
performed in a Vision Elite 8 apparatus (Hanson Research, Chatsworth, CA, USA) equipped with a
Vision G2 AutoPlus Autosampler, and an AutoFill sample collector (Hanson Research, Chatsworth,
CA, USA). Samples, i.e., raw BCL, physical mixture, and solid dispersions obtained by supercritical
carbon dioxide methods, containing the equivalent of 50 mg of the active substance, as well as prepared
tablets, were poured into the beakers. A volume of 5 mL of the samples was withdrawn from each
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dissolution vessel at predefined intervals, filtered, diluted, and assayed spectrophotometrically at
λ = 272 nm (UV-1800 Shimadzu, Shimadzu Corporation, Kyoto, Japan). After the collection of each
sample, the dissolution medium was replaced with the same volume of pure one. The tests were
carried out in triplicate, and the results represent averages with their standard deviations.

2.2.9. Contact Angle Measurements

A DSA255 drop shape analyzer (Krüss, Hamburg, Germany) was used to measure the contact
angles using a sessile drop technique. A droplet of distilled water of volume equal to 2 μL was
deposited on the surface of prepared tablets.

2.2.10. Stability Studies

Tablets were packed into PVC/Al blisters and placed in climate chambers (Memmert
GmbH + Co. KG, Schwabach, Germany) and stored in either 25 ◦C/60% relative humidity (long-term
conditions) or 40 ◦C/75% relative humidity (accelerated conditions). After six-month storage, tablets
were analyzed for the following parameters: mass, hardness, thickness, contact angle, and dissolution
rate of bicalutamide. The solid dispersion was analyzed after its preparation. The tablets’ properties
were evaluated just after the preparation and after the stability studies.

3. Results and Discussion

3.1. Solid-State Characteristics of Solid Dispersions

Based on the SEM results (Figure 1), raw bicalutamide exhibited elongated crystals of smooth
surfaces. They were hexagonal and 30–160 μm long (Figure 1A). The median of the particle size
distribution determined using a laser diffraction measurements laid was 81.7 μm (Table 1). The analysis
of microphotographs of carriers indicated that Macrogol 6000 exhibited irregular particles of smooth
surface and length not exceeding 100 μm (Figure 1B). In the case of the particles of Poloxamer® 407, they
were smooth and spherical, of a diameter varying between 50 μm and 250 μm (Figure 1C). The medians
of the particle size were 113 μm and 180 μm for PEG6000 and PLX407, respectively (Table 1). However,
the distribution span for PEG6000 was much higher than for the other compounds, which indicated a
wide distribution. The analysis of the particle size distribution revealed the presence of dust particles
in each sample visible as a distribution tail within the region below 10 μm (Figure 2). In the case of
bicalutamide and PLX407 the distributions were narrow and symmetrical (despite said tails), while
in the case of Macrogol, the particle size was distributed uneven, with a maximum shift towards big
particles. The distribution curve is skewed to the left, which can explain the differences between the
size calculated from the SEM picture and laser diffraction measurements. The particles visualized
using an electron microscope represent the fraction described by the extended distribution shoulder
visible on the left side of the plot (pictures showing greater particles at the same magnification were not
representative enough and are not presented here), while the laser diffraction assessed all the particles
present in the sample.

After the treatment of BCL-PEG6000 binary mixtures by a supercritical carbon dioxide at 130 bar
and 50 ◦C in the high-pressure reactor, solid dispersions were pulverized and white, free-flowing
powders were obtained. In the case of solid dispersion with Poloxamer® 407, prepared at higher
process parameters, i.e., pressure 140 bar, temperature 60 ◦C. The obtained sample also was white;
however, its structure was foamy. After pulverized, white, free flowing powder was obtained.

Solid dispersions morphology was analyzed using SEM. The obtained results showed that the
sample containing Macrogol 6000 exhibited irregular particles of a smooth surface with well-visible
incorporated particles of different contrast. They were identified as the crystals of the active substance
(Figure 1D). The particles of the solid dispersion with Poloxamer® 407 were rough, with visible
inclusions of BCL crystals (Figure 1E).
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Table 1. Particles size distribution of raw bicalutamide and carriers, results obtained by the laser
diffraction method.

Substance D50 (μm) Span

Bicalutamide 81.7 1.70
Macrogol 6000 113.0 3.18

Poloxamer® 407 180.0 2.02
BCL-PEG6000 1120 2.01
BCL-PLX407 356 2.90

Figure 1. SEM image of raw bicalutamide (A), PEG6000 (B), PLX407 (C), BCL-PEG6000, (D) and
BCL-PLX407 (E) solid dispersions.

The laser diffraction measurements revealed that solid dispersions exhibited a wide particle
size distribution, in both cases skewed to the left, with two visible modes (Figure 2). The median of
BCL-PEG6000 solid dispersion particles lay above 1 mm, which could be a result of the intense laser
light diffraction on big particles and the presence of a well-resolved mode of the distribution curve.
In the case of solid dispersion with Poloxamer® 407, the median of the particle size distribution was
equal to 356 μm (Figure 2).

The thermal properties were obtained using differential scanning calorimetry (DSC). The presence
of an endothermic peak with an onset at 196 ◦C corresponds to the melting temperature of form
I polymorph of bicalutamide (Figure 3). After the treatment with supercritical CO2, decreases in
bicalutamide crystallinity in both obtained solid dispersions were noticed. This was confirmed by a
decrease in the melting temperature of the active substance. For the solid dispersion prepared with
Macrogol 6000, the melting of bicalutamide was recorded as an onset at 152.6 ◦C. The presence of the
second endothermic peak with the onset at 60 ◦C corresponds to the melting point of the carrier. In the
case of solid dispersions with Poloxamer® 407, the glass transition temperature was recorded at −6.2 ◦C.
Bicalutamide crystallization occurred at 145.4 ◦C, while it melted at 167.4 ◦C. This indicated that the
treatment with supercritical CO2 led to drug amorphization. However, the system was characterized
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by very low physical stability in ambient conditions, expressed as a negative value of Tg. It resulted
from low values of PLX407 Tg, −65 ◦C, combined with Tg of amorphous form of bicalutamide equal to
55 ◦C [36,37].

Figure 2. The particle size distribution of raw bicalutamide, polymers, and solid dispersions.

Figure 3. Scanning differential calorimetry of raw bicalutamide, polymers, and solid dispersions.

The molecular structure of each compound and solid dispersions was assessed using X-ray
diffractometry. The diffraction pattern of raw bicalutamide is characteristic for crystalline form I
polymorph, rich in distinctive Braggs peaks at 2θ equal to 6.2◦, 9.5◦, 12.3◦, 14.3◦–14.6◦, 17.0◦, 19.0◦,
20.0◦, and 24.0◦ (Figure 4). In the case of the used carriers, the diffraction patterns showed only two
signals for each component, resulting from the semi-crystalline nature of the polymers. A decrease
in the drug crystallinity was noticed in both types of solid dispersions. It was demonstrated by the
decrease in the intensity and broadening of the peaks (Figure 4). Interestingly, the positions of the
peaks shifted in comparison with the initial form of the drug. This indicated the recrystallization
into the second polymorph of BCL, with the Braggs peaks positioned at 12.8◦, 17.4◦, 19.5◦, 23.7–24.3◦,
and 25.4◦ [27].

127



Materials 2020, 13, 2848

 

Figure 4. X-ray diffraction of raw bicalutamide and carriers, i.e., Macrogol 6000 and Poloxamer® 407,
and solid dispersions.

3.2. Bicalutamide Dissolution

The preparation of solid dispersions using the supercritical carbon dioxide method with Macrogol
6000 and Poloxamer®407 led to a decrease in bicalutamide crystallinity, which resulted in dissolution
improvement. The dissolution profiles of bicalutamide were very similar in both types of solid
dispersions (Figure 5). After 1 h, 74.80 ± 1.66% of the drug dissolved from BCL-PEG6000 solid
dispersion, and 77.43 ± 6.01% from the BCL-PLX407 one. The amount of bicalutamide dissolved
from solid dispersions was approximately nine times greater than that determined for crystalline
bicalutamide (form I polymorph), as 8.85 ± 1.02% of pure drug dissolved. No significant differences in
the drug dissolution characteristics were noticed after the physical mixing of the active substance with
any of the two polymers (approximately 12% of drug dissolved from each mixture). This confirms
that the hydrophilic character of the carriers was not a crucial factor driving drug dissolution, and the
dissolution improvement was related to the changes that occurred after the treatment with supercritical
CO2. During the process, the drug substance was dissolved in the polymer in supercritical CO2,
and the magnetic stirrer ensured uniform mixing of the ingredients. In the process of carbon dioxide
removal, the sample solidified as a result of the rapid decrease in pressure. It provided homogenous
distribution of the drug substance in the carrier.

Figure 5. Dissolution of bicalutamide from solid dispersions with Macrogol 6000 and Poloxamer®407
in comparison with physical mixtures and crystalline bicalutamide (form I polymorph).
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3.3. Characteristics of Tablets Containing BCL-PEG6000, BCL-PLX407 Solid Dispersions and Raw BCL

The three types of tablets were prepared using the direct compression method. The BCL-PEG6000
and BCL-PLX407 solid dispersions and raw bicalutamide were mixed with cellulose microcrystalline,
sodium starch glycolate, and magnesium stearate to formulate tablets (Table 2). The obtained results
revealed that hardness, thickness and friability were satisfactory.

Table 2. The composition of tablets containing BCL-PEG6000 and BCL-PLX407 solid dispersions and
raw bicalutamide.

Substance

Tablets

Raw BCL
Solid Dispersion

BCL-PEG6000 BCL-PLX407

Content of Compounds in One Tablet

mg % mg % mg %

BCL 50.00 41.67 - - - -
BCL-Polymer (SD) - - 100.00 58.82 100.00 58.82

Cellulose - - -
37.65 64.00 37.65Microcrystalline 64.00 53.33 64.00

Sodium starch glycolate 4.80 4.00 4.80 2.82 4.80 2.82
Magnesium stearate 1.20 1.00 1.20 0.71 1.20 0.71

The analysis of hardness showed that the tablets containing solid dispersions were characterized by
higher hardness than those with raw bicalutamide (Table 3). This resulted from the binding properties
of the used carriers, which also affected the disintegration time. Tablets containing solid dispersions
disintegrated for longer than tablets with raw bicalutamide. Moreover, the tablets with BCL-PLX407
solid dispersion exhibited a six-fold longer disintegration time than those with BCL-PEG6000 solid
dispersion, 24 min 22 s and 4 min 23 s, respectively. The difference was caused by the properties of
poloxamer, which behaves like a binding substance [38]. During the compression process, particles
tend to aggregate and increase the number of direct contact points between them, which extends
tablet disintegration. Despite the surface activity and solubilizing activity of the polymer, a great
content of poloxamer in the sample can retard tablet disintegration due to the gelling properties of the
polymer [38–40].

Table 3. The properties of tablets containing solid dispersions (SD) and crystalline bicalutamide.

System

Parameter
Mass (mg)

Thickness
(mm)

Hardness
(kp)

Friability
(%)

Disintegration
Time (min:s)

Contact
Angle (◦)

SD BCL-PEG6000 169.3 ± 7.0 3.60 ± 0.04 2.87 ± 0.63 0.0 4:23 50.8
SD BCL-PLX407 168.1 ± 5.8 3.43 ± 0.04 2.28 ± 0.64 0.4 24:22 55.8

Raw BCL 121.5 ± 3.6 2.08 ± 0.04 1.97 ± 0.25 0.6 00:31 85.4

The use of hydrophilic polymers in solid dispersion resulted in an increase in the wettability of
the surface in comparison with the tablets containing raw bicalutamide. The tablets containing solid
dispersions were more hydrophilic. They exhibited lower values of contact angles than the tablets
with crystalline BCL:50.8◦ and 55.8◦ for the tablets containing PEG6000 and PLX407, respectively.

The X-ray diffraction analysis indicated that the active substance was amorphous. The presence of
a broad halo instead of the Braggs peaks characteristic for crystalline drug substances, visible in Figure 4,
indicated that bicalutamide was amorphous in all tested tablets (Figure 6). We assumed that this resulted
from the propensity of bicalutamide to undergo activation upon mechanical treatment [10,12,27].
This means that the material gains some amount of energy which needs to be released. The relaxation
of the stress field, applied during compression, occurs in several ways, including amorphization, as in
the case of investigated tablets.

129



Materials 2020, 13, 2848

 
Figure 6. Diffraction patterns of tablets containing raw bicalutamide and solid dispersions.

As shown in Figure 7, bicalutamide release from the tablets indicated that the use of solid
dispersions in tablets significantly enhanced drug release. This resulted from the improved wettability
and amorphization of bicalutamide upon compression. After 1 h, 80.16± 8.56% and 56.61± 4.84% of the
drug released from the tablets with PEG6000 and PLX407 solid dispersions, respectively. From tablets
containing raw bicalutamide, 17.99 ± 1.70% dissolved, which was two times greater in comparison with
the drug alone. Although the dissolution of bicalutamide from both solid dispersions was comparable
at each time point, the differences in profiles were noticeable between solid dispersions (Figure 5) and
corresponding tablets. After 30 min, 28% more bicalutamide was dissolved from tablets containing
BCL-PEG6000 solid dispersion in comparison with the BCL-PLX407 tablets.

 

Figure 7. Dissolution profile of tablets containing solid dispersions and raw bicalutamide.

The prepared tablets were evaluated for stability upon storage. The results of the studies after
six months revealed that the storage in both the long-term and accelerated conditions affected the
properties of the tablets (Table 4) in comparison with tablets analyzed immediately after preparation
(please refer to Table 3).
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Table 4. Properties of tablets after six months of storage.

System

Parameter
Mass (mg)

Hardness
(kp)

Thickness
(mm)

Disintegration Time
(min:s)

Contact Angle
(◦)

25 ◦C, 60% RH
SD BCL-PEG 168.3 ± 3.5 2.47 ± 0.15 3.66 ± 0.01 04:57 48.9
SD BCL-PLX 174.5 ± 5.1 2.63 ± 0.51 3.53 ± 0.05 27:10 58.9

40 ◦C, 75% RH
SD BCL-PEG 177.0 ± 4.4 1.80 ± 0.36 3.73 ± 0.08 04:59 59.8
SD BCL-PLX 175.9 ± 5.5 1.25 ± 0.07 3.76 ± 0.06 14:39 53.8

In both types of tablets, drug release decreased after storage, regardless of the storage conditions
(Figure 8A,B). However, less noticeable changes occurred for tablets stored at 25 ◦C and 60% RH.
The amount of dissolved bicalutamide was 70.42% and 50.82% in the case of tablets containing solid
dispersion with PEG6000 and PLX407, respectively. On the contrary, 32.01% of bicalutamide was
released from BCL-PEG6000 tablets stored in accelerated conditions, which was a 2.5-fold decrease,
in comparison with the freshly prepared tablets.

Figure 8. Release profiles of bicalutamide from tablets containing solid dispersion with either PEG6000
(A) or PLX4087 (B) after stability studies, in comparison with tablets analyzed after preparation.

Moreover, after the six-month stability studies, no phase transition of the drug substance occurred
(Figure 9). The diffraction patterns did not change in comparison with those measured for tablets
directly after compression (Figure 6). The bicalutamide remained amorphous, as confirmed by the
halo visible in the diffractograms (Figure 9). This indicated that water absorbed from the air in the
climate chambers did not cause drug recrystallization.
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Figure 9. Diffraction patterns of bicalutamide in tablets with solid dispersions after stability studies.

4. Conclusions

This study has examined the effect of supercritical carbon dioxide treatment on the properties
of binary systems containing bicalutamide and Macrogol 6000 or Poloxamer® 407. The dissolution
and attributes of tablets were evaluated. The scCO2 influenced not only the size and shape of the
particles of the processed substances, but also the dissolution characteristics of bicalutamide from solid
dispersions. Supercritical conditions induced a decrease in the crystallinity of the active substance.
The obtained solid dispersions were successfully formulated in tablets. The tableting process induced
the amorphization of the drug substance. This phenomenon confirmed the sensitivity of bicalutamide
on mechanical activation. After 1h, the amount of bicalutamide dissolved from tablets with PEG6000
remained unchanged. In the case of tablets containing Poloxamer®407, the amount of released
substance decreased by 20%. However, the compression affected the dissolution profiles of the drug
substance in comparison with solid dispersion. The stability studies indicated that storage conditions
affected the tablets’ properties. The amount of the released drug decreased regardless of the storage
conditions. However, in the stability studies after six months, the diffraction patterns did not change,
which indicated that the physical state of the active substance was unchanged.

Author Contributions: A.A.-R.—writing original draft, investigation; J.S.-S.—writing, review and
editing, investigation; K.C.—investigation; J.K.-K.—investigation; M.K.—investigation; K.G.—investigation;
V.P.D.—investigation; M.P.—conceptualization, project administration; R.J.—conceptualization, review, supervision.
All authors have read and agreed to the published version of the manuscript.

Funding: The authors acknowledge the Polish National Science Centre for the financial support (grant Symfonia
3 no 2015/16/W/NZ7/00404).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Thiry, J.; Kok, M.; Collard, L.; Frere, A.; Krier, F.; Fillet, M.; Evrard, B. Bioavailability enhancement of
itraconazole-based solid dispersions produced by hot melt extrusion in the framework of the Three Rs rule.
Eur. J. Pharm. Sci. 2017, 99, 1–8. [CrossRef]

2. Fujii, M.; Okada, H.; Shibata, Y.; Teramachi, H.; Kondoh, M.; Watanabe, Y. Preparation, characterization,
and tableting of a solid dispersion of indomethacin with crospovidone. Int. J. Pharm. 2005, 293, 145–153.
[CrossRef]

3. Abet, V.; Filance, F.; Recio, J.; Alvarez-Builla, J.; Burgos, C. Prodrug approach: An overview of recent cases.
Eur. J. Med. Chem. 2017, 127, 810–827. [CrossRef]

4. Huttunen, K.M.; Raunio, H.; Rautio, J. Prodrugs—From Serendipity to Rational Design. Pharm. Rev. 2011,
63, 750–771. [CrossRef]

132



Materials 2020, 13, 2848

5. Serajuddin Abu, T.M. Salt formation to improve drug solubility. Adv. Drug Del. Rev. 2007, 59, 603–616.
[CrossRef] [PubMed]

6. Benes, M.; Pekarek, T.; Beranek, J.; Havlicek, J.; Krejcik, L.; Simek, M.; Tkadlecova, M.; Dolezal, P. Methods
for the preparation of amorphous solid dispersions—A comparative study. J. Drug Del. Sci. Tech. 2017, 38,
125–134. [CrossRef]

7. Newman, A.; Knipp, G.; Zografi, G. Assessing the Performance of Amorphous Solid Dispersions. J. Pharm. Sci.
2012, 101, 1355–1377. [CrossRef]

8. He, Y.; Ho, C. Amorphous Solid Dispersions: Utilization and Challenges in Drug Discovery and Development.
J. Pharm. Sci. 2015, 104, 3237–3258. [CrossRef] [PubMed]

9. Huang, Y.; Dai, W.-G. Fundamental aspects of solid dispersions technology for poorly soluble drugs.
Acta Pharm. Sinica B 2014, 4, 18–28. [CrossRef]

10. Jermain, S.V.; Brough, C.; Williams, R.O. Amorphous solid dispersions and nanocrystal technologies for
poorly water-soluble drug delivery. Int. J. Pharm. 2018, 535, 379–392. [CrossRef]

11. Vo, C.; Park, C.; Lee, B.-J. Current trends and future perspectives of solid dispersions containing poorly water
soluble drugs. Eur. J. Pharm. Biopharm. 2013, 85, 799–813. [CrossRef] [PubMed]

12. Craig, D. The mechanisms of drug release from solid dispersions in water-soluble polymers. Int. J. Pharm.
2002, 231, 131–144. [CrossRef]

13. Eloy, J.O.; Marchetti, J.M. Solid dispersions containing ursolic acid in Poloxamer 407 and PEG 6000:
A comparative study of Fusion and solvent methods. Powder Tech. 2014, 253, 98–116. [CrossRef]

14. Altamimi, M.A.; Neau, S.H. Investigation of the in vitro performance difference of drug-Soluplus® and
drug-PEG 6000 dispersions when using spray drying or lyophilization. Saudi Pharm. J. 2017, 25, 419–439.
[CrossRef] [PubMed]

15. Weuts, I.; Van Dycke, F.; Voorspoels, J.; De Cort, S.; Stokbroekx, S.; Leemans, R.; Brewster, M.E.; Xu, D.;
Segmuller, B.; Turner, Y.T.; et al. Physicochemical Properties of the Amorphous Drug, Cast Films, and Spray
Dried Powders to Predict Formulation Probability of Success for Solid Dispersions Etravirine. J. Pharm. Sci.
2011, 100, 260–274. [CrossRef] [PubMed]

16. Milovanovic, S.; Djuris, J.; Dapcevic, A.; Madarevic, D.; Ibric, S.; Zizovic, I. Soluplus®, Eudragit®, HPMC-AS
foams and solid dispersions for enhancement of Carvedilol dissolution rate prepared by supercriticial CO2

process. Polym. Test. 2019, 76, 54–64. [CrossRef]
17. Nuchuchua, O.; Nejadnik, M.R.; Goulooze, S.C.; Ljescovic, N.J.; Every, H.A.; Jiskoot, W. Characterization of

drug delivery particles produced by supercritical carbon dioxide technologies. J. Supercrit Fluids 2017, 128,
244–262. [CrossRef]

18. Abuzar, S.M.; Hyun, S.-M.; Kim, J.-H.; Park, H.J.; Kim, M.-S.; Park, J.-S.; Hwang, S.-J. Enhancing the solubility
and bioavailability of poorly water-soluble drugs using supercritical antisolvent (SAS) process. Int. J. Pharm.
2018, 532, 1–13. [CrossRef]

19. Badens, E.; Masmoudi, Y.; Mouahid, A.; Crampon, C. Current situation and perspectives in drug formulation
by using supercritical fluid technology. J. Supercrit Fluids 2018, 134, 274–283. [CrossRef]

20. Vasconcelos, T.; Sarmento, B.; Costa, P. Solid dispersion as strategy to improve oral bioavailability of poor
water soluble drugs. Drug Disc. Today 2007, 12, 1068–1074. [CrossRef]

21. Wei, Q.; Keck, C.; Muller, R. Preparation and tableting of long-term stable amorphous rutin using porous
silica. Eur. J. Pharm. Biopharm. 2017, 113, 97–107. [CrossRef] [PubMed]

22. Krasnyuk, I.I.; Koval’skii, I.V.; Nikulina, O.I.; Belyatskaya, A.V.; Krasnyuk, I.I.; Kharitonov, Y.Y.; Grikh, V.V.;
Obidchenko, Y.A.; Vorob’ev, A.N. Preparation and investigation of tabletted medicinal formulations of a
solid dispersion of rutin. Pharm. Chem. J. 2015, 49, 481–485. [CrossRef]

23. Abebe, A.; Akseli, I.; Sprockel, O.; Kottala, N.; Cuitino, A.M. Review of bilayer tablet technology. Int. J. Pharm.
2014, 461, 549–558. [CrossRef] [PubMed]

24. Wlodarski, K.; Tajber, L.; Sawicki, W. Physicochemical properties of direct compression tablets with spray
dried and ball milled solid dispersions of tadalafil in PVP-VA. Eur. J. Pharm. Biopharm. 2016, 109, 14–23.
[CrossRef] [PubMed]

25. Patel, S.; Kou, X.; Hou, H.; Huang, Y.; Strong, S.C.; Zhang, G.G.Z.; Sun, C.C. Mechanical Properties and
Tableting Behavior of Amorphous Solid Dispersions. J. Pharm. Sci. 2017, 106, 217–223. [CrossRef]

133



Materials 2020, 13, 2848

26. Antosik, A.; Witkowski, S.; Woyna-Orlewicz, K.; Talik, P.; Szafraniec, J.; Wawrzuta, B.; Jachowicz, R.
Application of supercritical carbon dioxide to enhance dissolution rate of bicalutamide. Acta Pol. Pharm.
2017, 74, 1231–1238.

27. Német, Z.; Sztatisz, J.; Demeter, Á. Polymorph transitions of bicalutamide: A remarkable example of
mechanical activation. J. Pharm. Sci. 2008, 97, 3222–3232. [CrossRef]

28. Vega, D.R.; Polla, G.; Martinez, A.; Mendioroz, E.; Reinoso, M. Conformational polymorphism in bicalutamide.
Int. J. Pharm. 2007, 328, 112–118. [CrossRef]

29. Szafraniec, J.; Antosik, A.; Knapik-Kowalczuk, J.; Kurek, M.; Syrek, K.; Chmiel, K.; Paluch, M.; Jachowicz, R.
Planetary ball milling and supercritical fluid technology as a way to enhance dissolution of bicalutamide.
Int. J. Pharm. 2017, 533, 470–479. [CrossRef]

30. Szafraniec, J.; Antosik, A.; Knapik-Kowalczuk, J.; Gawlak, K.; Kurek, M.; Szlęk, J.; Jamróz, W.; Paluch, M.;
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Abstract: The following study is a continuation of the previous work on preparation of gastro-resistant
films by incorporation of cellulose acetate phthalate (CAP) into the soft gelatin film. An extended
investigation on the previously described binary Gelatin-CAP and ternary Gelatin-CAP-carrageenan
polymer films was performed. The results suggest that the critical feature behind formation of
the acid-resistant films is a spinodal decomposition in the film-forming mixture. In the obtained
films, upon submersion in an acidic medium, gelatin swells and dissolves, exposing a CAP-based
acid-insoluble skeleton, partially coated by a residue of other ingredients. The dissolution-hindering
effect appears to be stronger when iota-carrageenan is added to the film-forming mixture. The drug
release study performed in enhancer cells confirmed that diclofenac sodium is not released in the
acidic medium, however, at pH 6.8 the drug release occurs. The capsules prepared with a simple
lab-scale process appear to be resistant to disintegration of the shell structure in acid, although
imperfections of the sealing have been noticed.

Keywords: gelatin; gastro-resistant; films; capsules; structure; drug release

1. Introduction

Gastro-resistant formulations are an example of the most common type of modified drug release
systems. Gastro-resistant forms of drug administration allow to:

(1) minimize adverse effects such as nausea and bleeding associated with irritation of gastric mucosa
that may be caused by some active substances;

(2) deliver drug intended for local action in intestines;
(3) protect the drug substance from degradation in an acidic environment of the stomach [1].

Gastro-resistant soft gelatin capsules can prove their usefulness in oral administration of drugs
of irritating or acid-labile nature, often displaying at the same time enhanced bioavailability in a
liquid form, which can be considered an advantage to coated tablets [2]. The most obvious examples
of the substances that need to be formulated in gastro-resistant dosage forms are non-steroidal
anti-inflammatory drugs (NSAIDs), which are irritating to gastric mucosa.

The products in the form of gastro-resistant capsules usually are designed as conventional hard
capsule shells filled with the enteric-coated pellets or minitablets. Manufacturing of gastro-resistant
soft capsules, however, is a challenge. Due to the liquid fill, modification of the drug release rate from
soft capsules can be achieved only by modification of the capsule shell to make it resistant to acidic pH.
This issue can be approached by-coating of standard capsules with acid-resistant polymers such as
methacrylic acid—methyl acrylate copolymers (e.g., Eudragit L or S®) [3]. A less popular alternative
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is incorporation of gastro-resistant polymers in the shell material used to form the capsules [4].
Both approaches are technologically perplexing at some points, although modification of the shell
material can be considered more beneficial from both economic and technological point of view.
However, it is not yet utilized in commercial products. It is substantial to take into consideration that
any changes in the composition of the film-forming mixture can result in significant alteration of the
overall physicochemical properties of the prepared films, that can lead to the loss of their potential to
be formed into capsules in a conventional manufacturing process.

A very important issue associated with the development of a new capsule shell composition is
to identify the physiochemical phenomena that can be utilized in designing and manufacturing of
modified release gelatin-based films. In our previous work, selection of the most effective modification
of the shell material composition was performed, and their microstructure and barrier properties were
described [5,6]. However, there are still a few unexplained issues in the description of the phenomena
that lead to formation of the films, as well as the changes that the films undergo when exposed
to various conditions. Therefore, in the present work, a more detailed investigation of the events
associated with the formation of the gastro-resistant film was performed and further, the structural
changes upon submersion of such films in acidic dissolution fluid is performed. For the purpose of
better characterization of the films and film formation processes, several modern techniques may be
employed. In the present research, a scanning electron microscopy (SEM), confocal laser scanning
microscopy (CLSM), confocal Raman microscopy and quartz crystal microbalance with dissipation
monitoring (QCM-D) were used. Additionally, the barrier properties of the films against oxygen
were evaluated.

In comparison to tablets or hard capsules, the transfer of a new technology for soft capsules from
the lab to the production site is much more complicated, and a scale-up procedure may be complicated
and time-consuming. One of the main issues when soft capsules are developed is a poor access to a
lab-scale equipment that could allow to assess the utility of the modified films for capsule formation.
The most problematic is the fact that, at a commercial scale, specific rheological and mechanical
properties of the film-forming material are required [7–9]. The fact that the shell-forming material has
to be tested on a large scale, significantly increases the cost of technology development. In our present
work, the lab-scale production process of the soft capsules is presented, utilizing a simple mold for
suppositories, what allowed to evaluate the shell compatibility with the filling material.

2. Materials and Methods

2.1. Materials

Components of films and capsules: gelatin type B, bovine hide, 220 bloom (Sigma Aldrich,
Saint Louis, MO, USA), glycerol 99.5% w/w (Chempur, Piekary Slaskie, Poland), Aquacoat®CPD
(FMC Biopolymer, Philadelphia, PA, USA), aqueous dispersion of cellulose acetate phthalate (CAP),
iota-carrageenan (Sigma Aldrich, Saint Louis, MO, USA), medium-chain triglycerides (MCT)—Miglyol
812 N (Caelo, Hilden, Germany), polyethylene glycol 400 (PEG 400)—Kollisolv PEG E400 (Sigma
Aldrich, Saint Louis, MO, USA), cetearyl alcohol—TEGO Alkanol 1618 (Evonik, Essen, Germany).
Diclofenac sodium was a gift from Polpharma Pharmaceutical Works (Starogard Gdanski, Poland).

Analysis: QCM-D: branched polyethyleneimine Mw 25,000 (Sigma Aldrich, Saint Louis, MO,
USA), formaldehyde 37% (Sigma Aldrich, Saint Louis, MO, USA), ethanol 95% (Sigma Aldrich,
Saint Louis, MO, USA). Disintegration and dissolution media (0.1 M HCl and phosphate buffer pH 6.8)
were prepared according to the European Pharmacopeia 10th edition.

2.2. Capsule Formation

Schematic presentation of the capsule formation process is shown in Figure 1.
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Figure 1. Capsule formation scheme.

The preparation method of the film-forming mixtures and films was described in detail in the
previously published work [5,6]. Shortly, the mixture of components (Table 1) was stirred at 80 ◦C for
2 h, which was followed by deaeration under vacuum. Afterwards the mixture was casted on a glass
plate using a plate coating device (Camag TLC Plate Coater, Camag, Muttenz, Switzerland) with a
height of fluid layer of 1500 μm. After drying the thickness of the film was around 600 μm.

Table 1. Compositions of the films.

Composition
Symbol

Mixture Components (g/100 g)

Gelatin Aquacoat CPD Iota-Carrageenan Water Glycerol

GEL 1 41.2 − − 40.0 18.8
GA 2 30.9 34.4 − 15.9 18.8

GAC 2 30.0 34.4 0.9 15.9 18.8
1 non-modified film (reference); 2 modified binary (GA); and ternary (GAC) polymer films.

The capsules were prepared using GAC composition (Table 1), by placing 2 pieces of the film
(immediately after casting) in a steel form for suppositories. After closing the form, the resulting
reservoirs were filled with: (a) MCT oil, (b) PEG 400 or (c) cetearyl alcohol. For a better visual
identification of a disintegration test endpoint, the filling material was colored with small amount of a
hydrophilic or lipophilic dye. Afterwards, the filling orifice was manually closed with a strip of a film,
and to ensure good sealing the capsules were placed for 5 min at 60 ◦C. Finally, the capsules were stored
and dried at ambient temperature and of 15–25% RH for at least 24 h. The measured moisture content
in the capsules was around 2.5% (Radwag WPS210S Moisture Analyzer, Radwag, Radom, Poland).

2.3. Microscopic Imaging

The imaging of samples was performed with use of a scanning electron microscopy (SEM),
confocal laser scanning microscopy (CLSM), confocal Raman microscopy and optical microscopy.

The observation of film samples was performed before and after submersion in 0.1 M HCl at 37 ◦C,
under constant stirring for 2 h (similar to the procedure of swelling test described in our previous
work [5]). The films after submersion in acid were frozen in a liquid nitrogen and freeze-dried for 24 h.
The investigation was performed with Jeol 7900F SEM (Jeol, Tokyo, Japan), Nikon Ti-E/A1 + CLSM
(Nikon, Tokyo, Japan) and WITec Alpha 300 Access Raman microscope equipped with 785 nm laser
(WITec, Ulm, Germany).

The imaging of the lab-manufactured capsules was performed using Phenom Pure SEM (Phenom
World, Eindhoven, the Netherlands), and Nikon Eclipse 50i optical microscope (Nikon, Tokyo, Japan).
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2.4. Gas Permeability

The films GEL, GA and GAC (Table 1) were subjected to oxygen permeability tests, performed
with an coulometric detector technique according to method ASTM F 1927-14. The equipment used
was OX-TRAN 2-20 (Mocon, Minneapolis, MN, USA). The investigated surface was 50 cm2.

2.5. Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D)

QCM-D was employed to investigate the affinity of CAP latex particles present in Aquacoat
CPD to gelatin. The preparation step comprised coating of the gold-plated quartz crystal sensor
with branched polyethyleneimine (PEI), then spin-coating the sensor with 1% gelatin solution (5 s
at 2500 rpm and low acceleration, followed by 60 s at 8000 rpm and high acceleration). Afterwards
the sensor was dried at 60 ◦C for 20 min. The gelatin on the sensor was subjected to crosslinking
by submersion in 1.5% formaldehyde solution, in order to prevent it from dissolving in aqueous
conditions. Finally, the sensor was dried at 60 ◦C for 60 min.

The sensors were mounted in a Qsense equipment (Qsense, Västra Frölunda, Sweden). A deionized
water (at 25 ◦C) was flushed over the sensors until a stable baseline was obtained. Then the diluted
(0.1%) Aquacoat CPD at 25 ◦C was pumped through the cells, and the changes in fundamental
frequency overtones of the crystal were registered. After stabilization of the system, the cells were
once again pumped with deionized water to remove all the substances that were not bound to the film.

Additionally, to assess the surface structure and stability of the gelatin films obtained in situ on
the sensors, the Atomic Force Microscopy (AFM) was performed with NTEGRA Prima setup (NT-MDT
Spectrum Instruments, Moscow, Russia), with a silicon probe (spring constant of 40 N m−1 and resonant
frequency of 300 kHz) (Tap 300AI-G, Budget Sensors, Sofia, Bulgaria). The images were analyzed using
a Gwyddion software (Version 2.55, Free Software Foundation, Boston, MA, USA).

2.6. Disintegration Time

Disintegration time test of the capsules filled with PEG-400, MCT oil or cetearyl alcohol, was
performed. The test was performed using: (a) a tablet disintegration tester ED-2SAPO (Electrolab,
Mumbai, India); (b) a paddle dissolution apparatus DT800 (Erweka, Langen, Germany), with a capsule
placed in a steel sinker (the stirring rate was 50 rpm). The capsules were tested for 120 min in 0.1 M
HCl, followed by pH 6.8 phosphate buffer until disintegration.

2.7. Drug Release Test

The study was performed using a vertical diffusion cell (Enhancer cell, Erweka, Langen, Germany)
and a paddle dissolution apparatus DT800 (Erweka, Langen, Germany) equipped with a built-in
autosampler. The stirring rates of 50, 100 and 150 rpm were used. The enhancer cell with the mounted
modified gelatin film is shown in Figure 2.

The film selected for the test was gelatin + Aquacoat + carrageenan (GAC), the same as for
disintegration tests. The diffusion cell was filled with 2.5 mL of a 1% diclofenac solution in PEG 400
(the amount of diclofenac sodium was 25 mg). Then the investigated film (cut to a circle of 3 cm in
diameter) was carefully placed on the top of the solution and secured with a sealing ring and a screw
cap; the active surface was 4.15 cm2. The test was performed in 900 mL of 0.1 M HCl for 120 min
followed by 900 mL phosphate buffer pH 6.8 for 60 min.

Sampling of the acceptor fluid was performed every 15 min in the acid phase, and every 5 min
in the buffer phase. Quantification of diclofenac was performed spectrophotometrically at 276 nm
wavelength. The study was performed in triplicates.
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Figure 2. The enhancer cell with gelatin + Aquacoat + carrageenan (GAC) film.

3. Results

3.1. Microscopic Imaging of the Films and Capsules

At the first stage of the study, the prepared GA and GAC films were observed prior to and
after submersion in HCl. Macroscopically it was visible that the samples after the acid treatment
became opaque and swollen. Under the microscope, the untreated samples had a smooth surface
with no structures visible [6]. As presented in Figure 3, the films after submersion in acid revealed a
network-like structures, resembling scaffolds.

 

 

Figure 3. SEM image of GA and GAC films after 2 h in 0.1 M HCl. Scale bar: (a) 10 μm, (b) 1 μm.
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There are clear differences between the images of a top and a middle layer of the sample (Figure 4).
It appears that, after 2 h in acid, noticeably less solid material is left on the top of the film, than in the
deeper part. The signals registered by CLSM can be potentially both from CAP and gelatin, due to
very similar autofluorescence behavior. However, it is suspected that the outer layer consists mostly of
CAP, while in the inner layer a swollen and undissolved gelatin can be present as well.

 

Figure 4. Confocal laser scanning microscopy (CLSM) images of GA film after 2 h immersion in 0.1M
HCl: surface layer (a) and the inner central part (b) of the film.

Raman microscopy investigation was performed on GAC films before and after immersion in
0.1 M HCl. Several points have been scanned to obtain Raman spectra, which have been overlaid and
compared. The spectra are shown in Figures 5 and 6.

As it can be seen from the spectra in Figure 5, the surface of the GAC sample is chemically uniform,
without any phase separation visible. The acid-treated GAC samples display similar pattern in the
spectrum as the untreated GAC. The spectra of the non-modified film (GEL) are not presented in the
figure, but they were not different from the spectra of GAC. In Figure 6, different sets of spectra are
overlaid. It appears that, in the untreated samples, the gelatin signals are overlapping with the peaks
of CAP. After the acid-treatment, the signals from gelatin are weaker, but the signals from CAP are
yet undetectable. This outcome can be explained by presence of a small amount of gelatin-rich phase
residue undissolved in acid and covering the CAP scaffold. This corresponds well with SEM and
CLSM results described above.
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Figure 5. The Raman spectra of several points examined on the surface of GAC film: (a) before
immersion in acid; (b) after immersion for 2 h in 0.1M HCl. Multiple overlaid spectra are presented on
each graph.

Figure 6. Cont.
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Figure 6. Comparison of the Raman spectra: (a) untreated and acid-treated GAC; (b) acid-treated GAC
and cellulose acetate phthalate (CAP) film (without gelatin). Multiple spectra of each composition
are presented.

3.2. QCM-D

A QCM-D study was performed to obtain supporting information on interactions between gelatin
and CAP latex particles. Due to the fact that reliable results regarding particle deposition depend on
the morphology of the used substrate, the films obtained in situ on the QCM sensors were investigated
with AFM. It was confirmed that the films had uniform thickness and smooth surface, as shown in the
Figure 7.

 

Figure 7. The surface morphology of the gelatin film on the quartz crystal microbalance with dissipation
(QCM-D) sensor.

The QCM-D graph is shown in Figure 8. Although a large deposition of CAP particles on
the gelatin film was detected, the very high extent of the frequency change (around 550 Hz) of all
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investigated overtones creates a risk of an error when calculating the mass deposition. Therefore,
the obtained results were used only for the qualitative, and not for the quantitative analysis.

Figure 8. A QCM-D graph obtained at 5th overtone. The approx. 550 Hz drop in frequency carries
risk of error on calculating the mass increase: (a) start of latex flow; (b) start of water flow (to remove
particles that are not bound to the film).

The deposition of particles proceeded, until the full coverage of the QCM sensor occurred after
approximately 12,000 s, which on the graph in Figure 8 is visible as a plateau in the frequency shift.
Afterwards, the system was flushed with deionized water for 50 min, what did not cause any significant
decrease in the amount of latex particles adsorbed on the gelatin.

3.3. Gas Permeability

Oxygen was a gas used for permeability test. Three compositions were investigated (GEL, GA,
GAC). The thickness of investigated films was 650 ± 50 μm. The measured oxygen permeability
(cm3/(m2 × 24 h × 0.1 MPa)) was 7.58 for GA sample, 3.43 for GAC and 3.43 for GEL samples. The test
was performed twice for all the samples, and the same results were obtained.

3.4. Disintegration Time

The results of disintegration time measurements are shown in Table 2. The current pharmacopeial
standards (European Pharmacopeia 10th) for disintegration time of gastro-resistant capsules state
that the investigated sample should not disintegrate in 0.1 M HCl for 2 or 3 h (depending on the
composition, however not less than 1 h), which should be followed by disintegration within 1 h at
pH 6.8. In the investigated capsules, at the acid stage, no disruption of the capsule shell material was
observed. However, the rupture of the capsule sealing was observed in several capsules.
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Table 2. Disintegration time of GAC capsules with various fill. Three capsules from each batch were
subjected to the test. The results are shown as mean ± standard deviation.

The GAC
Capsule

Filling Type

Batch
No.

Tablet Disintegration Tester Paddle Apparatus

0.1 M HCl
Phosphate

Buffer pH 6.8
0.1 M HCl

Phosphate
Buffer pH 6.8

MCT oil
1 86 ± 7 min n/a >2 h 6 ± 4.6 min
2 >2 h 3.7 ± 1.5 min >2 h 10.7 ± 7.4 min
3 >2 h 2.5 ± 0.7 min Single capsule leaking 1 6.5 ± 7.8 min

PEG 400
1 77.7 ± 7.0 min n/a Single capsule leaking 1 12.7 ± 4.2 min
2 >2 h 7.3 ± 1.5 min >2 h 39.0 ± 18.5 min
3 >2 h 4.0 ± 2.0 min >2 h 43.0 ± 13.2 min

Cetearyl
alcohol

1 45.7 ± 7.4 min n/a 79.3 ± 16.3 min n/a
2 48.7 ± 16.0 min n/a 82.7 ± 23.3 min n/a
3 29.0 ± 33.0 min n/a 81.3 ± 18.5 min n/a

1 the leakage was observed on the sealing of capsule.

The results of disintegration time measurements are not significantly different in regard to the
method applied. The resistance of capsules to acid was similar when either MCT oil or PEG was
used as a filling material. Surprisingly, the capsules filled with cetearyl alcohol disintegrated in acidic
conditions within a relatively short time.

A careful observation in acid phase indicated that the shell did not disrupt in any other way but
only through the sealing, while the walls of the capsules always retained their integrity. This indicates
that the shell material itself is resistant to acid and the filling material does not change this property.
The resistance of the capsules to acid, however, lacks reproducibility due to a variability of the seal
quality. At pH 6.8, the capsules disintegrated through creation of a breach in the shell, caused by its
thinning due to dissolution process. However, similarly to the test in acid, the disintegration always
started at the sealing site. It was observed that the disintegration time at pH 6.8 was longer, when the
paddle apparatus was used in the test, which can be attributed to different fluid dynamics that had
impact on the rate of dissolution of the capsule shell.

The sealing sites of the investigated capsule shells and the reference commercial soft capsules were
investigated microscopically. Although with an optical microscopy the image of the seals appeared
similar to the commercial capsules, in SEM pictures, in some of the prepared capsules more sharp
angle at the contact site of the fused films was observed. Such a defect is likely to induce formation
of a rupture when capsules are swollen upon submersion in fluid. An evident difference between
“commercial” sealing and the lab-scale sealing of the capsules is presented in Figure 9.

 
Figure 9. SEM images of the cross-sections of the capsule sealing site: (a) an apparently successful
sealing; (b) close-up of the area; (c) a reference commercial soft gelatin capsule.

3.5. Drug Release Test

Due to the fact that during disintegration test, the disruption at the sealing zone appeared as a
problem, the drug release test was performed in an enhancer cell, described in the Methods section.
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Although this system can show potential differences in the kinetics of the drug release in comparison
to a filled capsule, still the conclusions about acid-resistance and the rate of drug release can be drawn.

The pharmacopeial standards for drug release test from gastro-resistant forms require the release
of less than 10% of the declared drug dose within 2 h in 0.1 M HCl, followed by at least 80% of the dose
released at pH 6.8 within a specified time, usually not longer than 45 min.

The drug release test was performed for the diffusion cells filled with 1% m/v solution of diclofenac
sodium in PEG (total dose 25 mg of API). The results obtained with different stirring rates are shown
in Figure 10.

Figure 10. The effect of the stirring rate in a paddle apparatus on the release profiles of diclofenac
sodium from the PEG 400 solution in a diffusion cell closed with GAC film.

The results show that at all of the used stirring rates, less than 10% of diclofenac was released
during the acid phase of the test, which complies with the pharmacopeial requirements, and confirms
the acid-resistance of the investigated films. On the other hand, at the buffer stage of the test, the release
occurred in each sample only if they were tested at the high stirring rate, i.e., 150 rpm.
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4. Discussion

The structures revealed by SEM in the films after they were treated with an acid (Figure 3)
allow for conclusion that the formation of the modified films is based on a phase transformation in
a gelatin-CAP mixture at a preparation stage. Due to the fact that pH of the utilized type B gelatin
solution was around 4.5, one can expect that CAP should constitute a separate phase as this polymer is
insoluble at low pH. The CAP phase can be considered continuous; due to the high temperature at
the stage of mixture preparation, which is well above the glass transition temperature (Tg) of CAP,
the particles can appear in a rubbery state and coagulate easily. Therefore, the two separate phases:
gelatin gel and CAP phase, are physically mixed, forming a bi-continuous network with discreet
separate microdomains. The structures revealed with SEM suggest that the phase separation proceeds
with a spinodal decomposition mechanism, which is spontaneously initiated, and kinetically limited
by increase in the viscosity of gelatin during the gelling process when the temperature drops at the
casting stage. Similar “kinetic arrestation” of the phase separation process in the gelatin-containing
mixtures was described by Lorén et al. [10] and by Tromp et al. [11].

To better explain the phase separation in the discussed systems, an additional experiment was
performed. A premix of GA composition was placed in a glass vial and slowly heated to reach 80 ◦C.
After 5 min at 80◦C the temperature was lowered stepwise by 10 ◦C each 5 min. The appearance of
turbidity indicated the phase separation process. After reaching 40 ◦C the sample was heated again to
80 ◦C and kept at that temperature for 48 h. The second heating revealed that the temperature-dependent
phase separation is reversible (the sample became transparent again). The results are presented in
Figure 11.

 

Figure 11. The visible phase-separation on lowering the temperature of the sample, and suspected
spinodal decomposition process on storage at 80 ◦C for a prolonged time.

However, the storage at 80 ◦C for a prolonged time caused irreversible phase separation, with
a fibrillar/sponge-like appearance of the precipitated phase within the liquid continuous phase.
Additionally, the alteration of color of the sample and the fact that the gel was partially liquid at room
temperature indicated gelatin degradation. The overall results of this experiment confirm that the
phase separation process proceeds at high temperature and can be stopped by immobilization of the
growing CAP structure in a gelatin gel when the temperature drops below approx. 50 ◦C. This supports
the thesis that the separate phase of CAP acts like a “reinforcement” for the gelatin network, decreasing
the rate of penetration of the acidic medium into the water-soluble phase, and explains the structure
integrity of the films in acidic media. Furthermore, it appears that the temperature/time balance in

146



Materials 2020, 13, 1771

the preparation procedure allows to exploit the natural imbalance between phases for the favor of
functionality of the films.

The mechanism behind formation and acid-resistance of both binary (GA) and ternary (GAC)
polymer systems appears the same. However, in comparison to the GA films, a more significant
hindering of disintegration and dissolution can be observed in case of GAC films [5]. This can be
explained by a possible interaction between gelatin and carrageenan, which is suspected to be a
polyelectrolyte complex formation. This non-covalent interaction has already been reported and is
widely described [6,12–16]. Even though carrageenan is present in the film in a small amount, it still can
significantly impact the viscosity of the gel phase. Therefore, by increasing the density of the polymer
network, it leads to formation of a gel diffusion layer more viscous than the gelatin alone. That causes
higher swelling degree and slower dissolution rate of soluble ingredients present in the films, as it was
previously described [5]. It appears also possible that the carrageenan in the film-forming mixture
accumulates on the CAP-gelatin interface, supporting the CAP scaffold during the immersion in an
acid. However, we believe that the more irregular appearance of the CAP scaffolds visible in Figure 4
are actually CAP coated with undissolved gelatin-carrageenan complex. This hypothesis appears to
be supported by the results of Raman microscopy (see Figures 6 and 7), in which after immersion
in acid, the structure shows a pattern in Raman spectra with the same features as observed in the
spectra of the films before the acid treatment (both CAP and GAC), what suggests that during the
immersion the gelatin was not fully dissolved and it is still present on the surface of the residual CAP
scaffold structure.

The CLSM study (Figure 4) appears to correspond well with the SEM results. Additionally, it was
discovered that there are clear differences in the density of the solid material left in structure inside the
films and on its surface. Due to the fact that the soluble fraction of the film composition is supposedly
gelatin-based gel and plasticizer, the mechanism of erosion of the film when placed in an acid is likely
based on the diffusion of the medium through the gel layer. The erosion can be additionally limited by
the presence of the insoluble CAP phase, which acts also as a scaffold. Therefore, it can be suspected
that the penetration of the acidic medium into the membrane is delayed and can depend on both
density of the CAP scaffold and viscosity of the gelatin-based phase.

The higher barrier properties of a ternary system (GAC) than the binary one (GA) also was
demonstrated by the oxygen permeability test. However, in the literature the results of oxygen
permeability can be found only for very thin gelatin films obtained from dilute gelatin solutions [17],
where the values of oxygen permeability can be around 350–600 cm3/(m2 × 24 h × 0.1 MPa). In the
present study the permeability was measured for films with thickness around 650 μm, at which the
measured values were between 3.5 and 7.5 cm3/(m2 × 24 h × 0.1 MPa). Although, after addition of
CAP, the oxygen permeability increased slightly, the differences between formulations were still very
low and one can conclude that there is a lack of significant influence of the film ingredients on gas
barrier properties.

During the formation of modified GA or GAC films, the CAP spherical particles (average size of
0.43 μm) are being incorporated in the gel structure. QCM-D is a surface sensitive technique which can
be applied to analyze the interaction of the particles of CAP with gelatin. Quantitative values can be
obtained with well-defined model systems. Saurebrey and Johannsman models [18] are often used to
calculate the surface excess after adsorption. In our particular case, those models will not give reliable
approximation because of the large size of the CAP particles. However, a qualitative information on
interaction between CAP particles and gelatin films can be obtained. The large decrease in frequency
of the vibration as soon as the CAP particles were introduced into the flow cell reflects the adsorption
of CAP particles on the gelatin films. Due to the fact that the measurements were performed at 25 ◦C,
a coalescence of the CAP is rather negligible, therefore such interaction should be based purely on
surface charge of the particles. Although the test could not be performed at high temperature (80 ◦C),
the confirmed high affinity of these two materials at 25 ◦C may be also relevant at higher temperature.
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We assume that such type of interaction can potentially stabilize the CAP inside the gel matrix and
allow formation of a network structure during the preparation of the film-forming mass.

Preparation of capsules on a lab scale with the proposed steel mold was a simple process, allowing
for application of a liquid fill, and for obtaining visually sealed capsules. However, the results of the
disintegration tests show large variability because of the significant tendency of capsules to disrupt
at the sealing area. On the other hand, the results prove that formation of the capsules using GAC
composition is generally possible, and the capsules can be filled with liquid oil, PEG or melted fatty
alcohol. In addition, no case in which a capsule disintegrated in acid at other region than the sealing
was observed. This confirms that the films being in contact with a filling, still retain their structural
integrity when submersed in acid.

For the purpose of investigation, whether the filling formulation has an impact on acid-resistance
of the capsule shell, the capsules were filled with three types of substances: PEG, MCT oil and cetearyl
alcohol. The results show that the capsules filled with solid fatty alcohol show lower resistance of
the sealing to disintegration in acid. On the other hand, there is no noticeable difference between the
capsules filled with MCT oil or PEG. Overall, the mechanism of disintegration of the capsules appears
to be related more to the capsule formation process, than to the filling composition. It was observed
that the lab-manufactured capsules are prone to leakages on the sealing zone, especially when more
intensive mechanical stress was involved, as in the tablet disintegration apparatus. We believe that the
imperfect capsule sealing can be corrected when encapsulation process involves the conventional soft
capsule manufacturing machines.

The imperfections in the sealing region did not allow to further test the capsules in the drug release
test. This is why this study was performed in a vertical diffusion cell placed in a paddle dissolution
apparatus. The test was performed to investigate whether the films display barrier properties against
diffusion of diclofenac sodium at acidic pH. In addition, it was important that the films allow to
release the API after switching the pH to neutral (6.8). In one of our previous articles, the barrier
properties of the films towards radio-labeled water were described [5], and preliminary data on the
diffusion-hindering by the modified gelatin-CAP compositions was obtained. The present investigation
confirms appropriate barrier properties of GAC film, because no diffusion of diclofenac during 2 h
in 0.1 M HCl was observed. However, the reproducibility of the diclofenac release at pH 6.8 is not
very high. The release was initiated at different time points, what results from the mechanism of film
rupture—not dissolving totally in a specified time, but forming a breach. Since at lower stirring rates
the release of diclofenac did not occur or was accidental, the proposed model requires higher stirring
rates, which shows the significance of the mechanical factor in the dissolution of the GAC film in the
pH 6.8 buffer.

Although the performed experiment with diclofenac as a model drug demonstrates lack of the
drug diffusion through the modified gelatin film immersed for 2 h in an acid, diffusion of an acid
through the membrane was not measured in the course of this stage of the research. Impermeability of
the new capsule-forming material to the acid is a condition for using it in the capsules filled with an
acid-labile drugs.

5. Conclusions

In this work the discreet kinetically-limited phase separation was identified as the main factor
influencing the resistance of the modified gelatin films to disintegration in the acidic environment.
The imaging techniques (SEM, CLSM, Raman microscopy) provided the information on the mechanism
of film partial dissolution in acid. The QCM-D analysis proved the affinity of the latex particles to the
surface-wetted gelatin structures, which may be important in regard to the film formation process.
The lab-scale soft capsule formation process was performed, and the tested filling materials were
proved to be compatible with the films, however the obtained capsules showed the sealing area as
a weak spot, limiting the acid-resistance of the capsules during the disintegration test. On the other
hand, a modified dissolution test with a paddle apparatus and diffusion cell allowed to confirm that
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the films are hampering the drug release in acidic phase, while releasing the drug at pH 6.8. The drug
release at pH 6.8 was possible, however, only when higher stirring rates (150 rpm) were applied.
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Abstract: This review is an extensive evaluation and essential analysis of the design and formation of
hydrogels (HGs) for drug delivery. We review the fundamental principles of HGs (their chemical
structures, physicochemical properties, synthesis routes, different types, etc.) that influence their
biological properties and medical and pharmaceutical applications. Strategies for fabricating HGs
with different diameters (macro, micro, and nano) are also presented. The size of biocompatible HG
materials determines their potential uses in medicine as drug carriers. Additionally, novel drug
delivery methods for enhancing treatment are discussed. A critical review is performed based on the
latest literature reports.

Keywords: hydrogel; drug delivery; polymer; biocompatibility; immobilization of drug

1. Introduction

Drug delivery systems grounded on hydrogels (HGs) are interesting because of their high
biocompatibility and biodegradability. These properties are especially relevant for materials used
for biomedical engineering applications, an example of which may be drug delivery or tissue
engineering [1–3]. HGs are water-swollen polymeric networks containing chemical or physical
cross-links able to absorb large quantities of water or biological fluids [4]. HGs have a variety of
structures, architectures, sizes (from centimetres to sub-nanometres), and functions, and together with
other properties, these variables determine HG use for drug delivery [1–3,5].

HGs can be prepared from one polymer (homo-polymeric HG), two or more polymers
(multi-polymeric HG); they may also contain other nanostructures/nanoparticles in a polymeric
network [6–9]. These polymeric networks can be chemically and physically modified imparting new
and unusual properties [9–11]. Chemical structures, compositions, biodegradability, biological functions
and different physicochemical properties (e.g., mechanical, rheological, spectral, thermosensitive, pH
stability) can be modified [2,6,9,12]. These variations influence the performances of HGs and affect
loading and releasing properties for drugs [7,9,11–15].

HGs can be used to form microparticles, nanoparticles, micelles and films [15,16]. For HG
particles, the particle size (macro, micro and nano) determines the route by which HGs can be
delivered into the human body [17–21]. For micro- or nano-sized HGs, the effects of various
physical and chemical factors on drug release should be considered [15,21]. Therefore, drug
immobilization in a polymer matrix should be considered in the context of controlled release at
target sites. Various in vivo and in vitro drug application techniques have been developed with various
therapeutic properties [12,22–24], including antifungal [25–27], antibacterial [28–32], antitumor [33–36],
anti-inflammatory [37,38], immunomodulatory [39–41], anti-glycemic [42], antioxidant [32,37,43],
tissue repair and regeneration [14,16,44].
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The objective of this review is to explore the potential use of HG particles in drug delivery systems
with respect to their size (macro, micro and nano). This review also attempts to identify the effects of
HG particle size and physicochemical properties on biological performance and medical applications.
Finally, novel drug delivery methods for enhancing treatments are discussed.

2. Types of Hydrogels

A gel is a liquid treated with gelling substances, including natural polymers (e.g., agar, alginates,
and dextran), semi-synthetic polymers (cellulose derivatives) or synthetic polymers (acrylic and
methacrylic acid derivatives) [45]. Lipophilic gels (oleogels) are obtained using oil as the dispersing
phase. Hydrophilic gels (hydrogels) are obtained using water as the dispersing phase [46–48]. Due
to their similarity to living human tissues, HGs with controlled drug release are widely used in
pharmaceuticals. By modifying their compositions and physicochemical properties (e.g., to impart
hydrophilic or hydrophobic character), HGs can be used as drug carriers for external or internal
use [49].

HGs are classified using different criteria [50]. The simplest criterion is origin, i.e., natural or
synthetic [50,51]. Natural HGs are biocompatible, biodegradable [1] and support cell activity. However,
natural HGs have low mechanical strength and large inter-batch variety. Proteins such as collagen or
polysaccharides (e.g., chitosan, dextran, and alginate) are examples of natural HGs [52–55]. Synthetic
HG polymers are prepared from polymerizable monomers, including vinyl acetate, acrylamide, ethylene
glycol and lactic acid (made from plants, mostly from corn and sugarcane) [56–59]. Synthetic HGs can
be precisely controlled and tailored to achieve desired properties. However, synthetic HGs typically
lack bioactivity and have low biodegradability. Hybrid HGs consist of chemically, functionally and
morphologically different units [60–65]. Biologically active proteins, peptides, nano/microstructures
are constituent parts of hybrid HGs and are connected with each other by physical or chemical
forces [60–66]. Because of their construction, hybrid HGs derive their bioactivity from natural materials;
furthermore, the easy control over physical and chemical properties of hybrid HGs are due to synthetic
material properties [66].

2.1. Physical and Chemical Hydrogels

HGs can be classified into two groups based on the type of interactions involved in the creation
of the network structure. The first group includes chemical solids [47,51,67,68], wherein HGs form
three-dimensional (3D) networks with polymer chains are connected by permanent covalent bonds
via cross-linking reactions [69]. Characteristic features of chemical HGs include their ability to
swell resulting from interactions among the polymer network, water and the density of connections
between polymer chains. Chemical HGs are not homogeneous due to the hydrophobic aggregation of
cross-linking agents and high cross-link-density clusters [60].

The second group includes physical (reversible) HGs [51,67,68]. These HGs have chains connected
by weak hydrogen bonds, ionic bonds and dipolar or hydrophobic interactions excluding those that
dissolve before use [68]. These forces result in non-homogeneous HGs [60]. Examples of physical HG
are solutions of agar, gelatine, and polyvinyl alcohol [70,71].

These two types of HGs encompass a wide variety of macromolecular structures formed from
cross-linked and entangled linear homopolymers and linear, block or graft copolymers [72–74]. The
HG networks can be stabilized by reactions of monovalent and polyvalent ions, multiple monovalent
ions or complexes containing hydrogen bonds. The properties and applications of these HGs are closely
related to cross-linking density, which determines swelling behaviour and the combined properties of
solid and liquid phases [51,68,75].

2.2. Conventional and Stimuli-Responsive Hydrogels

HGs are also classified as conventional and stimuli-responsive. Conventional HGs comprise
loosely connected hydrophilic, mostly non-ionic polymers with significant degrees of swelling in water
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without dissolution [76]. Stimuli-responsive HGs respond to various factors, such as small changes
in temperature, ionic strength, pH, electric field, mechanical stress, light and selected substances
(Figure 1a) [49,51,77–80]. Stimuli-responsive HGs can be tailored to react to various types of stimuli in
the body, including ionic strength, pH and temperature, to act as potential drug carriers [49,51,77].

 
Figure 1. (a) Types of stimuli causing HG swelling. (b) Schematic illustration of a thermo-reactive HG
formation loaded with a drug that uses temperature as a stimulus.

2.2.1. Thermosensitive Hydrogels

Thermosensitive HGs have a specific balance between a hydrophilic polymer gel and water
molecules. In these systems, even small changes in temperature can disturb this balance and cause
a phase change from sol to gel [50]. Such phase transitions often occur when the temperature
changes from room temperature to physiological temperature of the human body [46]. This is because
temperature influences interactions among water molecules and the hydrophilic and hydrophobic
segments of the HG polymer [81].

HGs comprise hydrophilic (P) and hydrophobic (UN) segments arranged in the sequence: P-UN-P
or UN-P-UN (Figure 1b). The hydrophilic segments used in HG formulations are characterized by
high swelling properties, water solubility and biocompatibility [46]. The hydrophobic segments
increase the loading capacity of other hydrophobic molecules, such as drugs, due to the micellization
of nanoparticles (Figure 1b) [6,82].

For the proper design of thermosensitive HGs, the phase transition temperature should be
identified [83]. The temperature at which the polymer solution separates into two phases is called
the critical solution temperature (CST) [46] and is used to classify thermosensitive HGs as positive
or negative temperature responsive systems [84,85]. The CST is typically lower for HG polymers
with higher molecular weight or hydrogen-bonding interactions. Thermo-responsive HG polymers
with lower CST (LCST) remain liquid at low temperature and are called negative temperature HGs.
At temperatures lower than the LCST, these HGs swell [86]. When the temperature increases these
HGs undergo a sol-gel transition and become insoluble upon heating. The opposite phenomenon is
observed for HG polymers with upper CST (UCST, positive temperature HGs), which become soluble
upon heating [46]. At temperatures lower than the UCST, positive temperature HGs dehydrate [87].
LCST HGs are used in the medical field because they form gels in situ at physiological temperatures, i.e.,
30–37 ◦C (Table 1) [88]. Examples of synthetic polymers used to develop LCST HGs include copolymer
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blocks of poly(ethylene oxide) and poly(pentapeptide), poly(N-isopropylacrylamide) (PNIPAM), and
poly(N,N-diethyl acrylamide) (PDEAM) [88]. Natural LCST polymers include cellulose derivatives,
chitosan and gellan gum (Table 1) [88–90].

Table 1. Phase transition temperatures for selected polymers with LCST and UCST.

Polymer Name Abbreviation Transition Temperature (in Water) Refs.

Poly(N-isopropylacrylamide) PNIPAM 30–34 ◦C [88]
Poly(N,N-diethylacrylamide) PDEAM 32–34 ◦C [88]

Poly(methyl vinyl ether) PMVE 37 ◦C [91]
Polyvinyl chloride PVC 30–50 ◦C [92,93]

Gellan gum - 50–60 ◦C [88]
Methylcellulose - 40 ◦C [94,95]

Acrylamide and acrylic acid AAm and AAc 15–25 ◦C [96]

2.2.2. Photo-Responsive Hydrogels

Light-responsive HGs are subjected to sol-gel changes under the influence of light at different
wavelengths: infrared (IR), ultraviolet (UV), or visible (VIS) [50]. The initiation of sol-gel phase
transitions in photo-responsive HGs using light is straightforward and non-invasive making these HGs
a potential source of functional material in biomedicine, e.g., for drug delivery [50,97,98]. To prepare
a photo-responsive HG, a light-responsive chromophore group is attached to HG polymers [99,100].
Incident light initiates swelling/deswelling processes or sol-gel phase transition to release drugs at
desired locations. UV-light-responsive HGs undergo photopolymerization or photocleavage depending
on the exposure length [101,102]. Light wavelength is also extremely important because it affects the
drug release control process [103].

2.2.3. pH-, Electric- and Magnetic-Responsive Hydrogels

pH-responsive HGs have specific pH-dependent physicochemical properties [104]. These HGs
have acidic and alkaline groups associated with HG polymer chains [50,105]. The human body is
a dynamic environment with different tissues having different pH ranges, which provides delivery
means for in vivo pH-responsive HGs in pharmaceutical and biomedical applications [106–108].

Ionizable groups embedded in the polymer network of pH-responsive HGs accept or donate
protons in response to pH change, resulting in changes to the structure and solubility of the HGs and
consequently, swelling or deswelling (Figure 1a). The most frequently used synthetic monomer with
acidic characteristics are acrylic acid, methacrylic acid, maleic anhydride, N,N-dimethylaminoethyl
methacrylate and sulphonamide-containing polymers [2,18,20,91,109]. Weak synthetic polybases, such
as aromatics 4-vinylpyridine, 2-vinylpyridine, poly(vinyl imidazole), poly(N,N-dimethyl aminoethyl
methacrylate), and poly(N,N-diethyl aminoethyl methacrylate), accept protons at low pH [50,110,111].
There is also a large group of natural polymers used in pH-responsive HGs that has advantages
over synthetic polymers due to their degradability within the human body, making them excellent
biocompatible components in drug delivery [9,33,88,112].

There are also HGs that respond to external physical stimuli, like electric and magnetic
fields [52,105]. Magnetic or electrically responsive HG networks have been developed for drug-delivery
applications. The influence of an electric field causes electro-responsive HGs to swell or de-swell,
which can be adapted for drug delivery systems [113]. Similar applications have been determined for
magnetic field-based stimuli, especially high frequency fields, which are much safer for humans than
electric fields or UV light [114]. Magnetic and electrical stimuli-responsive HGs allow for the study
of cell behaviour by altering hydrogel properties in situ. These stimuli-responsive HGs can serve in
potential drug delivery systems for targeting and localizing to delivery sites for controlled drug release
upon application of electric or magnetic fields [115–117].
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2.3. Other Classifications for Hydrogels

HGs could also be classified by the substrates used for their production. Polymer networks
may be synthesized from linking monomers to form high-molecular weight polymers. Hydrophilic
monomers, such as polyphenylene oxide (PPO) or polyethylene glycol (PEG), are copolymerised with
crosslinkers to form networks for drug delivery [118,119]. When prepolymers (oligomers) are used
as synthetic substrates, different types of HGs are obtained. A series of model networks consisting
of PEG, tetra-PEG gels, have been prepared by Sakai et al. [119,120]. Small-angle neutron scattering
measurements confirmed, that network structure is extremely uniform, even in the presence of different
functional groups at the ends, i.e., amine group and succinimidyl ester group [121,122]. Additionally,
the modified with ionic liquid form of tetra-PEG gels possesses high ion conductivity and high
mechanical properties [123,124]. For example, polyurethane-based HGs are used in the fabrication of
flexible medical devices, prosthetics for example [125]. Other substrate-specific HGs are those with
network structures made by crosslinking hydrophilic polymer chains, e.g., chitosan crosslinked with
glutaraldehyde [75].

Due to large differences in their chemical compositions, HGs are sometimes broadly
classified [51,126]. For example, in terms of the types of monomers used to prepare HGs (polymeric
composition), three groups of HGs are recognized: (i) homopolymeric HGs (consisting of one type of
hydrophilic monomer); (ii) copolymeric HGs (two or more monomer types of which at least one is
hydrophilic), and (iii) multipolymer HGs (obtained from more than one type of polymer).

Multipolymer interpenetrating polymeric (IPN) HGs represent a class of HGs made of two
independent cross-linked synthetic and/or natural polymers [51,75,127–129]. HGs there are two
polymer networks, one of which is polymerized around and within the on the second polymer network,
and what is very important, there are no covalent linkages between those two polymeric networks.

HGs may take significantly different morphological forms, which can be a criterion for their division
depending on the state of aggregation (physical form) [17,105,129]: (i) solid (amorphous, semicrystalline
or crystalline); (ii) semisolid (for example shear-thinning HGs), and (iii) liquid [17,51,75,130]. Solid HGs
can be useful in formation of functional tissues [75,131]. At room temperature they are solid in nature
with strong cross-linked network structure [17]. Solid HGs swell in the presence of water or other
hydrophilic solutions like buffers or biological fluids. Semisolid HG consists of two types components
where at least one possess biological nature, e.g., plant resins or gums [17]. The shear-thinning HGs
also belong to this group [17,132,133]. These HGs can be pre-gelled outside of the body and injected by
applying shear stress and flow like low-viscosity fluids. The shear-thinning behaviour is a result of
reversible physical cross-links. That group of HGs is often called bio- or muco-adhesive HGs according
to their specific adhesive properties [16,75,134]. Liquid HGs are injected in liquid form and a sol-gel
transition is performed inside the human body [19,109,135–137]. The resulting HGs takes the shape
of space available at the injection site which allows to achieve the sol–gel transition with variety of
strategies. Slow-gelling systems based on gelation mechanisms (charge interaction, stereocomplexation,
click chemistry, etc.), termo- or pH-responsive systems are good representatives of this group.

It is also possible to classify HG based on ionic charges into the following four groups: (i) neutral
(no charge, e.g., dextran); (ii) anionic (negative charge) like carrageenan; (iii) cationic (with positive
charge) such as chitosan, and (iv) amphiphilic (having the ability to strongly interact with both polar
and nonpolar solvent molecules—such as collagen) [17,138–143].

3. Types of Physical Appearance of Hydrogels

HGs have a number of properties, such as oxygen and nutrient permeability and the ability to bind,
transport and control drug delivery and release, attractive for use in biological applications. Different
tissues have different requirements and would be better served using different types of HGs [144]. HGs
can be formed in almost any shape and size [145], e.g., as a matrix, a film, microparticles, nanoparticles,
macro-beads, membranes, or coatings, depending on the polymerization technique [46,51,82,146]. HGs
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are altered to improve their compatibility with hydrophobic or hydrophilic compounds or drugs with
different properties [147,148].

Polymeric HGs are classified as macro-, micro- and nanogels with respect to particle size [17,149].
Microgels, cross-linked structure is large, usually from millimetres to centimetres [150]. A group of
gels called microgels, whose particles are smaller, separate and cross-linked, having a size between
1 μm and 100 nm [151]. Nanogels are those gels whose particles have a size smaller than 100
nm [49,106,152]. It should be noted that gels with particle sizes only slightly larger than 100 nm were
called quasi-nanogels [153].

Microgel is a submicron- or micron-sized network polymer which is highly swellable but insoluble
in water [154]. Cross-linked microgel particles possess special kind of control over particle shape and
size, which is probably due to specific extensive swelling pattern [155]. Microgels are obtained in two
ways. One of them is molecular assembly of existing polymer molecules in aqueous solutions. The
other one, particle-forming polymerization, includes two types of polymerization: precipitation and
inverse emulsion polymerization [154,156].

Nanogels are prepared in water by self-aggregation of polymers, mostly of natural origin; natural
polysaccharides (dextran, pullulan) or cholesterol-containing polysaccharide [14,157]. The dimensions
of these HGs are usually of 20–30 nm. Such a small size causes the use of nanogels for cell targeting,
because swelling caused by pH changes in the surrounding environment is the reason to release the
entrapped drug [158]. Nanogels react to the external stimuli changes much quicker than macrogels.
The reason for this is probably their small size and short relaxation time [159,160]. Swelling and
deswelling properties and small size of biocompatible and biodegradable nanogel particles are the
cause of easy crossing the blood brain barrier [21,149,153].

Obtaining a specific shape of HG at a nanoscale is difficult. HG nanofibers, for example, can be
obtained by the by electrostatic spinning method [161]. HGs are also given the form of microcapsules
and microspheres, whose size is 1–1000 μm. This allows more protection of substances enclosed in the
interior of microcapsules and microspheres. HGs can form micelles in an aqueous environment, as a
result of aggregation of amphiphilically connected blocks or end-modified polymers. It is often difficult
to differentiate micelles from reversible HGs, because HGs can form micelles above a appropriate
concentration called the micelle gel concentration [162]. Similarly, biodegradable nanoparticles of HGs
are classified as nanocapsules or nanospheres having drug molecules adsorbed on the surface or closed
inside [163,164].

There also exist the group of in situ-gelling HGs, which undergo a sol-gel transition inside the
human body [165]. That group of HG always adapts to the free space with its shape. An example of
such HGs are shear-thinning HGs. Because of reversible physical cross-links shear-thinning hydrogels
pre-gelled outside of the human body, after shear stress injection can regain its initial stiffness.

Despite of many nano- and microgels advantages, it should remember about the possibility
of using macroporous HGs and the benefits resulting from it. Macroporous HGs can mechanically
collapse at up to 90% and recover reversibly almost immediately after injection in the human body.
Such macroporous HGs allow for the preparation of highly defined shapes for drug delivery [151].

4. Immobilization of Drugs in Hydrogel

4.1. HG Structure and Physical Properties

A physical and chemical properties, including structural parameters, swelling behaviour, diffusive
characteristics, and surface properties, determine the biomedical and pharmaceutical applications of
HGs [5]. After the creation of porous HG structures, different drug molecules may be incorporated
into the scaffolding (post-loading) or in the network during formation (in situ loading); these drugs are
subsequently released from the hydrophilic matrix to biological media. Thus, network mesh size (or
pore size) is a major parameter which determines the sizes of the drug system that can be immobilized
in the porous matrix of the HG. The network mesh size (ξ) indicates the distance between adjacent
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junctions, cross-links and tie points. Cross-links may be chemical (mainly covalent bonds) or physical
(e.g., electrostatic, hydrophobic and dipole-dipole) [5].

The cross-linking density (ρx) of HGs, which refers to the number of cross-links in a given
volume, is a parameter that defines the structural properties of HGs [5,166,167]. Relationships
between cross-linking density and HG properties (e.g., shear modulus, equilibrium swelling ratio,
drug diffusivity) are presented in Figure 2 [5]. These parameters allow for the prediction of HG
release behaviour.

Figure 2. Relationship between the cross-linking density and HG properties. Two network structures
representative of low and high cross-linking densities are depicted to demonstrate the relationship
between the cross-linking density and basic HG properties of highly swollen, non-ionic gels, including
shear modulus (G), equilibrium volumetric swelling ratio (Q) and diffusivity (D). As the cross-linking
density increases, the mesh size (ξ) decreases, which is a measure of the space available between
macromolecular chains for the diffusion. Reprinted with permission from Ref. [5].

From experimentally measured volumetric swelling ratios of HGs (Q), the average molecular
weight can be calculated between cross-links (Mc) and the equilibrium polymer volume fraction (v2) of
a given network [167]. There are many equations describing the relationship between the network
structure and its physical properties, which allow the calculation and prediction of transport properties
of homogenous porous materials:
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The HG network structure is also important in determining the mechanical properties of porous
material. The network structure controls swelling behaviour and drug release in biological environment.
Swelling behaviour is defined as the ratio of the volume of the water-swollen gel to the volume of
dry polymer and is indicative of the water content of the swollen HG. However, higher water content
resulting from high network porosity is more beneficial for immobilizing active substances and can
simultaneously lead to polymer degradation and prevent the controlled delivery of drugs. In this
context, the cross-linking density must be high enough to allow for the immobilization of the active
substance in the polymer matrix. Beyond the structural properties, the chemical composition of HGs
regulates the final biochemical properties, e.g., charge, hydrophilicity and bioactivity.

In this brief discussion, we highlighted the structural properties of macroscale HGs. These HGs
have consistent physicochemical properties throughout, and drugs can be distributed homogeneously
in “bulk HGs” (Figure 3a). Macroscopic HGs have dimensions of millimetres to centimetres and are
typically surgically implanted or arranged in contact with the patient’s body to achieve transepithelial
drug delivery [17,137].

 
Figure 3. (a) Macroscopic design of HGs including the size and porous structure. (b) Schematic
structures of micro- and nanogels showing the release of drugs.

Other structures, e.g., micro- and nanogels, draw attention to their use as injection materials
(Figures 3 and 4). Their relative scale (1 μm to 100 nm microgels and 10–100 nm nanogels) determines
the course by which HGs can be delivered to the human body [17–20]. Small HG particles are
needle-injectable, provide large surfaces for bioconjugation and enhance penetration through tissue
barriers [135,136,170,171].
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Figure 4. Morphology (structure) of HGs observed by (a,c,e,g,h) TEM and (b,d,f,i,j) SEM at different
magnifications (the scale bars are marked on the images) obtained by post-loading or in situ loading
drugs. (a,b) Piperlongumine-loaded poly(ethylene glycol)-poly(dehydroabietic ethyl methacrylate) HG
nanoparticles [172]. (c) Silver alginate HG microspheres [173]. (d) Thermosensitive HG microspheres
loaded with tenofovir [174]. (e,f) Polyacrylamide-poly(N-isopropylacrylamide) HG capsules loaded
with doxorubicin hydrochloride [175]. (g) Unloaded lipid capsule (Lip) with F1275% (5 wt% content of
Pluronic F127) [176]. (h) Doxorubicin-loaded poly(lactic-co-glycolic acid) (PLGA) core-lipid shell (Lip)
with F1275% structure [176]. Smart organic/inorganic HG polyelectrolyte capsules (poly(allylamine
hydrochloride): (i) hollow and (j) hydroxyapatite [177]. (k,l) Core-shell mesoporous silica spheres (l)
loaded with ibuprofen [178]. Reprinted with permission from Refs. [172–178]. The Royal Society of
Chemistry, Hindawi, Nature Group, Springer and Wiley-VCH Verlag GmbH & Co.

Drug delivery based on micro- and nanogels are superior when compared with macrosystems
(Figure 3b) because: (i) the smaller sizes of these HGs allows for active and passive drug targeting; (ii)
controlled drug release leads to improved therapeutic impact and reduced side effects; (iii) drug loading
takes place with no chemical reaction (environmental stimuli); (iv) the smaller HGs may infiltrate
into tissues via paracellular and transcellular routes; and (v) the smaller HGs are biocompatible and
biodegradable [15,179]. Examples of different structures/morphology of HGs are presented in Figure 4.
These systems were observed using TEM (transmission electron microscopy) or SEM (scanning electron
microscopy). We can distinguish two types of HGs: (i) “core-shell” systems and (ii) homogenously
dispersed drugs (Figures 3b and 4). In the core-shell system, a shell is formed by HGs around a central
core is drug reservoir (Figure 4e–h,l,k). This structure can be produced in the form of capsules, spheres
or slabs, having a high concentration of the drug in the core of the systems, which facilitate the constant
release of the drug in the body [126,174,175,180,181]. In the second system, the drug is dispersed
homogeneously in a polymer matrix (Figure 4a–d), which in contact with a bio-fluid usually begins
swelling, and takes forms of nanoparticles, polymeric micelles, microspheres, etc. [68,172,180,181]. For
both types of HGs, releasing of drugs is time-depended process and it is mainly diffusion controlled.
Drug releasing from the HG network will be discussed in detail in the next paragraph.
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4.2. Immobilization of Drugs

HGs due to their 3D structures may be applied as carriers for drugs, proteins, lipids or
cells [15,17,68,182,183]. Additionally, a large amount of water within their structures makes a convenient
environment for the immobilization of drugs. However, 3D structures of HG allow the immobilization
of drugs in their matrix, in this regard, when immobilization process of active substances is performed,
two aspects must be taken into account. The large pore size of HG (large mesh size), as well as the high
water content causes that water-soluble drugs with small particles quickly escape from the network,
thanks to which they have a short release time [182]. Drug release is much slower when the drug
particle size is comparable to the mesh size [17]. When the drug particle size exceeds the mesh size,
then the drug is physically trapped in the network [17]. To minimize these problems, the pore size in
HG (mesh size) should be “matched” to the size of the immobilized drug.

There are many methods leading to loading of drugs in HG networks/spheres/capsules, and the
choice of method depends mainly on the place where the drug should be delivered. Briefly, drugs
can be loaded into HG matrices in two ways: post-loading and in situ loading (Table 2 and Figure 5).
HGs have proven to be very efficient for local drug delivery, which could lead to prolonged and faster
release. Some examples of HG applications are presented in Table 2; different structures are presented
in Figure 5.

 
Figure 5. Schematic representation of drug loading in a HG network using (a) post-loading and (b) in
situ loading mechanisms.

Briefly, the post-loading drug process consists of forming a polymer HG matrix (a preformed HG)
and immobilizing the drug in the polymeric network (Figure 5a). HGs swell in drug solutions till
equilibrium. Depending on the HG macro- or microscopic size, HGs are administered by more or less
invasive procedures. Preformed HG gels outside the human body, while being quite simple films or
sticky solutions that retain their rheological or mechanical properties after administration [184].
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Table 2. Examples of HGs with different routes drug immobilization of and their structures
and applications.

Type of
Loading Drugs

Hydrogel Precursors Drug Structure Applications Refs.

Post-loading

AA17 –BA18 –DEAP19 17-DMAPG 15 Core-shell 16 Antitumor activity [152]
Carbopol 940 20 Vor 11 Core-shell LPN Dermal applications [185]

Carbopol/stearic acid Vor Core-shell Ophthalmic
Application [186]

PNIPAAm-b-PLA-b-PEG-b-PLA7-b-PNIPAAm Riluzole - Neuroprotective drug [183]

PAA-PNIPAAm DOX Core-shell
capsule Antitumor activity [175]

PEG-b-PDAEMA 8 PLGM 9 Nanoparticle Antitumor activity [172]
Chitosan/Polysaccharide Tenofovir Microsphere Vaginal drug [174]

Chitosan/β-GB DOX-loaded in LTSL 29 PP33 HG Antitumor activity [187]

PLGA 30 MicroC
PEG derivatives (HG)

DOX-loaded in MicroC
31

Fu 32-loaded in HG
PP HG Antitumor activity [188]

In situ loading

Polysaccharide Ibuprofen Core-shell
capsule Oral drug [126]

Carbohydrate-NIPAM 22 Bupivacaine HG-microgel composite Anaesthetic drug [189]
PNIPAAm-co-AIA 21 Lopinavir Microspheres Antiretroviral drug [190]
CmetCel 25 -Dextran AmB 23 MacroHG Antifungal therapy [191]

NiPAAm 26-NtBAAm27 Fluvastatin PP HG HMG-CoA 25 [192]

PPZ 34 Silibinin Microspheres Anticancer and
antiangiogenic activity [193]

PEG–PCL 35–PEG PTX micelles 36 PP HG Antitumor activity [194]

Abbreviations: 1 PNIPAAm: poly(N-isopropylacrylamide); 2 PAA: polyacrylamide; 3 PHEMA: poly(hydroxylethyl
methacrylate); 4 PVP: poly(vinylpyrrolidone); 5 PEG: poly(ethylene glycol); 6 LPN: lipid nanoparticles; 7 PLA:
poly(lactide); 8 PDAEMA: poly(dehydroabietic ethyl methacrylate); 9 PLGM: piperlongumine; 10 DOX: Doxorubicin
hydrochloride; 11 Vor: Voriconazole; 12 EGDMA: 2-(2-methyl-acryloyloxy)ethyl 2-methyl-acrylate; 13 HEMA:
2-hydroxethyl 2-methylprop-2-enoate; 14 Indo: Indomethacin; 15 17-DMAPG: geldanamycin derivative (aminated
form, which readily protonates at low pH; 16 core-shell structure of HG-in-LPN; 17 AA: acrylic acid; 18 BA:
N,N’-methylenebis(acrylamide); 19 DEAP: 2,2-diethoxyacetophenone; 20 Carbopol 940: HG composed of Precirol
ATO 5, Labrafil 1944 CS, and Tween 80; 21 AIA: allylamine; 22 NIPAM: poly(N-isopropylacrylamide); 23 AmB:
Amphotericin B; 24 CmetCel: carboxymethylcellulose-hydrazide; 25 HMG-CoA: reductase inhibitor (statin);
26 NiPAAm: N-isopropylacrylamide; 27 NtBAAm: N-tert-butylacrylamide; 28 β-GB: β-glycerophosphate; 29

LTSL: lysolipid thermally sensitive liposomes; 30 PLGA: poly(lactide-co-glycolide); 31 MicroC: microcapsule; 32

Fu: 5-fluorouracil; 33 PP: “plum padding”; 34 PPZ: poly(organophosphazene); 35 PCL: poly(ε-caprolactone); 36

PTX: Paclitaxel.

Drugs can be physically or chemically immobilized in HGs and can also be loaded into other
species (secondary delivery vehicles) to provide the appropriate environment for targeting. Preformed
HGs are solid even when injected [184].

In situ loading of drugs is associated with the simultaneous formation of injectable HGs in the
body and the encapsulation of drugs (Figure 5b). Briefly, the whole process shows a sol-to-gel transition
in situ that form after injection in vivo.

The resulting HG take the shape of the available space. In situ gel formation usually includes
the subsequent steps: (i) gelation as a response to the changes of temperature or pH changes
(thermoresponsive or chemical responsive polymers; i.e., “smart” polymers), (ii) ionic or covalent
cross-linking, (iii) solvent exchange or crystallization, and/or (iv) thickening upon removal of the
injection shear. These external stimuli are shortly summarized in Figure 1a (stimuli factors).

Taking into account the lifetime of HGs, their formation mechanism can be categorized as: (i)
pre-gelation (polymer precursor in solution), (ii) therapeutic window (after injection and gelation
containing drug), and (iii) degradation (HG degradation products) [18]. These systems may be
homopolymeric or multipolymeric or may also be composed of different components, including other
systems (e.g., capsule, microgels, and nanoparticles) serving as drug carriers. This latter mentioned gel
systems are characterized in the next section.

Immobilization of Drugs in Hydrogel Composites

Some systems containing drugs in matrix/capsules are poorly water-soluble or insoluble. In this
sense, soluble therapeutic agents are poorly retained in HGs due to their hydrophilic nature. In this case,
there are many problems with loading process of drugs due to their tendency to aggregate resulting in
high local concentrations causing toxicity [195]. To overcome these problems, HG composites have been

161



Materials 2020, 13, 188

created to exploit the hydrophilic-hydrophobic nature of various components [192,196]. HG composites
contain polymeric networks (hydrophilic) swollen with water and nanostructures/microstructures
with different physico-chemical properties [192,197–199]. These composites represent a new class of
materials with new properties.

The inclusion of nanomaterials in the HG polymer network is an interesting way to adjust
the mechanical properties of HG and/or to provide the composite with sensitivity to external
stimuli [192,196,197,199]. Different nanomaterials have been immobilized in polymeric networks,
including inorganic nanoparticles [200,201], carbon nanomaterials [202], and lipids [99]. Nanoparticle
systems have gained considerable attention by being one of the most interesting and promising
biomedical materials with the exceptional physicochemical properties, controlled shapes, nano-sized
characteristics, comprehensive modification options and well-defined multi-functionality [83]. The
preparation of HG composites may be performed using physical and chemical forces.

To overcome the incompatibility of hydrophobic drugs and hydrophilic HG networks, lipid
nanoparticles (LPNs) are frequently used to promote good solubility. LPNs have been used for dermal,
mucosal, transdermal and intramuscular applications [176,182]. Three types of LPNs have been used
in drug delivery systems: (i) lipid nano emulsions (LNEs, where the core is composed of liquid
lipids), (ii) solid lipid nanoparticles (SLNs, where the core has lipids in a solid state at room and body
temperatures), and (iii) nanostructured lipid carriers (NLCs, where the lipid core is a heterogeneous
mixture of solid and liquid lipids) [182]. The lipophilic core of LNPs entraps active ingredients, whereas
the surfactant membrane (consisting of phospholipids) ensures the stability of LNPs in hydrophilic
environments. In pure lipophilic form, these systems have unsuitable rheological properties and
therefore, require structural modifications. These modifications result in the formation of LNP-HG
composites [187] as shown in Figure 6.

Figure 6. (a) Fully syringe-injectable Lipogel consisting of a chitosan/β-GP thermoresponsive gel
containing a suspension of DOX-loaded thermosensitive liposomes. (b) Release from the gel in situ is
controlled using minimally invasive hyperthermia, which is achievable using high intensity-focused
ultrasound. A small portion of the drug-loaded liposomes is released from the Lipogel, maximizing
the drug delivery distance from the gel implant. (c) The majority of liposomes are locked into the gel
upon initiation of cross-linking during thermogelation. (d,e) Liposomes sequester the majority of the
drug at body temperature but rapidly become more permeable upon mild hyperthermia and release
their drug payload. Reprinted with permission from Ref. [187].
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An in situ gelation of chitosan/β-glycerophosphate (GP) and thermoresponsive liposomes was
performed [187]. This biocompatible and biodegradable HG was used as a matrix for lysolipid thermally
sensitive liposomes (LTSL) loaded with doxorubicin (DOX). LTSLs are bi-layered spherical vesicles that
rapidly change structure upon mild hyperthermia (41–43 ◦C), creating openings in the liposome. DOX
was loaded into LTSL by changing solution pH. DOX delivery was also based on the pH-sensitivity of
liposomes to acidic pH. A schematic of the controlled-delivery of chitosan/β-GP/DOX-loaded LTSLs
and DOX release is presented in Figure 6.

The next very interesting group of composite HGs are “plum pudding gels” (PP gels), which
are schematically shown in Figure 7 [179,187,188,192,194]. This type of the composite HG contains
microgels or nanogels inside a bulk HG network, which improves the loading and release of drug. In
the PP gel structure, the microgels or nanogels act as reservoirs for drugs and can be incorporated into
a conventional macroscale HG at the different concentrations to provide two-component gel matrices.

 
Figure 7. Structure of “plum pudding gels” (PP gels). Composite HG containing a drug embedded in a
secondary controlled delivery vehicle (microgels, nanogels, nanoparticles, capsules, etc.).

From a drug delivery perspective, these systems are particularly interesting because the drug
delivery limitations of microgels and HGs are minimized, whereas their synergistic effects are observed
as soft nanocomposites [179]. The presented chitosan/β-GP/DOX-loaded LTSL system belongs to this
group of composites [187]. Other similar systems are listed in Table 2.

4.3. Release Mechanism of Drug from Hydrogel Matrices

The physical and chemical properties of HGs affect their delivery properties, including controlled
release. HG structure, diameter, and cross-linking agent density affect the rate of drug diffusion. The
kinetics of drug release from HGs is connected to the chemical structure and crosslinking density of
the materials, including the HG matrix monomers and coating (Figure 8) [203].

The use of HG networks increases the local concentrations of pharmaceuticals and their slow release
at delivery sites. Suitable controlled-release mechanisms include (Figure 8): diffusion [17], swelling [68],
chemical and environmental stimuli (degradation or deformation) [67]. Drug release from HGs in
response to environmental stimuli may occur due to changes in pH [110,204], temperature [110,205–207],
electric field [109,111,208] or ionic strength [209,210]. Some ideas are schematically presented in
Figure 8 [17].
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Figure 8. Hydrogels drug release mechanisms and their respective kinetic profiles: (a) drug diffusion,
(b) degradation of the polymeric matrix and (c) swelling. Reprinted with permission from Ref. [203].

5. The Use of Hydrogels in Modern Pharmacy

Interest in using HGs has not decreased over the years. The development of specially modified
HGs has provided new pathways for drug delivery and offers advantages as a vehicle for active
substances [191,192,211–213]. One of the most important advantages is administration route versatility.
HGs offer several routes: oral, injection (both intramuscular, into bone and subcutaneous), rectal,
vaginal, through wounds, and ophthalmic (Table 3). Drug delivery is strongly connected to drug
molecule size and is dependent on administration route. As mentioned previously, HG delivery
systems can be classified into three main categories based on their size: macro-, micro- and nanosized.

Table 3. Summary of HGs that can be used as drug carriers.

Hydrogel Structure/Size Active Substance Route of Delivery Refs.

CTS-g-poly(AA-co-AAm)PVP/MMT Nanogel Clarithromycin Oral [214]
Salecan/PAMPS Microgel Insulin Oral [215]

HA Nanogel Insulin Oral [216]
CTS Nanogel Curcumin Oral [217]
CTS - Camptothecin Oral [218]

SS/PVA Microgel Gentamycin sulphate Dermal [219]
TG/SA/PVA Microgel Moxifloxacin Dermal [220]
P407/CMCs Microgel Cortex Moutan extract Dermal [221]

CMCTS/PAD Macrogel Voriconazole Ocular [12]
HECTS Macrogel - Ocular [222]

P407 Nanogel Theaflavin/Nifeviroc Vaginal [2]
CTS Microgel Tenofovir Vaginal [174]
CHC - Naringenin Topical oral [223]
CTS Nanogel Thymol Topical oral [224]

GCTS - Paclitaxel Injection [225]

PF127/HA Nanogel Paclitaxel and
doxorubicin Injection [226]

CTS - Curcumin Injection [227]
CMCTS Nanogel Curcumin Injection [228]
CTS/GP - Docetaxel Injection [229]

Gelatine/laponite (+chitosan or
PNIPAM-co-AA) Nanogel Rhodamine B Injection [230]

Salecan - Doxorubicin Injection [231]
Agarose - Doxorubicin Injection [232]

SA Nanogel Bevacizumab Injection [233]

Abbreviations: CTS: chitosan; AA: acrylic acid; AAm: acrylamide; PVP: polyvinylopyrrolidone; MMT:
montmorillonite; PAMPS: poly(2-acryloamido-2-methyl-1-propanesulfonic acid); HA: hyaluronic acid; SS:
sericin; PVA: polyvinyl alcohol; TG: tragacanth gum; SA: sodium alginate; P407: poloxamer 407; CMCs:
sodium carboxymethyl cellulose; PAD: poly aldehyde dextran; HECTS: hydroxyethylated chitosan; CHC:
carboxymethyl-hexanoyl chitosan; GCTS: glycol chitosan; CTS/GP: chitosan/β-glycerophosphate; PNIPAM:
poly(N-isoproplacrylamide)-co-acrylic acid.
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We present some examples of HGs applications in drug delivery. Most informative reports from
the last couple of years regarding HGs in health care have been well summarized; however, the
literature on HGs is constantly increasing, as well as interest in HG materials. Herein, we highlight
only a few studies that only begins to hint at the wide applications of HGs (Table 3).

5.1. Application of Hydrogels for Oral Administration

Oral administrative routes are classic and accepted means for delivering drugs. The vast majority
of medicines available on the market are taken through oral routes. Several pills are often taken daily at
appropriate intervals to achieve effective therapy. This reduces associated risks of skipping or missing
doses and thereby lowering the effectiveness of the therapy. The development of delayed release
capsules that prolong the delivery of active substances has been a breakthrough and has allowed for
increased compliance. With these delayed release capsules, the amount of tablets consumed is reduced,
usually to only one per day. Acid-sensitive drugs require protection against harmful effects of gastric
juice typically encountered when delivering drugs vial oral routes. Protection can be offered by using
special tablets coated with polymers soluble only at basic pH, such as in the intestines. As a result,
drugs survive transit through the stomach and are released only in the intestines thereby promoting
higher absorption into the bloodstream.

HGs have also been explored for oral delivery applications. The appropriate selection of gel or
the addition of pH-dependent coatings enable the controlled release of active substances from HGs.

The first modification was presented by Panahi et al. [214] (Table 3). Chitosan (CTS)-based
gels with acrylic acid (AA), acrylamide (AAm) and polyvinylpyrrolidone (PVP) were prepared [214].
During HG formation, a mineral (montmorillonite, MMT), which has ability to absorb water, was used.
Clarithromycin (CAM), a macrolide antibiotic, was used to eradicate H. Pylori from the gastrointestinal
tract was immobilized in the HG network. It was important to achieve a prolonged release of the
antibiotic to increase the chances of an effective therapy. MMT increased the pore diameter in the gel
structure, which increased the immobilization of the active substance. However, this also prevented
solvent from readily reaching CAM through more intricate pathways in the network, which complicated
drug release.

The dependence of the release of the drug on the pH level was explored by Qi et al. [215]
(Table 3). An HG system was prepared based on salecan (beta glucan) with pH-sensitive
poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPS). The system had the ability to take or
donate protons depending on the pH of the environment, while reducing or increasing the network
volume. The authors showed that salecan in combination with PAMPS had the ability to release the
active substance depending on the pH of the environment. Using insulin as an exemplary drug, at
acidic pH insulin was released at a lower level than at neutral or slightly alkaline pH.

Insulin release from HGs was more extensively studied [216]. Special nanocarriers based on
methacrylic acid were synthesized. In a neutral environment, the methacrylic polymer chains started
to repel each other, thereby loosening the nanocarrier network and allowing the release of insulin. This
property was exploited in preparing HA-doped HG. In the intestines, where the pH is above 7, insulin
release increased dramatically compared with release in the stomach. By using HGs as a drug carrier,
the release of insulin was extended over time.

In another study, a unique biodegradable, super porous, swellable and pH-sensitive nanocellulose
reinforced CTS HG was prepared for the oral administration of curcumin [217]. The in vitro degradation
of HG was dependent on the swelling ratio and the number of cellulose nanocrystals (CNCs) in the HG.
All HGs showed maximum swelling ratios greater than 300%. The drug release occurred in simulated
gastric media; the drug maintained its chemical activity after in vitro release. According to this study,
CNC-reinforced CTS HGs can be used to improve the bioavailability of curcumin for absorption from
the stomach and upper intestinal tract.

Finally, tetrakis(hydroxymethyl)phosphonium chloride was used as a crosslinking agent in a
Mannich reaction to obtain chitosan-based HGs [218]. These pH-sensitive HGs showed low toxicity, high
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biocompatibility, and allowed for the modified release of encapsulated drugs, namely camptothecin,
for 48 h. According to the obtained results, the oral administration of camptothecin through HGs
provided low concentrations of the drug at the absorption site, avoiding carrier saturation and reducing
intestinal toxicity [218].

5.2. Hydrogels for Dermal Applications

Due to their fairly compact consistency, HGs can also be applied to wounds or other skin issues.
Commercially available HG-based dressings used for exudative wounds, pressure sores or burns,
exploit the adhesive properties and ability of HGs to absorb liquids. The addition of antibacterial
substances may further improve the applications of HG dressings.

Researchers from Southwest University in China developed a sericin (SS) and polyvinyl
alcohol (PVA)-based HG (Table 3) [219]. This gel showed good biocompatibility, humidity and
self-healing properties, i.e., ideal for dressings. Gentamycin sulphate, a known antibiotic substance and
aminoglycoside, was added to this HG. To determine the properties of the obtained antibacterial HG, a
number of in vitro tests were carried out, which measured wettability, swelling, microbiological activity,
drug substance release, cytotoxicity, and immunotoxicity. The studies showed that the antibacterial
HG ensured a prolonged release. For a deeper analysis of the HG properties, a model infected tissue
was prepared. Tests confirmed that the HG was cytocompatible with mammalian cells and did not
affect the growth of healthy cells.

The material used in wound dressing should fulfil many requirements [220], including isolation
from harmful external factors, such as secondary wound infection, but should also provide sufficient
water vapour permeability and oxygen availability. HGs based on tragacanth gum (TG), sodium
alginate (SA) and PVA meet these properties and have potential applications [220]. In addition to good
permeability for water vapour and oxygen, these HGs also provide barriers against secondary wound
infection. These properties were confirmed by in vitro studies. Additionally, the HGs had haemolytic
and mucoadhesive properties. Dressings based on these HGs were able to release antimicrobial active
substances (moxifloxacin, an antibiotic from the fluoroquinolone group used to treat a wide spectrum
of microorganisms). The results showed prolonged release of up to 24 h without an initial burst release.

Patients struggling with atopic skin changes very often use strong steroid drugs to alleviate
emerging inflammation. Unfortunately, topical steroid therapy also leads to skin dryness and irritation,
which patients with atopic dermatitis should avoid. Therefore, adequate skin hydration in atopic
dermatitis therapy is maintained through the systematic and frequent use of appropriate emollients.
Wang et al. combined the administration of an anti-inflammatory substance and maintenance of proper
skin hydration (Figure 9) [221].

A HG prepared from a mixture of poloxamer 407 (P407) and sodium carboxymethyl cellulose
(CMC) was used to achieve this goal (Table 3) [221]. A special nonwoven fabric was covered with the HG
mixture. The addition of CMCs resulted in an increase in hydrophilicity of the resulting gel structure
and also significantly reduced the sol-gel transition temperature, which advantageously promoted
the fabrication of the coated nonwoven fabric. The HG exhibited moisture retaining properties, and
the nonwoven fabric material prevented excessive water transpiration. The anti-inflammatory effect
was provided by the addition of a Cortex Moutan extract, a well-known plant popular in Chinese
medicine, during HG preparation. To determine the drug release profile, in vitro and ex vivo studies
were performed. The in vitro studies showed that the release of the anti-inflammatory substance
occurred in a prolonged manner up to several dozen hours, ensuring prolonged and elevated levels
of the anti-inflammatory substance. Ex vivo tests on pork ear confirmed the results of the in vitro
tests. The nonwoven fabric coated with a mixture of HGs composed of P407 and CMCs and Cortex
Moutan extract showed potential for treating and caring for atopic lesions in patients with active
skin inflammation.
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Figure 9. Diagram of a dual-functional fabric; (i) representation showing how the fabric is covered
with HG, (ii) representation showing how the HG-coated fabric is applied to the patient’s skin, and
(iii) representation showing how the drug diffuses across the skin. Reprinted with permission from
Ref. [221].

5.3. Hydrogels for Ocular Applications

The administration of a slightly soluble substance in the eye can be quite challenging [12,222].
Chitosan-based HGs showed promise as polymeric carriers for both hydrophilic and lyophilic drugs
for ocular applications [234]. HGs based on carboxymethyl chitosan (CMCTS) and polyaldehyde
dextran (PAD) were prepared [12]. The poor water solubility of the active substance (voriconazole),
was addressed by encapsulating in cyclodextrin, which significantly increased the bioavailability of
voriconazole and facilitated its application. The HG has the ability to gel in situ, allowing for easier
intraocular injection. However, the prolonged release of voriconazole from the gel remained an issue.

Scientists from the Ocean University of China focused on the gelling process [222]. HGs based
on hydroxyethylated chitosan (HECTS) with a special azide group showed the ability to polymerize
under UV radiation. The polymerization lasted up to 30 s and was carried out in vivo. While the
experiments, which were performed on New Zealand rabbits, should be confirmed on the human
body, they already gave promising results and were thriving to recognize this HG as a good carrier for
the intraocular administration of anti-glaucoma medications.

5.4. Hydrogels for Vaginal Applications

A HG made of P407 with nanosized layered double hydroxides allowed to include both
hydrophilic and hydrophobic substances in the gel structure, which significantly widens the spectrum
of administered drugs to patients [2]. Additionally, the HG has an important ability to gel transition
at body temperature, so that during application it is a solution and in contact with the human body
temperature it solidifies and stays on the tissues. As sample drugs, water-soluble theaflavin and Nile
red dye were used to determine release profiles from the HG in rabbit vagina in independent and
simultaneous states [2]. The antiviral properties of theaflavin were preserved and was able to limit the
entry of HIV into the immune system. These tests were repeated against nifeviroc as a hydrophobic
active and the effect was amplified. Thus, this HG acts as a potential carrier for the delivery of a broad
spectrum of antiviral drugs to the human body.

HGs have also been applied in the vaginal administration of antiviral drug in the treatment of
HIV [174]. HGs based on CTS with glycerol phosphate gelled upon contact with the human body, at a
temperature of approximately 37 ◦C. Additionally, by enclosing active substances (e.g., tenofovir) in
microspheres and immobilizing them in the HG structure (PP gels, Figure 7), a much longer release
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profile was obtained when compared with the release profile from the microspheres or HG alone. This
provides an opportunity to improve on the effectiveness of immunotherapy.

5.5. Hydrogels for Topical Oral Applications

In the use of HG structures in the treatment of inflammatory periodontal bent, Chang et al.
prepared a gel based on carboxymethyl-hexanoyl chitosan (CHC) [223]. Through the addition of
glycerol phosphate into the HG network, the HG was modified to solidify at human body temperatures,
which provided significant advantages over the use of other substances in oral inflammation therapy.
Anti-inflammatory properties were carried out using naringenin. Experiments on rats showed that the
anti-inflammatory substance was more rapidly released from the HG when the pH of the environment
was acidic (~5.5), thereby rapidly treating the periodontal inflammation.

CTS HG can also be used to treat oral inflammation when used with thymol [224]. In vitro studies
showed that the resulting structure allowed for the prolonged release and high antimicrobial activity
of thymol against microorganisms up to 72 h. Furthermore, in the first two days, the active substance
was increasingly released. This dual action HG demonstrated anti-inflammatory properties and the
treatment of bacterial biofilms in the oral cavity.

5.6. Injection of Hydrogels

Therapeutic injections are usually least favoured by the patient and requires specialized HGs. The
key challenge is to prepare a structure that will be fluid enough to squeeze through the needle but
also sufficiently rigid that when applied does not spread and remains at the injection site [17,135,136].
Therefore, an important property of these structures is shear thinning, i.e., the ability to decrease
viscosity of fluid under shear strain.

CTS-based in situ HGs are frequently adopted in the treatment for age-related macular degeneration
(AMD), glaucoma and mucosal allergic diseases [234]. The HGs offer a convenient matrix for in situ
gelling systems containing other nanoparticles, such as micelles. Injectable CTS-based in situ gels
have been applied as in situ forming implants and as drug carriers in nasal and ocular delivery due
to good biocompatibility, simple manufacture and sustained-release properties. These systems have
been utilized to deliver several chemotherapeutic agents, including camptothecin [218,235], paclitaxel
(PTX) [225,226], DOX [226], curcumin [217,227,228], and docetaxel (DTX) [229,236].

An injectable drug delivery system based on a visible light-cured glycol chitosan (GCS) HG
containing PTX-complexed beta-cyclodextrin (β-CD) (GCS/CD/PTX) was tested for ovarian cancer
therapy using a tumour-bearing mouse model [225]. The swollen GCS HG affected the release of PTX
and CD/PTX. These systems exhibited a controlled release of PTX for 7 days. Additionally, GC/CD/PTX
resulted in a superior antitumor effect against ovarian cancer.

An interesting application of HGs as dual carriers for PTX and DOX was proposed by Rezazadeh
et al. [226]. An injectable thermosensitive HG for simultaneous intra-tumoral administration of
PTX and DOX was prepared using mixed micelles composed of Pluronic F127 and α-tocopheryl
polyethylene glycol 1000 succinate (TPGS) and a thermosensitive Pluronic F127/hyaluronic acid
(PF127/HA) HG containing fixed amount of DOX [226]. PP gel formation temperature, rheological
properties, injectability, degradation rates of the HG, and the release rate of DOX and PTX from the
HG were examined. The HG containing PTX-loaded micelles and DOX converted to a semisolid with
increasing temperature to 35 ◦C. DOX and PTX were released from the HG at different rates within 12
h and 3 days, respectively. This novel thermosensitive HG could be used for the co-delivery of PTX
and DOX in solid tumours.

A series of injectable in situ-forming chitosan-based HGs were prepared by the chemical
cross-linking of CTS and genipin in the presence of different inorganic salts [227]. In situ HG
formation, with curcumin as an active substance, was detected after subcutaneous injections in rats.
In vitro curcumin release profiles exhibited sustained release properties with an initial burst release
with approximately three to six times higher cumulative release than other gel controls.
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CTS-based HGs may also show magnetic properties, when magnetic Fe3O4 and MnFe2O4

nanoparticles are incorporated into their networks [228]. The Fe3O4 and MnFe2O4 on CMCTS HGs
indicated a pH-sensitive behaviour; their release performances were investigated by curcumin as a
model drug. The effects of applied magnetic fields on drug release for composites containing Fe3O4

were higher compared with MnFe2O4. The results showed that HGs containing Fe3O4 and MnFe2O4

can be applied for novel drug delivery systems.
DTX is an anticancer drug used for treatment of various solid tumours [229]. But it’s low water

solubility and a lack of specification has limited its clinical use. Therefore, new solutions have
been explored to use this drug in targeted therapy. A thermosensitive chitosan/β-glycerophosphate
(CTS/GP) DTX-loaded HG for intratumoral delivery was studied. The results of an in vitro release
study demonstrated that DTX-C/GP was released over a period of 3 weeks. The tumour volume was
minimized by the intratumoral injection of DTX-CTS/GP (at 20 mg/kg in H22 tumour-bearing mice).
Further, the in vivo pharmacokinetic characteristics of DTX-CTS/GP correlated well with the in vitro
release. DTX-CTS/GP significantly prolonged DTX retention, supported a high DTX concentration in
tumours, and toxicity was effectively reduced.

Carbon nanostructures were also successfully applied in hydrophilic, porous materials as a
component of HGs for DTX carriers [236]. A functionalized graphene oxide (GO)-based thermosensitive
HG loaded with DTX for intratumoral delivery was designed. First, GO was functionalized by using
chitosan to achieve high stability in physiological solutions. Next, HGs containing few components
were formed: GO-chitosan, Poloxamer 407 and Poloxamer 188 and DTX. GO/chitosan HG was stable
in physiological solution; DTX released much more slowly from this gel compared with free DTX with
a pH-responsive feature. The DTX–GO/chitosan gel released higher concentrations and longer resident
times in the tumour tissues of mice in vivo giving nontoxic effects to normal organs. Additionally,
the combination of near-infrared laser irradiation at 808 nm significantly enhanced tumour inhibition
in vitro and in vivo.

Other composite-based HGs were also evaluated. Gharaie et al. used gelatin and laponite in
various proportions to obtain appropriate shear thinning properties (Figure 10) [230]. Additionally, by
loading with CTS or poly(N-isopropylacrylamide)-co-acrylic acid (PNIPAM-co-AA) to the gel structure,
pH-responsive abilities were gained, resulting in a different release profiles. As a model substance,
rhodamine B was used to test the release. The results of these experiments showed that the gel could
be easily and accessibly applied, whereas the release of the active substance was dependent on the
pH level (in acidic and neutral environments, the release was negligible, whereas release increased at
basic pH.

The key point of interest of many scientists is the fight against cancer. Also in this case HG can
also be used to treat cancer [36]. Hu et al. combined salecan, a beta-glucan polysaccharide, with Fe3O4

nanoparticles and agarose [231]. The resulting HG gained magnetic properties and was used as a
carrier for DOX (an anthracycline cytostatic used in anti-cancer therapy). The salecan-based HG with
iron oxide nanoparticles had a pH-dependent drug release profile. In an acidic environment, unlike
alkaline environments, a larger amount of DOX was released. Due to the acidic pH of cancer cells,
this result indicated significant promise. Additionally, due to the presence of Fe3O4 nanoparticles,
the amount of active drug released was also manipulated. With an external electromagnetic field,
inorganic particles can be vibrated, thereby loosening the gel structure enabling easier release of DOX.

The technical aspects of DOX release from HGs were examined by a group from Drexel
University [232]. In this study, an agarose-based HG was used wherein DOX-dextran sulphate
complexes were provided. The structure was doped with divalent metallic ions, Ca2+ from CaCl2 and
Mg2+ from MgCl2, at different concentrations. The divalent ions interfered with the binding between
DOX and dextran sulphate, promoting prolonged release of the active substance from the HG and
thereby providing a sustained chemotherapeutic effect for destroying cancer cells. Alginate (sodium
alginate, SA)-based HGs with immobilized bevacizumab were also examined [233]. Anti-angiogenic
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active ingredients were released at prolonged and elevated levels to cancerous and neighbouring cells.
As a result, tumour growth was inhibited.

Figure 10. Electrostatic interactions between gelatin and laponite resulted in formation of pH responsive
nanocomposite. (A) Schematic preparation of shear-thinning HG with laponite. Zeta potential at
different pH of (B) CTS particles, (C) PNIPAM-co-Acrylic acid particles and (D) PNIPAM-co-Acrylic
acid and laponite particles. Reprinted with permission from Ref. [230].

6. Future Outlook

Recent developments of HGs as drug delivery carriers for biological and biomedical applications
were reviewed. Major synthetic strategies for the preparation of HGs, their classification, the
physicochemical properties and their applications were described in detail. The wide variety of
recently reported work has demonstrated the application of HG materials as drug delivery systems
with different dimensions (macro, micro and nano) in various administration routes.

There are advantages in using HGs as vehicles for active substances. First, HGs can be modified
for prolonged or rapid release. This feature is very important in planning therapies for patients
and improves compliance with drug regimens. Additionally, by using modified HG materials, drug
release can be tailored on demand. Therefore, greater control over health and treatment process can be
achieved. Another advantage of functional modifications of HGs is the ability to adjust the controlled
release of drugs. By adding specific enzymes or ionisable groups, the entire HG network structure
acquires the ability to react to pH changes or to the presence of specific ions.

Technological challenges and problems in the production of HGs are primarily observed in
maintaining a balance between chemical structure, composition, drug release and biocompatibility.
HGs appear to be very promising materials and forward-looking and have yet to be fully realized.
Due to a relatively simple manufacturing process, HGs can be readily modified and functionalized for
use in targeted therapy. By using HG structures in medicine, it is easier to achieve better compliance,
which is desirable in therapy.

However, the studies reviewed herein are mostly proof-of-concept. There remains limited
information on HG in vivo experiments and HG biocompatibility. Most of these studies have
focused on in vitro studies to show the non-cytotoxicity of the materials studied. Research on the
biocompatibility and biodegradability of these materials, combined with in vivo research, remains
a niche topic and has many unresolved questions. The future design and development of effective
HG-based drug carriers requires a high degree of control over their properties in vitro and in vivo.
These properties include controlled stability for prolonged circulation and biodegradability for facile
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removal after drug release. One future goal should be the improved design of HG with specific targeting
residues to enable highly selective uptake in particular cells or organs. In this way, careful control over
size, biodegradability, stability, functionality, and bioconjugation will guide the development of next
generation HGs.
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Abstract: The CO-releasing materials (CORMats) are used as substances for producing CO molecules
for therapeutic purposes. Carbon monoxide (CO) imparts toxic effects to biological organisms at higher
concentration. If this characteristic is utilized in a controlled manner, it can act as a cell-signaling agent
for important pathological and pharmacokinetic functions; hence offering many new applications
and treatments. Recently, research on therapeutic applications using the CO treatment has gained
much attention due to its nontoxic nature, and its injection into the human body using several
conjugate systems. Mainly, there are two types of CO insertion techniques into the human body,
i.e., direct and indirect CO insertion. Indirect CO insertion offers an advantage of avoiding toxicity
as compared to direct CO insertion. For the indirect CO inhalation method, developers are facing
certain problems, such as its inability to achieve the specific cellular targets and how to control the
dosage of CO. To address these issues, researchers have adopted alternative strategies regarded
as CO-releasing molecules (CORMs). CO is covalently attached with metal carbonyl complexes
(MCCs), which generate various CORMs such as CORM-1, CORM-2, CORM-3, ALF492, CORM-A1
and ALF186. When these molecules are inserted into the human body, CO is released from these
compounds at a controlled rate under certain conditions or/and triggers. Such reactions are helpful
in achieving cellular level targets with a controlled release of the CO amount. However on the
other hand, CORMs also produce a metal residue (termed as i-CORMs) upon degradation that can
initiate harmful toxic activity inside the body. To improve the performance of the CO precursor
with the restricted development of i-CORMs, several new CORMats have been developed such as
micellization, peptide, vitamins, MOFs, polymerization, nanoparticles, protein, metallodendrimer,
nanosheet and nanodiamond, etc. In this review article, we shall describe modern ways of CO
administration; focusing primarily on exclusive features of CORM’s tissue accumulations and their
toxicities. This report also elaborates on the kinetic profile of the CO gas. The comprehension of
developmental phases of CORMats shall be useful for exploring the ideal CO therapeutic drugs in
the future of medical sciences.
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1. Introduction

Carbon monoxide (CO) is considered harmful due to its toxic behavior since the last century. It
has a tasteless, odorless and colorless nature. Its colorless nature allows CO to remain undetectable
even at high concentrations and toxic levels, thus marked as the “silent killer” [1,2]. This poisonous CO
behavior is exerted due to the formation of carboxy hemoglobin (COHb) along with oxygen present
in the mainstream blood circulation. Haldane and Douglas scientifically explored it the first time
through dissociation curves of CO-hemoglobin using a constant percentage of CO along with a variable
percentage of oxygen at an atmospheric pressure [3,4]. The ubiquitous enzyme, heme oxygenase
(HO) has been investigated in most of the biological species. In the middle of the 19th century, two
scientists Tenhunen and Schmidt discovered the intracellular CO production by heme oxygenase with
an enzyme being the heme catalyst [5,6]. HO is categorized under two isoforms: HO-1 (HMOX1; gene
name), with its capability to remain inducible in all cell functions; and HO-2 (HMOX2; gene name),
that is constitutively expressed and substantially contained in vasculature and testes [7,8]. HO-1 is
identified as an element exclusively found in spleen and liver [9]; however it might be influenced by
varying intensity in most biological tissues. Both HO-1 and HO-2 indicate the rate-determining step,
drag-out biliverdin from the heme conversion with the CO release and Iron product associated with a
tetra pyrrole ring. Biliverdin using biliverdin reductase transforms into bilirubin while generating
ferritin quickly from the Iron segregate (Figure 1) [10]. The released amount of CO attaches with the
Iron containing objects due to its higher diffusion rate and tendency. It tends to make itself bonded
with blood in the circulatory system; and ultimately it is exhaled through lungs. CO causes a common
sagginess by bringing affliction for the mammalians, completely dependent on oxygen for the blood
transport system and mitochondrial respiration. Collectively, endogenously generated CO is featured
in the physiological role. Generally, a low dose of CO gas endures tremendous benefits and can achieve
remarkable therapeutic targets.

Figure 1. The intracellular carbon monoxide (CO) production by heme oxygenase (HO) in the
mammalian system justifies its biological role.
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CO is endogenously produced by either specific enzymes or through gas transmission into a
biological system, both types exhibit the physiology and pathophysiology functions through inter- and
intra- cellular interactions. The endogenously produced CO also raises their potential as a therapeutic
agent. The scientists and researchers are availing this opportunity and spending their time and energies
for developing modern drug techniques [11]. Their aim is to explore the modern work with the novelty
of this great strategy.

1.1. CO Biological Scope

The CO gas is known for its leading role as a molecular messenger in the physiological process for
the nervous system [12] and also for following some important therapeutic treatments [2,13]. It has the
potential for anti-inflammatory [14], anti-proliferative [15], anti-atherogenic [16], anti-allodynia [17],
anti-nociceptive [18], anti-hyperalgesia [17], and anti-apoptotic [19] effects. It is vital for vasodilatory
phenomena reducing intraocular pressure [20], immunosuppressive administrated medications [21]
and also has the capability to develop the pathological cellular process (Figure 2) [22]. CO also
has many advantages for different biological organs: Organ transplantation [2], protection [23]
and preservation; heart [24–26]; kidney [23,27–29]; liver [30,31]; lungs [32,33]; pancreatic islet [34]
and the small intestine [35]. It is helpful to de-escalate the Ischemia/Reperfusion Injury (IRI) [36],
mitigate the myocardial infarction and allograft rejection [37], stimulate the cytoprotective [38], and is
also involved in anti-microbial [39] and anti-hypertensive activities [40]. It has a modulated utility
for heme-dependent proteins like mitochondrial cytochromes and NADPH [28,41]. Moreover, the
intercellular CO production by heme oxygenase has proved itself as a valuable reagent [42]. The
pharmaceutical dose through endogenous CO enrichment or exogenous direct transformation is
flourishing and will be attracted as a therapeutic interest lately.
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Figure 2. The coagulation and fibrinolysis scope of CO-releasing materials (CORMats).

1.2. CO Therapeutic Ways

Mainly, there are two ways to insert the CO molecules as a therapeutic agent inside the human
body, i.e., direct and indirect CO insertion. The direct inhalation has not been preferred, owing to its
rise in the COHb level above 10% and lack of tissue selectivity (Figure 3). Moreover, it provides a direct
interaction of the CO and lungs only while detainment of CO is also observed in this method. These
limitations don’t allow CO to approach other biological organisms for therapy. To overcome these
problems, researchers have developed an alternate strategy called “Exogenous Endeavor” for obtaining
the required therapeutic actions. In the early 19th century, researchers also recognized the toxic gas NO
as the nitro drug having therapeutic impacts. The nitric medications are well demonstrated as nitric
oxide-releasing molecules (NORMs), and that established their well reputation afterward CORMs
cogitation [43].
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Figure 3. The carboxy hemoglobin (COHb) percentage is increasing in the direct CO inhalation beyond
the therapeutic zone (~10%) during the mainstream blood circulation. (This information is based on
data reported in reference [44,45]).

1.3. Why Exogenous Endeavor is Required?

The CO-releasing fragment is basically an exogenous endeavor that has opened up the paths
for therapeutic treatments (Figure 4). The exogenous stakeholder CO, makes space for searching the
affected sites, reaches at the diseased tissue site and makes conflict/collusion with the selected tissues
for the destruction of damaged organs or/and diseased cells. If required, the CO-releasing rate can
be regulated and modified according to specs. To disintegrate CORMs and CORMats into CO and
metal residue, numerous activators are being administratively applied for controlling the CO liberation
rate that has already been experienced in Photo-CORMs and Photo-CORMats through Ultra Violet
(UV), Visible and NIR light with on/off switching facility [11,46–50]. The photon energy also has a
utility to extract CO from its parent organometallic ligand. The main advantage of CO’s exogenous
interactions with the mammalian organism is that it reduces the CO moiety to be directly induced
into blood streams for maintaining the COHb under allowable serum levels (up to 10%). Without an
endogenous CO administration, it is quite challenging to get productive outcomes.
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Figure 4. The feasibility analysis of the CO direct and indirect inhalation shows their different biological
observance inside a human body.

1.4. Clinical Translations

In spite of its hazardous nature, a controlled CO direct inhalation has some therapeutic benefits
as well. A clinical trial of controlled CO dosage was conducted on healthy volunteers for temporary
paralysis of intestines known as Post-Operative Ileus (POI), and usually every patient is engaged in
this POI after surgery of the abdomen. This clinical study revealed that serious POI complications
could be significantly reduced if the CO dose (~250 ppm) is inhaled before and after the colon
surgery (ClinicalTrials.gov identifier: NCT01050712). Another CO clinical translation test also shows
a transplantation protection when the CO–saturated medium is provided for harvesting islets as it
protects the cell from chronic pancreatitis (ClinicalTrials.gov identifier: NCT02567240).

This valuable intensive information about the CO therapeutic analysis plays a vital role for all the
researchers’ attention. Although there are few unfavorable emblems associated with releasing CO
moiety, but recent outcomes of therapeutic potential helps to promote CO as preclinical stems [13]. This
novel idea was initiated through clinical and pre-clinical trials for either the direct inhaled therapy [13]
or oral intake of CO-releasing substances including CORMs or CORMats, which is a modern result of
the professional chemistry enterprise [51].

1.5. Challenges and Demanding Features of CORMs and CORMats

Although CORMs and CORMats have a tremendous therapeutic utility but it also possesses some
sort of following limitations for releasing the embedded CO.

• Availability, solubility and stability of reagents under ambient conditions.
• Feasibility to release the captured CO from in situ CORM.
• Controllability to release CO kinetics up to a desired level.
• Prone to toxicity which arises due to the transition metal foundation of metal-ligand fragments.
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The abovementioned fundamentals have been discussed as a prescribed domain while exploring
the CO discharge. Considering the CO gas as a therapy treatment based on CORMs and CORMats are
easier to control by the transportation of gas molecules rather than the direct CO gas intake. Moreover,
the rapid diffusion of these small molecules limits their ability to concentrate in specific tissues. Many
challenges also arise during movability of the CO gas molecules by these strategies. Both the carbonyl
transition metal and all its degradation products are biologically toxic in nature. Hence, it is difficult
to manage the CO discharge with respective biological tissues. Particularly, the release of the CO
molecules from CORMs also participates in depositing heavy metal ions inside the human body, which
could be harmful for biological organisms.

1.6. Triggers

There are different ways to disintegrate CORMs/CORMats for the release of CO moiety by means
of; peculiar physiological conditions [52], trigger by temperature [53], activation by an enzyme [54],
pH alteration and increase in reactive oxygen species (ROS) concentration, accessibility to distinct
wavelength of light [55,56], either using thermal degradation or ligand exchange/substitution or
both [53] and prototypically activation through oxidation mechanism [11,57,58]. In order to deliver the
CO molecules at a specified therapeutic rate, it is necessary to characterize the CORMs and CORMats
entities, as quantification of such mechanisms might be contingent with its physical conditions like O2,
temperature, assay solution and light conditions.

1.7. CO Identifier

The authorized CO identification method consists of the following techniques: Electrochemical
assays [59,60], laser infrared absorption [61] and gas chromatography [62]. Moreover, a colorimetric
CO sensor facility is an alternative platform, especially for observing the CO behavior in living cellular
tissues or/and organs [63,64]. The vibrational spectroscopy technique (such as IR, infrared and Raman)
is one of the quickest ways to monitor the CO attached with transition metal through carbonylation at
distinctive bond ranges. To date, the plethora method “Myoglobin Assay” famous as “Gold Standard”
has been in operation for in vitro interrogation of the CO release from CORMs and CORMats. The
“Myoglobin assay” is also a worthy and standard method for observing the behavior of the CO release
kinetics in a biological environment and monitors the performed activity of CO (Equation (1)).

Mb + CO→Mb-CO (1)

Recently, It has been observed that binuclear Rhodium compounds, i.e.,
cis-[Rh2(C6H4PPh2)2(O2CCH3)2](HAc)2] can detect CO with a substantial selectivity and superior
sensitivity [65]. The gas-phase IR spectroscopy is the most reliable and high-resolution technique
for analyzing the CO release activity. For directly sensing the CO, various gas chromatography
(GC) detectors have been introduced to date including the gas chromatography-mass spectrometer
(GC-MS) [66], reduction gas detector (GC-RGD) [67] and thermal conductivity detector (GC-TCD). The
fluorescent probe has the ability to recognize the CO-release entity even at a low concentration as
compared with the myoglobin assay, but it is unable to operate in a short interval kinetic measurement
(for that at least one hour interaction is required) [68,69].

1.8. The Development Phases of CORMs Motifs

1.8.1. Metal Carbonyl Complexes (MCCs)

To construct the bonding relation between the CO and low valent metal ions for producing
carbonyl complexes (M-CO), the M-CO bonds must undergo an inert ambiance along with reducing
conditions, which are mostly feasible in organic solvents. Irrespective of a metal physical state, the
CO gas can react and develop the volatile metal carbonyl complexes (MCCs) for example, Ni(CO)4

and Fe(CO)5 [70]. MCC acts as a core entity for organometallic transition chemistry. The general
representation for MCCs is [Mm(CO)xLy]z±[Q±]z [53], in which, M, L are the basic entity known as
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transition metal (B, Cr, Mn, Fe, Co, Mo, Ru, Rh, W, Re, Ir) [71], and ancillary ligand might be the C, O,
P, N, S or halide ligand. Furthermore, Q and z represent the counter ion and overall complex charges.
If no counter ion is available, then z will be zero. Moreover, m, y, z are calibrated as stoichiometric
coefficients and x and m values should be ≥ 1 [53]. Modern and classic complexes can be distinguished
by two determining factors: Low oxidation state (OS) or either very low oxidation state (LOS) and
total valance electron occupied in the outer coordination sphere. For 4th, 9th, and 10th groups, the
compounds were observed to have 16e- configuration and the rest of the complexes were generally
observed having 18e- configuration. Each of these commodities must comply with the chemical,
biological and physical characteristics of MCCs. Furthermore, it needs to be precisely selected in the
configuration of pharmaceutical CORMs [71].

It is important to note that CORM and CORMats are stable in the aqueous medium, and it is also
feasible to store it under ambient environmental conditions like the majority of other pharmaceutical
drugs. Their circulation must be ensured, as it needs contact both with the diseased and damaged
tissues. Moreover, the potent and non-toxic metabolites may be left behind after the CO removal.
This is exactly what is required and regarded as therapeutic features. It sets the basic pattern, in
the line of action for the development of such challenge-able MCCs. Mostly, during administration
MCCs incorporates with the organic solvent and results in traditional oxygen-free atmosphere. These
medical conditions might be different from a variety of other biological surroundings, considering that
most reactants and their resulting complexes are uncertain under ambient conditions, i.e., oxygen and
humidity [71]. Hypothetically, this biological activity of MCCs remains toxic in nature like Ni(CO)4,
and (MeCp)Mn(CO)3 (MMT) as an anti-knock gasoline additive [72]. Hence, the common MCCs
chemistry can act as a simple guideline for the development of pharmaceutical CORMs. Currently, this
research is focused on novel strategies for establishing MCCs-CORM’s activity and specifically for
therapeutic purposes.

The above discussion suggested that MCCs when triggered as CORM’s, become a competitor
for the CO availability during its decomposition. In organometallic complexes the releasing strategy
is as follows: A new incoming ligand (L’) can push itself to a metal center resulting in a new bond,
which establishes and influences on the coordination number. The elevated coordination number
then promotes it to elongate the M-CO bonds, and eventually it then breaks. Consequently, the CO
is liberated by this method and the new L’-M bond is constructed. This information provides the
foundations of the CORMs concept. The chemistry of MCCs provides per se different strategies and
has an adverse impact on the CO release (Scheme 1) [53].

Scheme 1. CO releases from the ligand-metal CO framework (LnM-CO).

1.8.2. Proposed Strategies for CORMs Development

CORMs based on metal-to-ligand charge transfers (MLCT) morphology. These CORMs are the
elementary motifs with organometallic ingredients; corresponding to a series of MCCs occupied at the
transition metal core. Other exclusive features are mentioned below:
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• Structural variance of unique chemistry;
• Expected divergence with different oxidation states;
• Covalently bound with the metal center;
• Assisting alterations for the attached carbonyl ligands;
• The dynamics of co-ligands binding;
• Tendency of the outer coordination sphere.

As abovementioned, the spectroscopic nature of MCCs confirms the identification and recognition
of significant trace elements like ruthenium [73,74], manganese [49,74–78], iron [37,79], cobalt [80,81],
tungsten [82], osmium [83], molybdenum [82] and rhenium [84]. The developed organometallic
carbonyl complexes CORMs are CORM-1, CORM-2, CORM-3, CORM-401, ALF492, CORM-A1,
B12-ReCORM-2, Re-CORM-1, CORMA-1-PLA and ALF186.

Along with organometallic complexes, the miscellaneous compounds can be nominated
as the CORMs family. In this scenario, numerous nonmetallic compounds [85] have been
accomplished by entertaining the CO release such as silica-carboxylates [86], borano-carbonates [87],
borano-carbamates [88], xanthene carboxylic acid (XCA) [89], unsaturated cyclic diketones (DKs) [90],
methylene chloride (MC) [91,92], meso-carboxy BODIPYs [46], hydroxy-flavones [93] (Scheme 2).
Furthermore, 1,2-disubstituted ferrocenes belongs to an aldehyde family, unfavorably elicits the toxicity
and its slow release mechanism restricts the researchers from developing another nonmetallic CORMs
(NCORMs). The main drawbacks of NCORM are potentially a low CO content releasing, and always
producing organic molecules along with the CO moiety. Anyhow, NCORM clinical traits have shown
their utility to communicate with biological activity [94].

Scheme 2. Various CO-releasing molecules (CORMs) formulation associates with different
functional capabilities.
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1.9. CORM’s Therapeutic Scope

Strategically, the synthesis route of CORMs development is not the only objective. The main
theme of this CORM’s innovation is to obtain the therapeutic advantage eventually. The biological
significance of CORM is associated with their bacterial performance in cells lines, (i.e., standard
myoglobin assay). The important biological roles of CORMs are listed below (Table 1).

Table 1. Nonmetallic and organometallics CO-releasing molecules (CORM’s) fragments exhibited
therapeutics activities.

List CORMs Therapeutic Implications Refs

1 CORM-1

Increase coronary perfusion pressures;
attenuates the L-NAME-mediated; restore

unstable blood pressure and modulates vessel
contractility ex-vivo in animals.

[95]

2 CORM-2

Attenuates inflammatory response in lungs and
liver; induces vasorelaxation; protects against
IRI; activates K+/Ca+2 channels; possible for

pulmonary hypertension.

[95,96]

3 CORM-3

Improves the liver & kidney functions during
transplantation; Vasorelaxation induction;

prevents sepsis & cardiac graft rejection; helps
in bacterial infections; support rheumatoid

arthritis; RBF improvement in the treatment of
cynomolgus for monkeys.

[23,28,71,97–99]

4 CORM-401 Improves insulin-sensitivity and metabolic
switch induces in adipocytes. [100]

5 ALF492 In severe malaria, fully protects with artesunate
combination. [101]

6 CORM-A1

Induces the vasorelaxation; Increases RBF and
reduced vascular; gives resistance in the kidney

of mice; good cerebroprotective agent for
epileptic seizures treatments.

[102]

7 Re-CORM-1
Anti-oxidative characteristic and protects

against IRI from the affected neonatal rat of
cardiomyocytes.

[103]

8 B12-ReCORM-2

Protects against IRI (neonatal rat
cardio-myocyte); hindrance cell mortality up to
80%; support the cardiac repairing and cardiac

disease (ameliorates degenerative);
anti-oxidative agent; augments and direct

cardiomyogenesis.

[104,105]

9 3-hydroxyflavon
CORMs

Exerting anti-oxidative activity;
anti-inflammatory services and anti-cancer

effects.
[46,55,89]

10 ALF 186
Protective effects for gastric ulcers and neuro

protective, while IRI-induced apoptosis of
retinal ganglion cells (RGC).

[106–109]

11 CORMA-1-PLA
Prevents fibroblasts and internalized into 3T3
cells during metabolic and hypoxia depletion

conditions.
[110]

12 α-DK-CORMs
Absorbs in acute myeloid leukemia (AML)
KG-1 cells and releases CO In-vivo upon

470nm irradiation.
[111]
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1.10. Solubility

For making CORM acceptable as a pharmaceutical drug in the mammalian biological system,
solubility is one of the most prominent factors where the researcher can evaluate the proficiency of
the product. Solubility estimates how much CORMs and CORMats are convenient for the practical
demonstration. CORM-2 is soluble in DMSO, olive oil and PEG [95,112], while CORM-3 contributes to
the water compatibility with a weak acidic nature (pH = 3) [26,37]. Specifically, CORM-A1 possesses
the water solubility and stability but it breaks-down immediately after liberating the CO under acidic
condition (pH = 11) [87]. CORM-ALF186 can afford the disintegration in the water system and is
unstable at an aerobic condition [113] and ALF062 is soluble in methanol and DMSO, while it remains
unstable in the air [98,113]. Furthermore, CORM-1 has the compatibility with DMSO and ethanol [114].

Although the CORMs motif is good for releasing the CO moiety, but the tissue selectivity and
targeting sites dilemma has reduced its overall biological performance and hence lost its therapeutic
significance. Most importantly, the toxicity of organometallic complexes is handled very poorly, so to
reduce the toxicity and increase its reactivity, it requires an exploration of all the alternative strategies.
Therefore, the researchers have moved from CORMs to CORMats.

2. Research on New CO Transport Materials

As discussed, the MCCs are the admissible and professional class of (soluble) CORMs; however, it
has been imperative to examine their probable shortcomings. In fact, a small number of organometallic
compounds can be manipulated for pharmaceutical agents predominantly caused by the side-reaction
of metals with biological chemical compounds, (e.g., nucleophilic or even electrophilic side chains of
proteins) together with the toxicity of several heavy metals. Water-soluble CORMs are approaching
the entire body organism and it could accelerate the toxicity against healthy tissues. The spatial and
acceptable releasing rate of it into biological tissues/cells is still the utmost challenge. Furthermore, the
CO-releasing activity inevitably accumulates a metal and co-ligand fragment, probably takes part in the
biological activity as well. This residue (i-CORMs) can be managed through the insoluble framework.
On the basis of abovementioned issues and challenges, new and compatible CO transport materials
and strategies are emerging in order to get rid of the CO lethal gas dilemma and to convert it into a
valuable clinical agent. CORM-1 [115], CORM-2 [116,117], CORM-3 [118] and CORM-A1 [87] have
been tested in various disease models to observe their therapeutic effects and to obtain its surprisingly
outcomes in typical clinical conditions [2,119]. CORM-3 has good cure-ability for inflammatory
disorders like rheumatoid arthritis, osteoarthritis and collagen-induced arthritis (CIA) [97,120,121].
CORM-A1 provides ameliorated course in experimental auto-immune uveoretinitis (EAU) [122], while
CORM-2 attenuates the tumor proliferation [123] and a considerable enhancement the coagulation
and slow-down of the fibrinolytic bleeding [117,124] and improves survival in the liver injury affected
by cecal ligation and perforation (CLP) [116,125]. CORM-3, CORM-2 and ALF-062 corroborates with
antimicrobial functions [98,126–131]. The CO is encouraging the proliferation of endothelial cells,
progenitor cells and regulatory T-cells [34,132,133]. There is still more interrogation required for further
improvement to employ practical knowledge. So, the development of the solid CO precursor in
tandem with peculiar trigger for releasing the enclosed CO gas commodity is an imperative research
motive. To date, due to the unavailability of a safe delivery system for CORM; none of those prescribed
formulations could have been employed in humans as a direct dose for respective damaged tissues or
disease. Although a few scientific proposals have been presented in that scenario for making CORMs
as a clinically viable project, but none of them exhibits the secure transportation material system for
the patient’s right choice. All that discussion pursued that the nanoscale and macromolecular carrier
system could be exploited to obtain a selected tissue enrichment and proposed mechanism strategy for
CORMs delivery (Scheme 3) [134,135].
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Scheme 3. Various organometallics MCCs incorporate with numerous conjugate systems to produce
carbonylation complexes, i.e., CORMats for therapeutic CO release upon trigging.

The clinical trials on CORMs proved that CORMs exhibited the important biological applications,
but after CORMs, the degradation metal residue (i-CORMs) also caused toxicity unfortunately [136].
The prohibited i-CORMs activity containment is a big challenge for the researchers. To reduce toxicity
and capture the i-CORMs toxic moiety, scientists have explored a strategy known as CORMats.
In this strategy, firstly, CO is entrapped inside the CORMats through specific administration, and
then upon certain conditions the captured CO is escaped out. Several scaffolds and conjugated
formulations have been introduced in this scope and it is still under investigation by compatible
conjugate CORM’s such as Ruthenium-MCC (Ru-MCC) and Manganese-MCCs (Mn-MCC) by different
nano-transporting services such as Iron MOFs [137,138], peptide [139–144], micellization [55,59,145],
protein [121,146–149], vitamins [150–153], co-polymer systems [47,154–156], nanofiber gel [142],
inorganic hybrid scaffolds [157–160] and metallodendrimers [161] (Figure 5). The intrinsic toxicity
control of i-CORMats is the top priority for each developed system.
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Figure 5. The CO-releasing administration with different conjugate and encapsulate strategies.

2.1. Micellization

Hubbell et al. engineered the micellization technique as the CO-producer with reduced diffusion;
creditably targeted to the distal tissue draining sites [59]. Micelles were synthesized by the tri-block
copolymer composed of poly(ornithine acrylamide) block and poly(ethylene glycol) block (hydrophilic
nature) hosted by [Ru(CO)3Cl-(ornithinate)] moieties with poly(n-butylacrylamide) block (hydrophobic
nature). The CO-releasing micelles consists of a triblock copolymers (Figure 6): A hydrophilic
poly(ethylene glycol) (PEG) fragment that stabilizes the micelles; a poly-OrnRu fragment that releases
CO. A hydrophobic poly(n-butylacrylamide) fragment drives to construct the micelles forms.

Figure 6. Triblock copolymer assembles for releasing the CO at biological sites.

The micelles polymer can be used as a pharmaceutically acceptable carrier to solubilize the poorly
soluble drugs and produces the therapeutic effect against the targeting sites. Probably it promotes
the reduction in toxic effects of the drugs on normal tissues and organs. Significantly, the toxicity
of the Ru(CO)3Cl moiety is well-reduced in the polymer micelle due to the stealth characteristic of
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the PEG fragment. Moreover, the micelles moderately respond to human monocytes against the
lipopolysaccharide (LPS) -induced inflammatory disease model. Importantly, poly(ethylene glycol)
attenuates the toxic feature of [Ru(CO)3Cl(amino acidate)] moieties. The addition of cysteine allows
the release of CO from an occupied area with a slower rate as compared to [Ru(CO)3Cl(glycinate)]
(CORM-3). The release of CO from micelles was tested in a myoglobin assay and it has been found to
be slower than CORM-3. The diffusion of the Orn-Ru substrate is facing hindrance in the cells due to
the micelles stereoscopic effect. Anyhow, the mechanism approach of CO-releasing is not obvious. It
has been evidently proved through experiments that thiol compounds such as cysteine, glutathione
and protein are compatible to induce the CO release from micelles.

Hiroshi Maeda et al. incorporated the tricarbonyldichlororuthenium dimer (CORM-2:
[RuCl(μ-Cl)(CO)3]2) as water-soluble styrene-maleic acid and copolymer (SMA) while gaining the
optimum half-life and numerous therapeutic effects [145]. They established the micellization structure
for encapsulating the CORM-2 (SMA/CORM-2) (Figure 7). The micellization has good water solubility
and it is compatible with the aqueous environment. The sustain CO kinetic profile performs well
in vivo bioactivity such as murine model of inflammatory colitis. The half-life of this complex was
almost 35-folds compared with the free CORM-2.

Figure 7. Tricarbonylchlororuthenium (II) dimer (CORM-2) synthesized with water-soluble
styrene-maleic acid copolymer (SMA) for micellization CORMats.

In spite of the ligand exchange CO-release mechanism, photo light is able to disintegrate
the CORMats moiety as the CO donor. Robert Igarashi and Yi Liao explored the micelle-based
photo-CORMs synthesized by the cyclic α-diketones (α-DK) encapsulation [55]. These CORMs require
visible photo light for releasing the embedded CO. This research demonstrates the therapeutic potential
of CORMs. The photo-activated micelle CORMs strategy has been explained in Figure 8. During the
study of these micelle CORMats on the cell proliferation, it has been found that no difference was
monitored in the viability of cells in response to the micelles of DKs.
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Figure 8. Synthesis route of unsaturated α-diketones (α-DKs) has been activated by photons energy.

2.2. Peptide

John reported a self-assembled amphiphilic peptide (PA) that was used to produce the CO [142].
Thereby, a covalent combination of a hydrophobic alkyl chain and a hydrophilic short sequence peptide
endures the self-assembled peptide chain material. Amphiphilic peptides can spontaneously release
CO and are prone to toxicity themselves. In that perspective they first designed the amphiphilic peptide
PA1; which contains a β-aspartate residue to generate the NH2-CH-RCOOH unit closely resembling
the CORM-3 fragment. Next, PA1 and [Ru(CO)3Cl2]2 were synthesized in the presence of sodium
methoxide at room temperature to synthesize the CO-releasing peptide PA2 (Figure 9). The CO kinetic
release curve proved that peptide P2 was synthesized in an aqueous solution like the first-order rate
constant of CORM-3. The half-life of the CO released from both sources is quite identical. The half-life
of CO released from CORM-3 is 2.14 ± 0.17 min, while the half-life of the CO released peptide P2 is
2.16 ± 0.05 min. In order to increase the half-life of CO released from P2, the incorporation of nanofiber
gel PA2 and a strong gel PA was made. The half-life of the CO released from this nanofiber gel was
significantly increased (~17.8 min) compared to PA2 and CORM-3 in an aqueous solution.

Figure 9. Synthesis of PA2 having CO-moiety for spontaneous release CO.

Rather than encapsulating a mere CO segment inside the transport materials, the CORMs
entity incorporates with different functional groups of parent CORM’s ligand commodity. In that
scenario, peptide is linked with the Manganese-based Photo-CORM [Mn(CO)3]+ ligand tpm
(tris(pyrazolyl)methane) using a Pd-catalyzed based Songashira cross-coupling mechanism and
click reaction at N-terminal (azide-) and side-chain (iodoarene-) functionalization [140].

Ulrich Schatzschneider exposed the peptide linkage for the CORMats development [144]. They
introduced the Mo-carbonyl [Mo(CO)4(bpyCH3,CHO)] associated with aldehyde functional groups at
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the peripheral position. The bioactive β-target peptide ligand 2,20-bipyridine (bpy) attached with
molybdenum-carbonyl by N-terminal bonds of aminoxy acetic through catalyst-free and bio-orthogonal
oxime ligation (Figure 10). The photo-activated CORMats gets activated upon 468 nm photons
lights irradiations.

Figure 10. [Mo(CO)4(bpyCH3,CHO)] complex has been constructed through bio-orthogonal
peptide conjugate.

Radacki and Ulrich Schatzschneider jointly synthesized the Manganese carbonyl complexes
[Mn(bpeaNHCH2C6H4CHO)(CO)3]PF6 [139]. The peptides ligand 2,2-bis(pyrazolyl)ethylamine (bpea)
is bearing aminoxy, azide and N-terminal alkyne residues (Figure 11). The researchers applied the
transforming growth factorβ-recognizing (TGF-β) peptide sequence for developing the photo-activated
delivery agent. This peptide conjugation could be utilized for further development of new CORMats.

Figure 11. The synthesis route of [Mn(bpeaNHCH2C6H4CHO)(CO)3]PF6 for Photo-CORMats.

The JJ Kodanko group successfully synthesized the ionic water-soluble compound
[FeII(CO)(N4Py)] by a method of continuous CO bubbling through a ligand N4Py and one equivalent
of FeII(ClO4)2 under the action of the organic solvent acetone (ClO4)2 (Figure 12A) [141]. A myoglobin
experiment shows that the compound is stable under dark conditions and its releasing half-life is more
than one day. When it was irradiated with 365 nm ultraviolet light, the CO can be quickly released.
According to MTT experimental studies, [FeII(CO)(N4Py)](ClO4)2 exhibited the effective cytotoxicity
against human prostate cancer cell line (PC-3) under light-induced conditions. When the concentration
reaches 10 μM the cell survival rate was monitored as 63% of the control group. In order to further
investigate the CO release behavior, the carbonyl segment with acetonitrile was replaced. The UV-vis
analysis found that the substitution process is very slow [FeII-(MeCN)(N4Py)]2+ and the concentration
of acetonitrile was a quick step to replace CO. Moreover, it was also found that the N4Py ligand can
be modified with a peptide (Ac-Ala-Gly-OBn) to obtain a peptide-conjugated photo-induced release
molecule (Figure 12B). Biological experiments have showed that the peptide chain conjugation might
be evaluated for the improvement of cell-specific itself or tissue-specific CO transport properties.
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B

A

Figure 12. The ionic water-soluble Iron complexes [FeII(CO)(N4Py)] (A) could be modified into
Photo-CORMats by the replacement of the N4Py ligand with peptide china Ac-Ala-Gly-OBn (B) for the
improvement of the cell-specific itself or tissue-specific therapeutic properties.

In the development of Photo-CORMats, metal-coligand plays a vital role in the photoexcitation at
a prescribed wavelength. This allows the photons energy to penetrate and push the CO molecules
to pull out these molecules from the metal-ligand fragment. In other words, these wavelengths
are providing extra energy that enables the CO molecules excitation from its parent location. The
CORM-2 and CORM-3 are hydrolytically active. Synthetically, these CORMs could be transformed
into the photo-activated reagent. Leone Spiccia and Ulrich Schatzschneider described the ruthenium
(II) dicarbonyl complexes functionalized with 2-(2-pyridyl)pyrimidine-4-carboxylic acid (CppH)
(Figure 13A) [143]. They were able to successfully construct the monomeric PNA backbone with
ruthenium (II) di-carbonyl complexes to produce ruthenium (II) dicarbonyl dichloride-based PNA-like
monomer [RuCl2(Cpp-L-PNA)CO2] (where PNA= peptide nucleic acid) (Figure 13B).
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Figure 13. The hydrolytically activated Ruthenium dicarbonyl complexes CORM-2 and CORM-3
could be transformed into Photo-CORMats by peptide ligands through different functionalization:
(A) Polypyridyl ligand of 2-(2-pyridyl)pyrimidine-4-carboxylic acide (CppH); (B) monomeric
PNA backbone.

2.3. Proteins

G. J. Bernardes et al. disclosed that CORMs was compatible with the protein complexes
transportation (Figure 14) [121]. They presented that the RuII(CO)2-protein complexes using the
reaction between CORM-3 and histidine fragment at the protein surface, the spontaneous CO is released
to deliver in cells and mice. They also discussed that plasma protein acts as a CO carrier for in vivo by
the CORM-3 formulation. Therapeutically, the controlled CO release favors in downregulation of the
cytokines interleukin, i.e., IL-6 and IL-10.

A

B

Figure 14. The reactivity of the fac-[RuL3(CO)3]2+ complex (A) and CORM-3 react with single-His
protein (B).
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Another Ruthenium (II) carbonyl reagent cis-[Ru(CO)2(H2O)4]2+ has been reported for
the spontaneous CO release in live cells using histidine (His) metalloprotein and retained at
IL-8 (Figure 15a) [148]. The cis-[Ru(CO)2]2+ carbonyl segment could be produced by aqua
dirutheniumcarbonyl cis-[Ru(CO)2(H2O)4]2+ (Figure 15b). It was also explained that metalloproteins
can be modified as organometallic pro-drugs rather than catalysis. Such artificial metallohydrolase
performance can be compared with the human carbonic anhydrase (CA)-II.

Figure 15. The spontaneous CO release by metalloprotein: (A) The carbonyl reagent
cis-[Ru(CO)2(H2O)4]2+ spontaneous CO release in live cells using histidine (His) metalloprotein
and retained at IL-8; (B) the cis-[Ru(CO)2]2+ carbonyl segment can be produced by the aqua carbonyl
cis-[RuII(CO)2(H2O)4]2+.

In spite of the CORMs fragment incorporation with protein, Takafumi Ueno et al. explored
the cages of protein for CO releasing [149]. They administrated the ferritin (Fr) cage of protein for
capturing the CORM-3 moiety (Figure 16). Furthermore, it was observed that the half-life of the CO
release could be enhanced; which indicates a good sign for ideal drug development. When they
interrogated their performance at the biological sites, they described that the nuclear factor kappa
B (NF-κB) becomes 10-times higher than the parent CORM-3. The CORM-3 protein cage is quite a
unique way of CORM’s engineering.

Figure 16. The recombinant L-chain apoferritin (apo-rHLFr) of Ru carbonyl complexes.

Additionally, Takafumi Ueno et al. explored the immobilization of the crosslinked hen egg white
lysozyme CL-HEWL crystal deposit on MCCs for therapeutic purposes [146]. The scientist disclosed
that NF-κB is remarkably high in order to respond to the pathological signals. The extra scaffold
Ruthenium carbonyl moiety (Ru·CL-HEWL), was used to induce the NF-κB activation and immobilized
Ruthenium carbonyl [cis-Ru(CO)2X4]2- moieties inside the protein cage (Ru·CL-HEWL). Optimist
approaches of this transport service bear the potential of the artificial extracellular scaffold.
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NF-κB can be regulated by the protein fragment. Susumu Kitagawa et al. disclosed the crystalline
assembly of protein with CORM-2 in polyhedra crystals (PhC) [147]. They introduced the ruthenium
carbonyls immobilized on hexahistidine. The activation of NF-κB was significantly improved up to six
folds. This therapeutic research will lead to further investigation on the extracellular scaffold.

2.4. Vitamins

Anna Yu. Bogdanovab et al. presented the cyanocobalamin (B12) as a biocompatible B12-ReII(CO)2

scaffold for CORMats (Figure 17) [150]. They incorporated the cis-trans-[ReII(CO)2Br2]0 core having
17e- dicarbonyl complexes. This research also elaborated that ReCORM-1 is compatible with B12 for
pharmaceutical applications, and the obtained cobalamin conjugates are also feasible with aqueous
aerobic media. Interestingly, after CO releasing, metal degradation is not involved in toxicity due to
the exclusive configuration and metal oxidation of ReO4

- generation.

Figure 17. B12-ReII(CO)2 CORMats conjugate: (A) B12-ReCORM-2; (B) B12-ReCORM-4.

The most promising anticancer drug agent is a macromolecular conjugate. The HO-1 and
transcription factor Nrf2 are the prime parameters to provide resistance against inflammation and
oxidative stress disease. In this analogy, biliverdin is the enzymatic activity of HO-1, while CO directs
the therapeutic exploitation. Roberta Foresti et al. found that hybrid molecules were simultaneously
involved in the CO liberation and Nrf2 activation [151]. The newly developed CORMats termed as
hybrid-CORMats (HY-CORMats) is shown in Figure 18.

Figure 18. Synthesis route of hybrid CORMats: (A) HY-CORMats-1; (B) HY-CORMats-2.

After synthesizing the HY-CORMats, researchers further interrogated the biological activities and
described the HO-1 expression along with the nuclear accumulation of Nrf2 and showed viability in
different cell types (Scheme 4).
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Scheme 4. The hybrid CORMats (HY-CORMats-1) has a CO moiety for various anti-inflammatory,
antioxidant actions and induced nuclear accumulation of Nrf2.

A. Pamplona’s group coordinated the galactose with a central metal to synthesize a
polyhydric-containing water-soluble CORMats [RuCl2-thiogalacto-pyranoside(CO)3] (ALF492) through
Sulphur bond (Figure 19) [152]. The Sulphur bond coordination of the galactose ligand with the
central metal increases the water solubility and biocompatibility. This compound also exhibited
the appropriate drug-like properties. The presence of the galactose ligand increases the specificity
of liver glycoprotein. A myoglobin study was used to monitor the CO release kinetic profile. The
target selectivity of ALF492 can be well administrated. Significantly, when ALF492 is mixed with the
antimalarial drug artesunate, ALF492 responds to the effective adjuvant treatment for cerebral malaria.
Collectively, this marks the outstanding potential of ALF492 in the treatment of falciparum malaria.

Figure 19. Galactose chelated three carbonyl ruthenium complexes.

The CC Romao group synthesized the molybdenum-based water-soluble release molecule
Mo(CO)3(CNCR’R"CO2H)3 (R’=R"=H, ALF795) (R’=R"=CH3, ALF794) (Figure 20) [153]. Myoglobin
experiments have shown that compounds were stable and did not decompose in an aerobic aqueous
solution for at least 1 hr. ALF794 is less toxic and suitable for drug-like properties. It can deliver CO to
acetamido phenol-induced liver in mice with acute liver failure. After 5 min, intravenous injection,
the ratio of ALF794 in liver/blood and liver/kidney were reported at 5.27 and 12.58, respectively and
ALF795 liver/blood and liver/kidney ratios were observed at 0.33 and 0.50, respectively.

Figure 20. β-isocyanate coordinated molybdenum carbonyl complexes.
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2.5. Polymers

The aforementioned most promising anticancer drug agent is a macromolecular conjugate. Ruth
Duncan et al. reported for the first time a polymer-anticancer conjugate [154]. These macromolecular
drugs consist of at least three (3) parts: One is a polymer carrier (HPMA), which transports metal
organic drugs such as Mn(CO)3 light-induced CORMs; the second is a biodegradable polymer
drug connector; the third is an anti-tumor agent. The Bruckmann and Kunz groups reported that
N-(2-hydroxypropyl)methacrylamide (HPMA) and pentacarbonyl bromide were heated under the
re-flux of a dry acetone solution to obtain a copolymer P1 at high yield (Figure 21) [155]. Inducing
CORMs can passively transport CO to release metal drugs for tumor cells or sites of inflammation. The
polymer conjugate P1 releases CO at 365 nm light, which is not cytotoxic to the HCT116 human colon
cancer and HepG2 liver cancer cells.

Figure 21. The copolymer P1 synthesized for releasing CO segment.

HPMA-copolymer has a great nature of water solubility. Bernhard Spingler et al. discovered
the copolymer materials [156]. The bis(2-pyridylmethyl)benzylamine ligand was prepared from
picolyl chloride and benzylamine, then this ligand coordinated with Re(CO)3 moiety to construct
the HPMA-co-bis(2-pyridylmethyl)-4-vinylbenzylamine copolymers (Figure 22). HPMA-copolymer
characteristics such as the average molecular weight can be modified according to the requirement
by replacing the radical starter and co-monomers. For instance, the molecular weight 52KDa is
the appropriate choice for remarkably enhancing the permeability and retention (EPR) effect. The
established copolymer system with the Re(CO)3 fragment has an ability to diagnose the used 99mTc.
Moreover, the identical behavior in IR spectra and X-ray crystallography have shown their resemblance
in the binding sites of Re(CO)3-labelled copolymer and bis(2-pyridylmethyl)-amine-derived complexes
(solid-state structures (SSS) of ·CH2Cl2 and·CH2Cl2·H2O). HPMA-morphology can be efficient for
targeting the tumor sites for the EPR effect.

Figure 22. The copolymers HPMA-co-bis(2-pyridylmethyl)-4-vinyl-benzylamine construct through
Re(CO)3 moiety.
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Not only solvent exchange triggers complexes have been reported but photons energy has also
been explored in this research area. Pierri et al. have shown that the water-soluble photo-CORM can
be controlled through NIR photons energy. They utilized the amphiphilic polymer for encapsulating
the Photo-CORM trans-Mn(bpy)(PPh3)(CO2)2 (Figure 23) [47]. Since CO has a strong ligand field
(L.F), so its absorption bands lies in higher energy zone almost closer to the UV-region [162]. Usually
Photo-CORMats belongs to the MCCs family and having CO photolysis-lability from the excited
states of LF associated metal-centered [163]. Although the higher MLCT transitions obviate the ligand
re-configuration, during the MLCT exhibition, the photolysis might be affected due to π-back-bonding
of metal-to-CO configuration [164]. The energy gaps were found between the MLCT and LF excited
states. The lower excitation states of MCLT have reduced the ligand lability as compared to LF
states [163]. Thus, it is difficult to construct the Photo-induced-CO-release upon NIR or longer
visible wavelengths. Up-conversion nanoparticles (UCNPs), (i.e., lanthanide ion doped) have a
utility of uncaging from NIR photolysis wavelengths. UCNPs are already claimed as photodynamic
therapy [165,166]. Those research analysts firstly developed the polymer matrix UNCPs@PL-PEG (an
amphiphilic phospholipid-functionalized poly(ethylene glycol) then used NIR photons energy as a
trigger to release the CO segment for biological purposes. PL-PEG shows a remarkable characteristic
of water solubility and it has also provided space for incoming other soluble photo-organic CORMs.
These organic compounds might be helpful for searching the special physiological targets.

Figure 23. NIR-responsive amphiphilic polymer conjugates (PhotoCORMats).

2.6. Metal Organic Frameworks (MOFs-CORMats)

Metzler-Nolte et al. synthesized the hybrid material metal-organic framework as a class of porous
coordinated polymer to encapsulate the CO segment. [138]. They established the bio-compatibility with
MOFs; NH2-MIL-88B (Fe) and MIL-88B (Fe) by capturing the CO at susceptible FeII and FeIII coordinative
unsaturated metal sites (CUSs). Unfavorably, it requires higher activation temperature [167] (≥ 550 K).
An adventuring feature of MOF has a breathing effect while providing accommodation for CO at the
adjacent site; probably having a controlled CO release, potential through the opening/closing gesture
of porous MOF.

Instead, it encapsulates the mere CO segment. The research can also accommodate the CORM’s
fragment inside MOFs. A new class of Manganese carbonyl complex Photo-CORMs has been explored
from Zr(IV) based MOF. MnBr(bpydc)(CO)3 (bpydc=5,5’-dicarboxylate-2,2’-bipyridine) embedded
into Zr(IV) MOFs [137]. This photo-activated commodity has been evaluated into cellular substrates
along with the biocompatible polymer matrix, claimed to be controlled and efficient light-induced
CO-release. After the successful CO release from CORMats, the inability in containment of metal
degradation growth, this leads to scientists being reluctant for the employment of genuine medication.
The CO has played its own role effectively; how other body organisms responds remains questionable.

2.7. Porous Structure Materials

Porous structure materials have already been in use for encapsulation of the CORMs commodity
for the usage of the CO release. Maldonado, Elisa Barea et al. shared the amazing research work
about the organometallic community by embedding the anion porous framework with the exhibition
of the cation exchange strategy (Figure 24) [50]. This innovation invigorates under physiological
condition while it is triggered by visible light. At first, they developed the air-stable, nontoxic,
photoactive and water-soluble cation species CORM [Mn(tacn)(CO)3]+ (ALF472+) then encapsulates
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into anionic porous matrixes belonging to the inorganic framework. Anionic silica matrix exerts the
good administration by reducing the CO release kinetics and providing the control-able rate. The
ALF472@hybrid silica-SO3 material might support the on/off switch delivery management, probably
experiencing the command and control on the released CO. For ensuring the safety of the CORMats,
the process metal degradation fragment was examined for ALF472@MCM-41-SO3 up to 72 h and
no significant appearance was reported. This silica framework is providing an 80% CORMs metal
fragment containment. In phototherapies, the CO supplied is a provocative feature in the controlled
manner, such as many inflammatory skin issues and topical skin cancer treatment.

Figure 24. Photo-activated ALF472 CORM [Mn(tacn)(CO)3]Br simulated under physiological parameter.

Although many of the CORMats have been explored for therapeutic purposes, but the lack of
biocompatibility and inconvenient features like solubility and toxicity from organometallic compounds,
it could not be used as a drug agent. To overcome this dilemma, CORM-1 has been embedded into the
nonporous fibers structure poly(L-lactide-co-D/L-lactide). The bioavailability and water accessibility
were confidently achieved by photo-activated electro-spinning [111]. Specifically, there was no toxicity
observed during the mouse fibroblast 3T3 cells culture. This feature might be promoting the CORMats
into viable drug materials in the future.

2.8. Nanaoparticles

Among the CO-carrying support system, nanoparticles are intensely focused because nanoparticles
can passively target the malignant cells and actively involve with the targeted tumor cells.
Ulrich Schatzschneider et al. open the gateway for the nanoparticles carriers of Silicium
dioxide as photoactivatable CORMats [157]. These research analysts, first time synthesized the
3-azidopropane-functionalized SiO2 nanoparticles, followed by [Mn(CO)3(tpm-L1)] in a dimethylamide
solution at room temperature. Manganese-based Photo-CORM [Mn(CO)3(tpm)]+ whose tpm ligand is
linked with Silicium dioxide nanoparticles by CuAAC “click” reaction through construction of the Azido
group by emulsion copolymerization of (3-azidopropyl)triethoxysilane and trimethoxymethylsilane
at the surface. In this mechanism nanoparticles were functionalized with manganese tricarbonyl
as light-induced CORMats (Figure 25). SiO2 nanoparticles are stable in nature with an amazing
bio-compatibly and easy to modify at the surface. It means that various target molecules could be
incorporated at the surface to achieve the drug delivery objectives. Eventually, it will increase the drug
delivery capacity at specific sites. So therefore, reduce the systemic risk. To reduce the side effects of
chemotherapy, SiO2 nanoparticles provide the most valuable platform for tumor drug delivery.

In the nanoparticle carrier strategy, Urara Hasegawa et al. introduced the CO-releasing polymeric
nanoparticles (CONPs) through phenylboronic acid-catechol complexation of catechol-bearing
CO-donor Ru(CO)3Cl(L-DOPA) and phenylboronic acid-containing framboidal nanoparticles. It has
been testified in a biological organism and gives feedback to cysteine, and subdues the pro-inflammatory
mediator’s IL-6 [168].
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Figure 25. The mechanism of Manganese tricarbonyl functionalized with silica nanoparticles.

2.9. Nanosheets

The encapsulation of CORM’s commodity shows promising features. X. Chen et al.
worked out to cage the Manganese-carbonyl CORM inside the small MnCO-graphene oxide
(PEG-BPY[MnBr(CO)3]-GO) nanosheet, recruited as a drug carrier trigger by NIR light energy
with on-demand CO release for photochemical CORMats [48]. They successfully constructed the
novel combinations of the CO-release mechanism but triggered facility provided inconvenience for
therapeutic purposes. However, we also need to pay attention to its complete management system,
as in some cases big trouble may be faced for its state of being clinically applied or not. Merely an
advantage for the CO releasing behavior is not enough, as it will always be difficult to handle it
and nearly impossible for remote area patients, thus it raises a concern for being a practically viable
medicine or not. Moreover, there might be no concern to what happens to metal degradation and
leftover residue, which actually needs to be addressed properly too. Apart from this, how can we
provide this medication to the patient using NIR trigging, so its mobility will remain the utmost
challenge. In reality, the novel production in terms of its laboratory scale is quite different from its
practical application as a cure agent.

2.10. Metallodendrimers

Metallodendrimers has a monodisperse nature with facile preparation. This exclusive feature is
demonstrated by Smith et al. to entrepreneur the Photo-CORMats (Figure 26) [161]. For this purpose,
Photo-CORM Mn(CO)3 moiety scaffolds with polypyridyl dendritic. The general representation of
polypyridyl dendritic is [DAB-PPI-{MnBr(bpyCH3,CH=N)(CO)3}n] (whereas DAB=1,4-diaminobutane,
PPI=poly(propyleneimine), bpy=bipyridyl). Photo-activated metallodendritic CORMats has been
observed to liberate CO molecules upon 410 nm visible light photons penetration.
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Figure 26. Metallodendrimers photoactivated CORMats.

2.11. Nanodiamond (ND)

The tpm ligand of Photo-CORM [Mn(CO)3(tpm)]+ peptide material and nanoparticle
[Mn(CO)3(tpm-L1)] could further be constructed to explore the azide-modified nanodiamond
(ND) by CuAAC (copper-catalyzed 1,3-dipolar azide–alkyne cycloaddition) “click” formation as
Manganese-MCCs Photo-CORMats (Figure 27) [159]. Dordelmann, G. et al. introduced the
first-time CuAAC coupling to attach the CO-liberating agent with ND as a biocompatible supporter.
Photoactivatable CORM [Mn(CO)3(tpm)]+ retained at the ND’s surface for CO biological services and
therapeutic purposes and were evaluated through standard myoglobin assay.

Figure 27. The [Mn(CO)3(tpm)]+-functionalized nanodiamond (ND) immobilized on azidemodified
ND’surface through CuAAC “click” reaction.

Different CORMats are compatible with special cellular environments and are free to perform
their therapeutic activities. Certain conditions restrict CORMats activities; definitely it would directly
affect the therapeutic performance. CORMats therapeutic potential relies on the material’s nature such
as solubility, compatibility and activation mechanism. Another advantage of CORMats is to modify
the CORMats assembly according to respective disease cells, which could be more helpful in searching
the selective targets. For cancer treatment, the redirected T-cells, i.e., chimeric antigen receptor (CAR)
T-cell might be providing a governing principle for cancer therapy [169]. CAR-Tcell is easier to find
its own therapeutic targets from the peculiar receptor configuration. This exclusive feature facilitates
gene-therapy. Similarly, this morphology can be applied to the CORMats development for special
tissue selectivity. Numerous CORMats with their biological significance are described in Table 2.
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Table 2. Conjugate strategies for therapeutic CO release.

Sr. # CORMats Therapeutic Implications Refs

1 Micellization

Bioactive in a murine model of
inflammatory colitis; potential for curing
the ROS affected inflammatory disease; In

response to human monocytes and
attenuates the LPS-induced inflammatory.

[55,59,145]

2 Proteins
Regulation the cytokines IL-6 and IL-10;

artificial metallohydrolase performance and
elevated NF-κB factor (10 folds).

[121,146–149]

3 Vitamins
Shows HO-1 expression; inducing nuclear
accumulation of Nrf2; antimalarial drug

artesunate and acute liver failure.
[150–153]

4 Polymers

HCT116 human colon cancer and HepG2
liver cancer cells; enhance the EPR effect

and targeting the tumor sites; achieve
special and selective physiological targets.

[47,154–156]

5 Porous structure
materials

Inflammatory skin issues and topical skin
cancer treatment. Surprisingly, no toxicity
was found in mouse fibroblast 3T3 cells.

[50,111].

6 Nanoparticles

Cysteine and subdues feedback to
pro-inflammatory mediator’s IL-6;

cardiovascular therapy and relax the rat
aorta muscle rings.

[157,168]

7 Peptide Human prostate cancer cell line (PC-3) and
supported cardiomyocyte viability. [139–144]

8 Nano-sheets

Controllable CO release (e.g.
GO-MnCORMats) suitable for

inflammatory diseases after LPS stimulation
and responsive intracellular CO release.

[48]

9 Nano-diamond
Nano-diamond precursor compatible with
photons, hopefully, could be modified for

special cell targeting.
[159]

10 MOFs

Inflammatory bowel disease and expected
pharmacological applications by

downsizing the MOF crystals to the
nanoscale.

[137,138]

11 Metallodendrimers Potential for inflammatory disease and
cancer cells. [161]

Briefly if the above intensive research discussion is summarized; it is evident that Ru-MCCs and
Mn-MCCs are the right choices for nano-medicine due to bio-compatibility and tremendous prescribed
feasibility analysis especially Ru-MCCs due to its lessened toxicity. Scrolling down from micellization
to nanodiamond, all CO-prescriptions have CO liberation capability, but none of them could be
claimed as safe therapeutic management and can’t be directly applied for exogenous CO-prodrug.
During the CORMats administration, rather than focus on the exploration of new advanced materials,
the researchers might be considering already existing pharmaceutical materials. A pharmaceutical
drug like substance such as crystalline smectite clay; is one of the promising biocompatible and
pharmaceutical composites, which could be transformed into CORMats after proper formulation and
careful administration. There are two types of strategies that have been introduced for the CORMats
production. One is exploiting from the already developed CORMs with biocompatible materials as CO
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carriers. Another analogy is captured from the CO moiety in the vicinity of material specific akin to
MOFs [138]. Already developed CO incorporating strategies are generalized in Table 3.

Table 3. Summarize the CO-releasing substrate along with their association.

Strategies CO-Release Mechanism Molecules/Materials

CO-releasing molecules
(CORMs)

organometallics
CORM-1, CORM-2, CORM-3, ALF492,

CORM-A1, B12-ReCORM-2, Re-CORM-1,
CORMA-1-PLA and ALF186.

nonmetallic

Silica-carboxylates, boranocarbonates,
boranocarbamates, xanthene carboxylic

acid (XCA), hydroxy-flavones,
1,2-disubstituted ferrocenes, methylene

chloride, meso-carboxy BODIPYs,
unsaturated cyclic and diketones (DKs).

CO-releasing materials
(CORMats) conjugated systems

Micellization, peptide, vitamins, proteins,
polymers, metal organic framework,
nanoparticles, nano-sheets, porous

structure materials, metallodendrimer
and nano-diamond.

3. CO-Releasing Kinetic Profile

CORMs and CORMats must have a CO utility to deliver in response to the biological system
soon after trigger. The specified trigger plays a decisive role for therapeutic applications. Their
kinetics is highly dependent on the trigger facility at which they are applied for. The CO discharging
rate was exclusively committed for searching the affected sites of selected targets. The half-life (t1/2)
of CORMs/CORMats (t1/2 is defined in time duration as half of the introduced CORMs/CORMats
amount will be dis-integrated) is the key parameter for examining the CORMs/CORMats stability and
sustainability. The fast CO-releasing rate is difficult to attain predetermined clinical objectives.

Just an illustration [170], the half-life (t1/2) of CORM-3 is 3.6 min only when anticipated with the
human plasma. At that moment, CORM-3 dissolves in plasma configuration and suddenly reacting
with albumin, supplies CO2 and Ru(CO)2 segment; and also makes an alliance with protein in vivo
circulation, where CO serves slowly and nonspecifically [171]. Non-technical CO release is unable to
deliver the necessary pharmaceutical features. Likewise slow and fast CO release molecules would be
engineered to accommodate the distinct clinical trials (Figure 28).

The half-life of CORM-1 and CORM-2 is about 1 min in PBS (phosphate buffered saline) at
37 temperature with pH~7.4 [37,172]. Such types of half-lives are considered very short intervals. The
CORMs and CORMats deliberation must be regulated along with integral body fluids in order to
communicate with victim organs and/or tissues before CORMs/CORMats (as CO-producer) consume
entire CO quantity [173]. To improve the sustainability of CO carriers, the half-life (t1/2) should
be extended for few minutes, but somehow few seconds and milliseconds extension will be more
beneficial. A different designated strategy has promoted the transient CO releases. These mechanisms
will be observed through ion-channel kinetic studies [174]. The extended pharmacokinetic qualities
containing nanomaterials (NPs) and macromolecular models could be exploited for the management
of CO transporters or CO carriers.

210



Materials 2019, 12, 1643

Figure 28. The CO-releasing rate profile reflects the different characteristics: (a) Slow CO release has
therapeutic significance; (b) fast CO release demonstrates the path of ion-channel kinetics.

4. CORMs/CORMats Cytotoxicity and Tissue Accumulation

In addition to CORMs and CORMats pharmaceutical advantages, it delivers some adverse
effects too because of their toxicological profile or even proliferation of toxic metal residues
(i-CORMs/i-CORMats) resulting soon after CORMs/CORMats launch the CO into the biological
environment [95,175–177]. Subsequently, a particular deficiency of CORMs/CORMats is usually
observed after the CO excretion; their CO-missing analogues tend to prevail in situ administration.
Therefore the transition-heavy metal core usually harbors cofactors and is involved in some uncontrolled
reactions/activities with neighboring tissues/cells, thereby contributing serious cellular impairment
(Figure 29).

Wang et al. studied the in vivo toxicity, cytotoxicity, metabolism and bio-distribution of
two carbonyl metal CORMs series including Ru(CO)3ClnL and M(CO)5L (M= Cr, Mo, W) [178].
The cytotoxic effect was monitored on murine macrophages through MTT colorimetric assay with
respect to IC50 and LD50 values; the severely damaged kidney and liver were observed to picture both
morphological and functional aspects. The cell culture RAW264.7 was incubated with CORMs/CORMats
while examining cytotoxicity and demonstrates their bactericidal activity against a variety of microbes,
including Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa [126,127]. In this study,
they found the uneven distribution of metal complexes in organs and tissues that subsequent damage
through metal ions oxidation such as Ruthenium complexes. It was oxidized from RuII to RuIII by
P450 enzymes. This toxicity issue was elucidated by Winburn et al., they also performed the CORM’s
toxicological profile [179]. CORM-2 and its depleted form i-CORM-2 were studied and compared in
two kidney cell lines (MDCK and HeK lines) and primary rat cardiomyocytes. This study explained

211



Materials 2019, 12, 1643

that the CORM-2 cytoprotective concentration (<20mM) is approaching to cytotoxic value (>100 mM).
Moreover, both CORM-2 and i-CORM-2 exerted the cellular toxicity by means of the abnormal cell
cytology, cell cycle arrest, reduced cell viability, increased apoptosis and inhibited mitochondrial
enzyme activity [136]. These particular consequences were observed through the metal-core mediated
toxicity. Different studies have also been explored that intensifying the polarity of CORMs/CORMats
would be possibly limiting their penetration over the cellular membrane, and thus attenuating their
toxicity [136].

Figure 29. The CORMs/CORMats integration exhibited the cytotoxicity of metal residue
(i-CORMs/CORMats).

5. Concluding Remarks

CO is generally infamous for its toxicity, but a controlled dose of CO shows useful biological
impacts. The CO’s detail analysis exhibits endogenous production by heme oxygenase and explores the
therapeutic scope. This scientific study not only confirms the endogenous generation of CO, which has
important potential in pathological tissues but also guarantees exogenously released CO’s therapeutic
impacts. Therefore, the challenges for the pharmaceutical drug chemists have always been and are
continuing still, for the development of a risk-free and more convenient strategy to deliver therapeutic
CO dosage. The CO administration with biological system suggests their therapeutic potential. This
CO administration relies on MCCs for CO liberation. Thus, CORMats were developed by MCCs with
different conjugate/scaffold systems. The CORMats have been covalently assembled with different
nanomaterial including polymers, silica nanoparticles, proteins cages, vitamins, metallodendrimer,
micelles, nanodiamond and nanofiber gel (peptide amphiphilic) or even incorporated with magnetic
nanoparticles (maghemite), tablets, non-woven, or either MOFs for following features: To enhance
sustainability and stability; to approach the special cellular tissues/organs; to reduce the toxicity; to
attain the EPR- effect; or to permit special triggers facilities. CORM has the capability to deliver
the CO to tissues and cells in vivo, in-fact constitute the most appropriate scheme to accomplish the
therapeutic outcomes. This proof-of-concept refers to the medicinal chemists to endeavor modern
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CORMats furnished with ADME (CORMats characteristics: Administration, Distribution, Metabolism,
Excretion), prerequisite for the clinical utility. As a prodrug, these developed mechanisms are highly
dependent on in vivo performance. It has been worth mentioning that many pharmaceutical materials
were also claimed to be non-toxic such as smectite clay that might be transformed into CORMats
for promising therapeutic benefits. Probably crystalline smectite clays are the best choice for the
CORMats development due to its con-comitant administration. Additionally, their layered structure
exfoliations and cation exchange capacity (CEC) have been encouraging for developing the new class
of CORMats. Furthermore, it is mandatory to investigate the metal residues (remaining fragments)
after CO liberation, if any side effect of newly developed materials is reported should try to minimize
it by modern carrier designs. The aim of the controlled CO delivery management was sponsored by
tissue selection and distribution. The CORMats activation with different triggers did not permit to
develop “universal” CORMats for every disease model. The method of CORMs/CORMats trigger or
even CO activation is used to disintegrate the MCCs through photo, thermal, enzyme, pH, oxidation
and solvent trigger CORMs/CORMats bearing ligand exchange strategies. These CORMs/CORMats
strategies are promising candidates of the therapeutic potential and deserve exclusive attention for
thorough therapeutic investigations.

The toxicity of the CO precursor is still a big challenge for the researchers. The CORMs/CORMats
toxicity was in-action during and after the CO release with depleted metal residues abbreviated as
i-CORMs/CORMats. The fast CO release helps to study the ion-channel path, while the slow release
favors tissue targets. It is mandatory that CORMs/i-CORMs and CORMats/i-CORMats (before/after CO
release) should not be participating in any toxic activity. Otherwise it will not be possible to prescribe
for patients; as the safety of human organs is the utmost priority.

The above discussion confirms that CORMs and CORMats are accountable for the CO-produce
being the active ingredient. It should be noted that CORMats did not technically modify specific
receptors but only provided a transport and discharge services for the CO gas. Therefore, the therapeutic
impacts of CORMats under physiological conditions to employ CO preferentially and professionally
against damaged biological tissues/organism must prevail and ensure the quick release of loaded CO
upon trigger.
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