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Preface

Site-specific drug delivery is among the main objectives for the optimization of pharmaceutical
therapies. In particular, local drug delivery systems represent a way to avoid systemic administration,
reducing the associated side effects and increasing patient compliance. In the design of local drug
delivery systems, different strategies to overcome physiological barriers to obtain effective drug
concentration at the target site without affecting adjacent tissues can be pursued. Physical and
chemical enhancers, microneedles, and nanostructured drug delivery systems have been proposed as
effective tools to influence drug release and partition in the target tissues. Innovative drug delivery
systems could be based on natural or synthetic polymers that are biodegradable, endowed with

stimuli-responsive behavior, and, if applicable, mucoadhesive properties.

Silvia Tampucci and Daniela Monti
Editors
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Abstract: The absorption of drugs with narrow absorption windows in the upper small intestine
can be improved with a mucoadhesive drug delivery system such as enteric films. To predict the
mucoadhesive behaviour in vivo, suitable in vitro or ex vivo methods can be performed. In this study,
the influence of tissue storage and sampling site on the mucoadhesion of polyvinyl alcohol film to
human small intestinal mucosa was investigated. Tissue from twelve human subjects was used to
determine adhesion using a tensile strength method. Thawing of tissue frozen at —20 °C resulted in
a significantly higher work of adhesion (p = 0.0005) when a low contact force was applied for one
minute, whereas the maximum detachment force was not affected. When the contact force and time
were increased, no differences were found for thawed tissue compared to fresh tissue. No change
in adhesion was observed depending on the sampling location. Initial results from a comparison of
adhesion to porcine and human mucosa suggest that the tissues are equivalent.

Keywords: mucoadhesion; site-specific application; intestinal application; ex vivo measurements;

human intestinal mucosa

1. Introduction

An ideal drug substance should be absorbed uniformly throughout the small intestine.
Some drugs are poorly absorbed due to narrow absorption areas, also known as absorption
windows. These are usually located in the upper part of the small intestine. Poor absorption
may be caused by specific transport mechanisms such as active transport or active excretion.
Several drug delivery approaches have been developed to overcome this challenge, such
as mucoadhesive films, which can be a highly beneficial drug delivery system (DDS) for
site-specific applications, such as in the upper intestine. Examples of drugs that are only
absorbed in the upper small intestine are furosemide [1], acyclovir [2,3] and gabapentin [4].
Other possible drugs that could benefit from prolonged residence time through mucoadhe-
sion are therapeutic peptides and proteins [5,6]. These macromolecules mostly have very
low oral bioavailability due to their high molecular weight and vulnerable structure. The
specific amino acid sequence essential for drug activity can be destroyed by the chemical,
physical and proteolytic nature of the gastrointestinal tract [7]. An ideal DDS for peptides
and proteins should protect and preserve the drug structure and release it at the highly
vasculated specific absorption site [8].

To predict the adhesion of the dosage form in vivo during formulation development,
appropriate in vitro methods can be useful. In vitro methods have the advantage of good
reproducibility and avoidance of biological tissues. Many biomimetic materials have
been described in literature to mimic and replace tissue. They include, for example,
simple hydrogels such as gelatin [9] or agar gels [10] and more complex hydrogels such as
HEMA-AGA hydrogels [11] or mucin compacts [12]. The disadvantage of these biomimetic
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materials is that they may not adequately represent the inter-individual variability of ex
vivo and in vivo studies. This can lead to biased prediction of in vivo behavior by in vitro
methods. Therefore, ex vivo methods using tissue can be very helpful to get an idea of
the variability in vivo. Ideally, the tissue used should represent as closely as possible the
application site of the DDS under development.

Tissues from animal sources are mainly used as ex vivo substrates, such as chicken
pouch [13], porcine tissue [14] or bovine tissue [15]. Although animal tissues are often used
in ex vivo studies, there is the ethical drawback that animals have to be slaughtered to
obtain the tissue. Along with these ethical concerns, the choice of suitable animal tissue is
another issue. When it comes to mucoadhesion studies in the small intestine, rodents are
known to be poor model animals. Not only the anatomy and physiology have been found
to be different from humans [16,17] but also the pH and water content [18]. Therefore,
large animal models such as pigs are often used to study the small intestine. However,
although the pig anatomy is quite similar to that of humans, there are still some differences.
Mucus thickness and composition are known to influence mucoadhesion [19]. In pigs,
the average thickness of the small intestinal mucus is about 26 to 31 pm [19], whereas in
humans the gastroduodenal mucus layer is of variable thickness [20]. These differences
may affect mucoadhesion and the in vitro-in vivo correlation of mucoadhesion studies.
Therefore, the ideal tissue for mucoadhesion studies is potentially human tissue. Patients
taking medicines are usually elderly people suffering from more than one disease [21].
Their gastrointestinal tract may further differ from that of animals used in animal models.
Theoretically, tissue from the target patient population should ideally be used to obtain the
most predictive results.

Despite the choice of tissue, tissue preparation and storage may also affect the outcome
of studies. In previous studies, mucoadhesion was found to be higher on thawed porcine
small intestine tissue than on fresh tissue [22]. As these results may not be applicable to
human tissue, further mucoadhesion studies on human small intestinal mucosa are needed.
To the best of our knowledge, there is no ex vivo mucoadhesion study on human intestinal
tissue. In this study, several questions will be addressed, the first of which is whether tissue
storage has an effect on mucoadhesion in two different test setups. Secondly, the effect
on the sampling site was investigated. Finally, a comparison was made with results on
porcine tissue obtained in previous studies [22] using the same methodology. The results
should indicate that the choice and storage of the tissue and the experimental design of
each mucoadhesion study are very important variables that need to be investigated in order
to understand the underlying mechanisms of mucoadhesion and to achieve predictive
results for respective DDS.

2. Materials and Methods
2.1. Study Materials

The water-soluble polyvinyl alcohol quality EMPROVE® ESSENTIAL PVA 18-88
(PVA 18-88, M, =~ 96,000 g/mol, Merck KGaA, Darmstadt, Germany) with a degree
of hydrolysis of 88% was used as the mucoadhesive polymer for the preparation of the
mucoadhesive films. Anhydrous glycerol (AppliChem GmbH, Darmstadt, Germany) was
used as a plasticizer. The chemicals were dissolved in demineralized water.

2.2. Preparation of Mucoadhesive Films

Mucoadhesive films were prepared using the solvent casting technique on the day
before the planned surgery. A total of 80.00 g demineralised water and 2.00 g anhydrous
glycerol were mixed on a magnetic stirring plate (IKA® RCT basic, IKA®-Werke GmbH
& CO. KG, Staufen, Germany) at 250 rpm. Then, 18.00 g ground PVA 18-88 was added
at 500 rpm. The dispersion was heated to 85 °C under continuous magnetic stirring at
150 rpm for 1 h until a clear solution was obtained. The solution was centrifuged at
4400 rpm for 15 min to remove air bubbles (Centrifuge 5702 R, Eppendorf SE, Hamburg,
Germany). The solution was cast on a liner at 12.0 mm/s with a coating knife set to 1000 pm
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(mtv messtechnik oHG, Erftstadt, Germany) using an automatic coating bench (Automatic
Precision Film Applicator CX4, mtv messtechnik oHG, Erftstadt, Germany). The cast film
was dried at room temperature.

2.3. Study Participants

A positive ethical vote was obtained from the Ethics Committee of the University
Medicine of Greifswald for the mucoadhesion study on human tissue (Ethical Protocol
No. BB 027/21, date of approval: 2 March2021). A total of 13 patients (10 male, 3 females;
BMI = 24.5 + 5.5 kg/m?) aged 36 to 84 years (68 + 13 years) was included. The patients
suffered from various diseases of the gastrointestinal tract, such as cancer, sigmoid diverti-
culitis or Crohn’s disease. The operations during which the samples for the study were
taken were directly related to these diseases. Written informed consent was obtained from
all subjects and included information about the tissue sampling, the experimental plan,
the handling of personal data and the data protection laws of Germany. During medically
necessary surgery for Whipple procedure (n = 4), right hemicolectomy (n = 4), ileostomy
(n = 4) or pancreatectomy (n = 1), a portion of healthy small bowel was also removed for
technical reasons. This tissue was the proximal jejunum (n = 5) or the distal ileum (n = 8).
In addition to demographic data, premedication data were also collected from the study
participants.

2.4. Mucoadhesion Study

Mucoadhesion was determined using the same texture analysis method described in
a previous study [22]. Briefly, a texture analyser (TA plus, AMETEK Lloyd Instruments
Ltd., Hampshire, UK) equipped with a 10 N load cell was used to measure the maximum
detachment force (Fmax) and the work of adhesion (WoA). Circular pieces (d = 14 mm,
A ~ 1.54 cm?) of the PVA films were punched out using a punching iron. The films were
attached to the upper probe using double-sided adhesive tape (tesa® Doppelseitiges Klebe-
band universal, tesa SE, Hamburg, Germany). The tissues were placed on the lower base of
the apparatus. They were collected at the time of removal during surgery and transported
to the laboratory in a polystyrene cooler filled with ice. To avoid direct contact, a bag filled
with water was placed between the tissue placed in another bag and the ice. The time
between the collection of the samples and the start of the experiments was a maximum of
30 min. The intestinal tissue was cut into four pieces, two of which were used immediately.
The other two were placed in sealed PE bags and frozen at —20 °C in a freezer. After one
week of storage, the tissues in the PE bags were thawed in a water bath at 37 °C.

Fmax and WoA were measured in two settings based on a previous study [22]. In brief,
a standard setting (setting A) was used as a starting point to investigate the influence of
contact force, contact time and withdrawal speed on the mucoadhesion of PVA films to
agar/mucin gels. Setting A was chosen on the basis of literature values. A low contact time
and low contact force were used. In the following investigations, setting B was found to be
the best compromise between the highest Fiax and WoA and gel integrity. The experimental
setups for both are described in Table 1. Each setting was performed on fresh and thawed
tissue. The upper probe with the polymer film was lowered at a constant speed to the tissue
from a distance of 5 cm until a specified contact force was detected. The probe remained
in this position during the contact time and was then removed at a defined withdrawal
speed. During removal from the tissue, load and machine extension were measured using
NEXYGEN Plus software (AMETEK Lloyd Instruments Ltd., Hampshire, UK).

Table 1. Instrument settings for Setting A and B.

Variable Setting A Setting B
contact force [N] 0.1 0.35
contact time [s] 60 180
withdrawal speed [mm/s] 0.5 1.0
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2.5. Statistical Analysis

Fmax and WoA were calculated using Microsoft® Excel® 2019 (Microsoft Corporation,
Redmond, WA, USA) and reported as individual data and medians. Fy,x was the maximum
force measured during film detachment. WoA describes the area under the curve (AUC)
and was calculated using the linear trapezoidal rule. Statistical analysis was performed
using GraphPad Prism 5 (v. 5.01; GraphPad Software, Boston, MA, USA). Fnax and WoA
were tested for normal distribution using the D’ Agostino and Pearson omnibus normality
test. If the data were normally distributed and paired (e.g., derived from same subject),
a paired t-test was used. Data that were not normally distributed were compared non-
parametrically. A Wilcoxon signed rank test was used for paired data and a Mann-Whitney
U test was used for unpaired data.

3. Results

A total of 13 subjects was initially part of the study. One subject (female, age = 84 years,
BMI: 18 kg/m?) had to be excluded during the study because the amount of tissue removed
for clinical reasons of the main indication was too small to perform mucoadhesion mea-
surements with a sufficient number of samples. Data from this subject are excluded below.
The demographics of the subjects are shown in Table 2.

Table 2. Demographic data of the remaining 12 study participants.

Parameter Median (Range) Mean £+ SD
sex m=10;f=2 m = 83%; f=17%
age/y 70 (36-80) 67 £ 12
height/m 1.76 (1.59-1.87) 1.74 £ 0.09
weight/kg 75.6 (43.0-105.0) 75.6 £16.8
BMI/kg/m? 23.9 (16.4-37.6) 25.0+5.4

In the remaining 12 subjects, both settings were to be performed on fresh and thawed
tissue. In four subjects the tissue was too small to try both settings. Therefore, setting A
with lower contact force, contact time and withdrawal speed was preferred on fresh and
thawed tissue. The data have been checked for normal distribution. As not all data were
normally distributed, a Gaussian distribution was not assumed for statistical comparison.
The individual medians of the subjects can be found in Table S1.

3.1. Processing of the Tissue

The intestinal segments were divided into four parts, two of which were frozen and
thawed for the experiments after a one-week storage period, and the other two were used
fresh. As setting A was the preferred setting, a comparison of fresh and thawed tissue
could be made for all 12 subjects.

Significant differences were found for WoA (p = 0.0005) in setting A (Figure 1), whereas
no significant difference was found for Fax (p = 0.6221). For individual data, WoA was
higher on thawed tissue than on fresh tissue. No clear trend can be seen for Fpax.

For setting B, where a higher contact time and force are applied, no significant differ-
ences can be found for either WoA (p = 0.7422) or Frax (p = 0.3125) (Figure 2). In contrast to
setting A, no trend can be seen in the individual data for either of the calculated mucoadhe-
sion values. Overall, the measured and calculated results were higher in setting B than in
setting A.
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Figure 1. Results for Setting A. (A): Individual data of the calculated WoA (Nm x mm) with median
(n = 12); black: fresh tissue; red: thawed tissue; (B): pooled medians of all subjects with median line;
(C): Individual data of the calculated Fpax (N) with median (n = 12); black: fresh tissue; red: thawed
tissue; (D): pooled medians of all subjects with median line. Significant difference of WoA and Fpax
was checked by using a Wilcoxon signed rank test: *** (p < 0.001).
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Figure 2. Results for Setting B. (A): Individual data of the calculated WoA (Nm x mm) with median
(n = 8); black: fresh tissue; red: thawed tissue; (B): pooled medians of all subjects with median line;
(C): Individual data of the calculated Fmax (N) with median (n = 8); black: fresh tissue; red: thawed
tissue; (D): pooled medians of all subjects with median line. Significant difference of WoA and Fax
was checked by using a Wilcoxon signed rank test.

3.2. Comparison of Different Test Settings

Fresh and thawed tissues were also compared for both settings to investigate the
influence of the test parameters. Setting A used a lower contact time, lower contact force
and lower withdrawal speed. Only data from participants who were able to use both
settings were included in the comparison, resulting in eight measurements.

As shown in Figure 3, the fresh tissue showed significant differences between setting
A and setting B for WoA (p = 0.0078) and Fax (p = 0.0078). For both WoA and Fpay, the
median of each individual data set was significantly higher in setting B than in setting A.
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Figure 3. Comparison of the results for Setting A and B on fresh tissue. (A): Individual data of the
calculated WoA (Nm x mm) with median (n = 8); black: Setting A; red: Setting B; (B): pooled medians
of all subjects with median line; (C): Individual data of the calculated Frax (IN) with median (n = 8);
black: Setting A; red: Setting B; (D): pooled medians of all subjects with median line. Significant
difference of WoA and Fiax was checked by using a Wilcoxon signed rank test: ** (p < 0.01).

The same comparison was made for thawed tissue. As shown in Figure 4, statistically
significant differences were also found for WoA (p = 0.0078), but not for Fax (p = 0.3828).
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Figure 4. Comparison of the results for Setting A and B on thawed tissue. (A): Individual data of the
calculated WoA (Nm x mm) with median (n = 8); black: Setting A; red: Setting B; (B): pooled medians
of all subjects with median line; (C): Individual data of the calculated Fmnax (N) with median (n = 8);
black: Setting A; red: Setting B; (D): pooled medians of all subjects with median line. Significant
difference of WoA and Fmax was checked by using a Wilcoxon signed rank test: ** (p < 0.01).

3.3. Sampling Location

Another issue was the importance of the sampling site, as there may be differences in
adhesion in the proximal jejunum compared with the distal ileum. A Mann-Whitney U test
was performed as the data were not paired and the number of samples was too small to
assume a normal distribution. The test was performed on fresh and thawed tissue for setting
A only, as the number of samples in this case was 12. No statistical differences were found
for either WoA (pgresh = 0.5303; phawed = 0.2020) or Frax (Presh = 0.2677; Pihawed = 0.1490).

3.4. Comparison of Mucoadhesion on Porcine Versus Human Intestinal Tissue

The data obtained in this study were compared with those of a previous study carried
out on porcine small intestine tissue [22]. In the previous study, the identical test setup A
was used to measure mucoadhesion. The only difference, apart from the origin of the tissue,
was that the number of samples was much smaller (n = 3) compared to the new study
(n =12). Cleaned porcine tissue was used as a reference because, unlike the participants’
tissue, it was not free of food residues due to the surgical specifications. As a result, the
statistical analysis presented below may only give an indication of the difference. A Mann-
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Whitney U test was performed to evaluate possible differences in WoA and Fpax between
fresh and thawed tissue. The results are shown in Figure 5.
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Figure 5. Comparison of the results for Setting A on fresh tissue of pigs (n = 3) and humans (n = 12).
(A): Pooled medians of the calculated WoA (Nm x mm) with median line; red: pig; black: human;
(B): Pooled medians of the calculated Fnax (N) with median line; red: pig; black: human. Significant
difference of WoA and Fiax was checked by using a Mann-Whitney U test.

No significant differences could be found for the WoA (pgresh = 0.2790; pihawed = 0.1296)
nor the Frnax (Pfresh = 0.9425; Pihawed = 0.9425). The data presented in Figure 5A indicate a
trend towards a slightly higher WoA on fasted human tissue compared to washed porcine
tissue. However, the sample numbers of porcine tissues are too small to state this with
certainty.

4. Discussion

Ex vivo mucoadhesion measurements of PVA-films on human small intestine tissue
show that Fhax and WoA are highly variable inter-individually and intra-individually.
Possible influences on the measurement results were investigated. Statistical analysis of
the mucoadhesion values in two settings and on tissues prepared in different ways showed
that the WoA appears to be sensitive to storage and test parameters. WoA was significantly
higher on thawed tissue in setting A, where a lower contact force is applied for a shorter
time, but surprisingly not when a higher force is applied for a longer contact time, as in
setting B. If tissue is frozen without a cryoprotectant, ice crystals may form. This depends
on the rate at which the tissue is frozen. A slow freezing rate often results in the formation
of sharp crystals that can damage tissue cells by perforating them [23]. In addition, cells can
be further damaged by the osmotic pressure that can result from ice formation [23]. Signs
of possible tissue damage were observed after storage of the respective tissue samples.
The appearance of the tissue changed during storage. The macrostructure of the tissue
appeared flatter than in the fresh condition. There was also some leakage of fluid from the
tissue as can be seen in Figure 6.
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Figure 6. (A): Fresh tissue; (B): thawed tissue after a storage time of 7 days at T = —20 °C in a freezer.

The flattened structure of thawed tissue may explain the higher observed WoA. When
a low force is applied in the fresh state, the mucoadhesive film may not be in contact
with the entire tissue due to the macroscopically visible folded structure. The contact
forces of 0.1 N and 0.35 N correspond to biorelevant pressures of 6.5 mbar and 22.7 mbar,
respectively. These are within the physiological range of the small intestine as determined
in telemetric studies with the SmartPill [24]. Higher contact forces may result in a flatter
structure due to tissue compression and therefore more even contact between the film
and the mucosa. As a result, WoA may increase when higher forces are applied (setting
A versus setting B) or when the tissue loses structure due to thawing. No statistical
differences can be found for WoA on fresh versus thawed tissue in setting B. A possible
reason for this finding could be that not only the macrostructure but also the microstructure
of the mucus changes during storage, as observed by Hagerstrom et al. [25]. Negatively
charged glycoproteins called mucins, which make up approximately 0.5-5% of mucus [26],
play an essential role in mucoadhesion. Mucoadhesive polymers can bind to mucins
either through chemical bonds, such as ionic, covalent or secondary bonds, or through
physical bonds. These include interpenetration and entanglement of polymer structures
and mucin chains [27]. Polyvinyl alcohol, which was used in our study, is a non-ionic
polymer. This group of polymers is known to bind to mucus through secondary chemical
bonds such as hydrogen bonds and chain entanglements. Typically, the mucoadhesion of
non-ionic polymers is lower than that of cationic polymers such as chitosan, which bind
by electrostatic attraction to negatively charged mucins [28]. If the structure of the mucus
changes during freezing and thawing [29], it may loosen, resulting in a looser structure that
potentially facilitates interpenetration and chain entanglement. This may have a positive
effect on the mucoadhesion of non-ionic polymers, as observed for thawed tissue in setting
A (Figure 1B). The influence of a higher contact force (setting B) appears to have a greater
effect on mucoadhesion than the thawing process, as there are no statistical differences
between fresh and thawed tissue in setting B. However, the loss of the microstructure of
mucus may influence the adhesion of charged polymers. When mucus hydrogels are frozen
and thawed, there is a phase separation between the aqueous phase and the hydrogel
former, resulting in a concentration of mucins. This in turn can lead to an increased number
of possible electrostatic interactions, resulting in a higher mucoadhesive work. In contrast
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to WoA, Fax is not influenced by storage (Figures 1D and 2D). The question therefore arises
as to whether WoA or F,y is the better surrogate for the measurement of mucoadhesion.
In their paper, das Neves et al. [30] discussed whether WoA or Fp,x is more suitable for
evaluating the mucoadhesion of semi-solids to bovine vaginal mucosa. WoA represents the
sum of all adhesive forces, whereas Fiax represents only the peak force during detachment.
Therefore, the authors consider WoA to be the more accurate parameter for mucoadhesion.
Da Silva et al. [12] also confirmed in their work that the WoA is more sensitive to changes in
the test parameters and therefore the better surrogate for mucoadhesion studies in texture
analyser studies. These results are confirmed by our study. For future mucoadhesion
measurements with the texture analyser, it should be noted that both the test parameters
and, in particular, the storage of the tissues have an influence on the measurement results,
making it difficult to compare different studies.

In addition to the storage and test setup, the influence of the sampling site was
investigated. No statistical differences were found between the results obtained from
the proximal jejunum and the distal ileum. Another patient-specific parameter that may
influence the results of the study is the amount of aqueous medium (e.g., mucus and/or
bile acid) present on the tissue. A higher amount of water can cause faster hydration of
the solid polymer in the mucoadhesive film. This effect is advantageous in the contact
stage, as chain disentanglement of the former solid polymer occurs upon hydration [31].
The detrimental effect begins as soon as the polymer hydrogel is diluted. If the amount of
water in the polymeric gel becomes too high, the cohesiveness of the gel will decrease. This
results in a failure of adhesion within the gel as the test preparation is detached from the
mucosa which is represented by lower values for Frax and WoA. To minimise the influence
of intestinal fluids, the tissues can be washed [32] or wettened with a specified amount of
liquid [33] prior to the experiment. The disadvantage of these methods is that the tissues
may no longer represent the actual in vivo state.

Another patient-related factor to be considered is age. Intestinal morphology does
not appear to change in older people [34,35]. There is some evidence that there may be
changes in the structure of mucus with age. Elderman et al. [36] reported that the age of
mice can influence the thickness of their colonic mucus, with older mice having a thinner
layer of mucus compared to young mice. As mentioned above, mucus thickness may
influence mucoadhesion, so it would be interesting to investigate age-related changes
in mucus in humans. Other important changes that occur with ageing are increased
illness and polymedication [21]. Drugs and inflammatory bowel diseases could also affect
mucoadhesion, as they can affect pH and mucus [37]. It is important to note that there
are many factors that can influence mucoadhesion in vivo, especially in the elderly. These
factors are less likely to have a visible effect on ex vivo mucoadhesion studies as their
influence may be small. However, when it comes to in vivo performance, they should be
considered.

The final point evaluated in our study was the comparison of mucoadhesion to porcine
versus human small intestinal tissue. The data for porcine tissue were taken from a previous
study carried out in our laboratory [22] under the same conditions. It should be noted
that the results of this comparison can only indicate a possible trend, as the number of
samples for the porcine tissue was too small. This is related to the fact that the porcine
experiments were aimed at a broader screening with more different setups and variables,
thus limiting the sample size of measurements comparable to human ex vivo measurements
from this study. No significant differences were found for either WoA or Fpnax on fresh and
thawed porcine or human tissue. The individual data may suggest that the WoA is slightly
higher on human mucosa compared to porcine mucosa, especially when thawed tissue
is used. This again might lead to the conclusion that the WoA is the better surrogate for
mucoadhesion as it seems to be more sensitive to changes in the tested mucosal sample.

Pigs are often used as model animals for studies involving the gastrointestinal tract
because their gastrointestinal physiology is very similar to that of humans [16]. In addition,
the availability of tissues is usually good, as pigs are common farm animals, and intestinal
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tissues are most often slaughterhouse waste. Jackson and Perkins reported that the mu-
coadhesion of cholestyramine on porcine gastric mucosa was found to be higher than with
human mucosa [38]. They explained this result with a possibly thicker mucus layer in pigs
compared to humans. This is contrary to the results obtained in our study, but the limited
number of porcine tissue samples and a different mucosa may influence the outcome of
these studies.

5. Conclusions

The purpose of this ex vivo study was to highlight the inter-individual variability
of mucoadhesion to human small intestine tissue. The study data showed the range of
individual results, highlighting the high variability of biological materials. The results show
that an ideal mucoadhesive DDS should be able to demonstrate good adhesion despite
the high inter-individual variability. PVA mucoadhesive films were used to investigate the
test-related factors influencing this variability.

Storage is an important factor influencing the study results and should be considered
when performing a mucoadhesion test. The WoA seems to be more sensitive to the storage
of tissue when a force of 0.1 N is applied for 60 s. The effect on Fnay is less pronounced.
No statistical differences for both can be found if a higher force of 0.35 N is applied for
180 s. Comparing setting A (lower force and contact time) to setting B (higher force and
contact time) shows that there is a significant difference in the measurement results of WoA
and Fpax on fresh tissue. Again, no difference was found on thawed tissue for the Fpax.
Therefore, WoA is assumed to be the better surrogate for mucoadhesion. The results show
that the adhesion is dependent on both the test setup and the sample preparation. An
ideal test setup and storage of the sample to which the dosage form is to adhere must be
individually tested prior to each test.

Although the data available were limited, a comparison of mucoadhesion on porcine
and human mucosa was made. The initial impression is that the two tissues are comparable.
If further studies confirm the hypothesis that porcine intestinal tissue could replace human
intestinal tissue, this would facilitate ex vivo mucoadhesion studies. Tissue of animal origin
can be obtained in larger quantities and without the regulatory requirements of ex vivo
human tissue studies.

Despite the test-related factors, the sampling site was examined as a patient-related
factor. No difference was found between proximal jejunum and distal ileum. Other
patient-related factors need to be investigated in the future, as mucoadhesion is a complex
phenomenon and the understanding of all factors affecting mucoadhesion in vivo is still
limited. Gender, mucus thickness, gastrointestinal fluids, diseases and medications may be
other parameters to consider. A larger number of subjects would be needed to gain a deeper
understanding of the physiological effects on mucoadhesion and to design an ideal DDS
that is minimally affected by these variables. A simple way to address the variability and
allow comparability between different test devices, tissue preparations and possible new
innovative delivery forms could be to measure adhesion against a simple and reproducible
manufacturable standard, such as a polyvinyl alcohol film.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ pharmaceutics15061740/s1, Table S1. Individual medians of Fmax
(N) and WoA (Nm x mm) of all subjects in both test setups (setting A and B) and different tissue
preparation. All tests were performed in six replicates.
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Abstract: A novel approach for the long-term medical treatment of the inner ear is the diffusion of
drugs through the round window membrane from a patient-individualized, drug-eluting implant,
which is inserted in the middle ear. In this study, drug-loaded (10 wt% Dexamethasone) guinea pig
round window niche implants (GP-RNIs, ~1.30 mm x 0.95 mm x 0.60 mm) were manufactured with
high precision via micro injection molding (uIM, Tp,,1q = 160 °C, crosslinking time of 120 s). Each
implant has a handle (~3.00 mm x 1.00 mm x 0.30 mm) that can be used to hold the implant. A
medical-grade silicone elastomer was used as implant material. Molds for uIM were 3D printed
from a commercially available resin (Tg = 84 °C) via a high-resolution DLP process (xy resolution
of 32 um, z resolution of 10 um, 3D printing time of about 6 h). Drug release, biocompatibility, and
bioefficacy of the GP-RNIs were investigated in vitro. GP-RNIs could be successfully produced. The
wear of the molds due to thermal stress was observed. However, the molds are suitable for single use
in the pIM process. About 10% of the drug load (8.2 + 0.6 ug) was released after 6 weeks (medium:
isotonic saline). The implants showed high biocompatibility over 28 days (lowest cell viability ~80%).
Moreover, we found anti-inflammatory effects over 28 days in a TNF-a-reduction test. These results
are promising for the development of long-term drug-releasing implants for human inner ear therapy.

Keywords: micro injection molding; 3D printing; rapid tooling; digital light processing; implant;
drug delivery system; dexamethasone; anti-inflammatory; TNF-o; biocompatibility; inner ear therapy

1. Introduction

There is increasing interest in novel concepts of medical treatment of the inner ear in
order to treat disorders such as Meniere’s disease (MD) and idiopathic sudden sensorineural
hearing loss (ISSHL). Pharmaceutical substances can pass from the middle to the inner ear
via diffusion through the semipermeable round window membrane (RWM). The RWM
is located deep in a recess, the round window niche (RWN), between the middle and
inner ear (Figure 1). There are various pharmacological treatment methods and drug
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delivery strategies. For example, it is a common treatment to inject drugs or drug-laden
gels directly into the middle ear cavity (intratympanically) by needle through the tympanic
membrane [1]. However, such methods have a significant disadvantage. Large portions of
the applied drug cannot diffuse through the RWM in the inner ear because it does not come
into sufficient contact with it. Instead, much of the applied drug is absorbed by the mucosa
of the middle ear or evacuated from the middle ear space by the Eustachian tube [2,3].

Outer Ear iMiddle Ear:  Inner Ear

Auditory
nerve

(\ Ossicles

/J

Cochlea

: Eardrum

Round Round
\ window window
OMHH-HNO niche membrane

Figure 1. Scheme of the anatomic structures of outer ear, middle ear and inner ear. The round window
membrane is located between the middle ear and the inner ear.

To overcome this drawback and to provide a more efficient and safe administration
route for controlled drug release in the inner ear, we introduced a new concept of a
patient-individualized, drug-loaded round window niche implant (RNI) [4,5]. Following
our concept, an improved drug transport into the inner ear for several weeks might be
obtained via drug diffusion from an RNI through the RWM. For that purpose, an RNI must
meet the individual anatomical needs of a patient to fit precisely onto the RWM, and it
should have dimensions of just a few millimeters in xyz directions. The RNI should be
characterized by a soft and stretchable mechanical behavior, as we have already found in a
prototype implantation study [5]. Moreover, inflammation-suppressing substances, such as
glucocorticoids and especially dexamethasone (DEX), are promising for the drug load of an
RNI. These substances have been proven to be promising in treating inner ear pathologies,
including sudden sensorineural hearing loss (SSNHL) [6-9], Meniére’s disease [10-13] and
acute tinnitus [14]. Moreover, DEX positively affects the preservation of residual hearing
and the reduction of fibrosis after cochlear implant (CI) surgery [15]. Recently, we found
preferable concentration ranges for different DEX formulations to ensure biocompatibility
and bioefficacy [16].

For highly individualized and complex products, such as the RNI described, 3D print-
ing technology (also referred to as additive manufacturing) offers promising opportunities
for both time- and cost-efficient production. In general, additive manufacturing methods
that use photopolymerization enable the highest resolutions in the 3D printing sector [17].
There are various 3D printing processes that use photopolymerization, such as the vat pho-
topolymerization methods (e.g., Digital Light Processing (DLP), stereolithography (SLA),
two-photon polymerization (2PP)) or the material jetting methods (e.g., PolyJet, Multi-Jet
Modeling (MJM)). The technology of DLP 3D printing is one of the most widely used
processes because it offers high printing speeds and low running costs [18,19]. However,
the availability and validity of ready-to-use, medical-grade materials that can be processed
with photopolymerizing additive manufacturing methods are still limiting factors. On
the one hand, there is a range of commercially available biocompatible photosensitive
resins, but the majority of these are for dental applications (e.g., surgical guides, retainers,
aligners, temporary dentures) or hearing aids and are suitable only for temporary skin
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contact (30+ days) or short-term mucosal contact (not more than 24 h) [20,21]. On the
other hand, there is a lack of bioresins for applications such as tissue-engineered human
constructs [21]. Very few resins certified as hemocompatible are commercially available. In
a recent review article on biocompatible 3D printing resins, Guttridge et al. report that they
found only one material (PrintoDent GR-20, pro3dure medical GmbH, Iserlohn, Germany)
that was tested and certified as hemocompatible according to ISO 10993-4 [20]. When
dealing with photopolymers, in general, there are risks such as cytotoxic, mutagenic and al-
lergic reactions resulting from incomplete photopolymerization [18]. Information about the
intended use, certification and postprocessing is highly variable for commercially available
photopolymers [20]. It is often necessary to develop a specific postprocessing treatment to
ensure sufficient biocompatibility for the desired use [20]. Another limitation is the lack of
biodegradable resins. As described by Bao et al., there has been considerable progress in
the development of biodegradable medical devices or implants using vat photopolymeriza-
tion techniques such as DLP. However, further advancements in both novel materials and
photopolymerization 3D printing techniques are needed for the challenging translation
process toward clinical applications [22]. In contrast, conventional and well-established
manufacturing via injection molding (IM) technologies is suitable for various materials, e.g.,
composite materials, foamed materials, thermoplastic and thermosetting plastics, rubber
and even metals [23-25]. The use of medical-grade polymers [26,27] and the applicability of
IM for the manufacturing of drug delivery systems have been investigated and established
for many years [28]. Moreover, the micro injection molding method (1IM) enables the
highest resolution and precision [29-31].

The processes of IM and pIM are based on the utilization of molds. Conventional
manufacturing of metal molds via milling is relatively cost- and time-consuming, especially
when there is a need for complex geometries. Therefore, IM and uIM are not usually used
to manufacture a small series or even individualized single parts. To address this limitation,
3D printing technology enables rapid tooling as a cost- and time-saving method for mold
manufacturing [32,33]. High-resolution photopolymerizing 3D printing methods, such as
material jetting, SLA, or DLP, enable high process resolution for rapid tooling applications
in micromanufacturing applications [34]. For instance, DLP potentially enables a cost
reduction of 80% to 90% compared to conventional mold manufacturing [32].

In this study, we demonstrate a promising way of saving costs and time with a high-
precision uIM of individualized DEX-loaded RNI using a medical-grade soft material. For
that purpose, a mean guinea pig round window niche implant (GP-RNI) is manufactured
via uIM. With a view to future investigation and translation, the GP-RNI features an
exemplary implant geometry suitable for a favored animal model. We use high-resolution
DLP 3D printing for rapid tooling of molds for the uIM process. After manufacturing the
drug release, the biocompatibility and bioefficacy of the GP-RNI are investigated. Our
manufacturing process aims to combine the best of both worlds of 3D printing and uIM: a
cost- and time-saving, high-precision rapid tooling of molds via high-resolution 3D printing
and the accessibility of a wide range of (polymeric) medical-grade materials for implant
manufacturing, as such materials are well-established for uIM.

2. Materials and Methods
2.1. Three-Dimensional Models of Guinea Pig Round Window Niche and Mold

Figure 2A shows a photograph of the anatomical structure of an exemplary guinea
pig round window niche and Figure 2B illustrates a graphic of the digital 3D model of a
mean GP-RNI. The model has approximate nominal dimensions of a length of 1.30 mm, a
width of 0.95 mm and a height of 0.60 mm. The digital 3D model was established by recon-
structing 3D volumes from microCT images (XtremeCTII, ScancoMedical AG, Briittisellen,
Switzerland) via 3D Slicer™ software version 4.11 (Surgical Planning Laboratory, Brigham
and Women'’s Hospital, Harvard Medical School, Boston, MA, USA) [35,36].
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1 mm 1 mm

Figure 2. (A) Photograph of the anatomical structure of exemplary guinea pig round window niche
(GP RWN, marked); (B) 3D model of mean guinea pig round window niche implant (GP-RNI). The
approximate dimensions of the model are marked in the figure.

The 3D model of the mean GP-RNI was joined with a 3D model of a handle structure
(Figure 3A (scheme), Figure 3B (final design)). The handle is an element to ensure good
gripping and handling by forceps during the implantation process. This completed 3D
model of the mean GP-RNI with a handle is designed to be manufactured via uIM. A sprue
structure was added to the 3D model to obtain a flow path for the uIM material (Figure 3C).
The sprue structure is removed from the pIM implant after the uIM process. Figure 3D
shows the final 3D model of the mold (2 parts). It is based on the 3D model of the GP-RNI
with a handle and the sprue. The 3D model of the mold will be used for rapid tooling of
the mold via DLP 3D printing.

B C D

1T mm 3 mm 3 mm

Figure 3. (A) Scheme of mean guinea pig round window niche implant (GP-RNI) (blue) with a handle
(yellow, for a good gripping by forceps during the implantation process); (B) 3D model of mean
GP-RNI (blue) with a handle (grey); (C) 3D model of GP-RNI (blue) with a handle for implantation
(grey) and sprue for uIM (grey, conic); (D) 3D model of mold (2 parts, left: upper half, right: lower
half) for uIM of GP-RNI with a handle (the negative halves of the implant with a handle and the
sprue are colored orange and blue).

2.2. Rapid Tooling of Molds via Digital Light Processing

The 3D printing of the micro injection molds was performed with an Asiga Pro
4K45 (Asiga, Alexandria, Australia) using DLP technology. The xy resolution of the LED
projector (UV light, A = 385 nm, 4k-resolution-mode) was 32 um and a build platform of
122 mm x 68 mm was installed. For the printing process, the photopolymeric resin Asiga
PlasGRAY V2 (Asiga, Alexandria, Australia) [37] was used. The resin enabled a minimum
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layer thickness of 10 um and enabled cured parts with a shore hardness of Shore D 82 and
a glass transition temperature of Tg = 84 °C. It is designed for the manufacturing of highly
detailed parts for dental, jewelry and design industries with high surface smoothness and
quality. There were no reinforcing fillers, e.g., to enhance heat resistance for increased IM
suitability, as the PlasGRAY V2 resin is a general purpose photopolymeric resin in DLP
3D printing.

Since a single mold is made of two parts (a lower half and an upper half), the parts of
the same kind were 3D printed simultaneously. A total of 52 molds were manufactured.
For that purpose, 52 lower halves of the molds (including supporting structure) were 3D
printed simultaneously in 201 min in a first printing sequence. In addition, 52 upper halves
of the molds (including the supporting structure) were 3D printed simultaneously in 166
min in a second printing sequence. All parts were built in a horizontal position (Figure 4).
A base plate with a height of 0.4 mm was used as a supporting structure to ensure sufficient
adhesion of the 3D-printed part with the built platform. The base plate was built using
a layer resolution in z direction (layer height) of 100 um per layer, exposed for 23.871 s
per layer. Further layers of the mold parts were built using a layer height of 10 um per
layer, exposed for 0.498 s per layer. There was a material consumption of 0.417 mL per
single mold.

A B
seioiiingiieg gooppoonanaees

0000000000000 ;0000000000000
> X >X

Figure 4. Placement of molds on build platform. Fifty-two of each lower (A) and upper (B) halves of
the final molds were printed in the same orientation to eliminate possible differences in xy resolution.

Postprocessing steps were the washing of the printed parts in 98% isopropyl alcohol in
an ultrasonic bath twice for 5 min, drying at room temperature for 30 min, and postcuring
the mold halves for 2000 flashes on each side (total of 2 x 2000 flashes) in a UV curing unit
Otoflash G171 (NK Optik GmbH, Baierbrunn, Germany).

2.3. Micro Injection Molding of Drug-Loaded Implants

For pIM investigations, a homogenous mixture of medical-grade silicone elastomer
MED-4244 (NuSil Technology LLC, Radnor, PA, USA) containing 10 wt% DEX (powder,
Sanofi SA, Paris, France) was prepared by manually stirring using a stainless steel laboratory
scoop. MED-4244 is a two-part (10:1 w:w, part A: part B), pourable, translucent silicone
elastomer and cures by heat via addition-cure chemistry. It can be used for implants that
remain in the human body for a period of more than 29 days [38]. The stirring process
was performed for several minutes until a uniform whitish coloration of the mixture
appeared as an indicator of the homogenous distribution of the DEX powder in the liquid
silicone. The homogeneity of the mixture and the absence of air bubbles in the mixture
were evaluated by the naked eye. The preparation of the mixture was performed under an
ambient atmosphere.

Micro injection molding (uIM) investigations were performed using a machine of type
formicaPlast (Klockner DESMA Elastomertechnik GmbH, Achim, Germany), modified as
shown previously [29] and featuring an injection piston with a diameter of 3 mm. For pIM,
a 3D-printed mold was inserted in the uIM machine using customized metallic housing
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as shown in Figure 5. Each mold was used only once for uIM. The pIM process was
performed at a mold temperature of 160 °C and an injection flow rate of 4.2 mm?/s. The
mold temperature of 160 °C was necessary for the heat-driven curing process of the used
silicone elastomer. The shot weight (inclusive sprue) was 8.2 mm3. No extra holding
pressure was applied. After injection of the prepared mixture of the silicone elastomer DEX
mixture, there was a crosslinking time of 120 s.

Figure 5. Micro injection molding (1IM) machine equipped with an exemplary 3D-printed mold (see
white circle). A metallic holder keeps the mold in position.

2.4. Drug Release

Drug release was investigated via high-performance liquid chromatography (HPLC).
For that purpose, the masses of the GP-RNI (n = 3) were determined on a Kern 770 mi-
crobalance (KERN & Sohn, Balingen, Germany), as shown in Table 1.

Table 1. Masses of the GP-RNIs prior to the drug release testing, resulting in a mean + standard
deviation of 0.86 &= 0.04 mg.

Sample of GP-RNIs Mass in Mg
1 0.92
2 0.83
3 0.83

The GP-RNIs were placed in 4 mL glass vials and stored at 37 °C in 2 mL isotonic
saline (B.Braun, Melsungen, Germany) on a lab shaker (Heidolph, Schwabach, Germany)
at 100 rpm. For sampling, the medium was exchanged completely after defined time
periods of 0.25; 0.75; 1.5; 3; 6; 13; 24; 29; 101; 197 and 317 h and then every 7 days for an ad-
ditional 6 weeks. The medium was subsequently mixed 1:1 (v:v) with methanol (Carl Roth,
Karlsruhe, Germany) and distilled water (Ultrapure water system (Sartorius, Gottingen,
Germany)) prior to the HPLC measurements. Quantification of DEX was performed on a
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HPLC system (Knauer Wissenschaftlicher Gerdtebau Dr. Ing. Herbert Knauer GmbH,
Berlin, Germany) equipped with a Chromolith FastGrad RP-18e 50-2 column (Merck
KGaA, Darmstadt, Germany). Methanol/Water 1:1 was used as the mobile phase in an
isocratic chromatographic method at a flow rate of 0.8 mL/min. Detection occurred with
a UV-Detector at the wavelength A = 254 nm [39]. For calibration, DEX standards with
concentrations of 0.1, 0.5, 1.0, 2.0, 5.0, 10 and 50 ng/mL were used.

2.5. Biocompatibility

For in vitro biocompatibility and bioefficacy (see Section 2.6.) studies, eluates were
generated by incubating RNIs in 24-well plates (Nunc, Thermo Fisher Scientific, Waltham,
MA, USA) with 500 pL saline (600 uL NaCl 0.9%, B. Braun, Melsungen, Germany) per well
in an incubator (CB150; Binder, Tiibingen, Germany; 37 °C, 5% CO,, 95% humidity) for 1, 3,
7,10, 14, 21 and 28 days. On the day of collecting the supernatant, all of the supernatants in
each well was taken out and separated into two Eppendorf tubes, one for a biocompatibility
test and the second for a bioefficacy test. The wells were refilled with fresh 500 pL saline
and the sample was further incubated until the next sampling time point was reached. The
supernatants were stored at —20 °C before processing. All experiments were performed in
triplicate and repeated three times.

A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (PanReac
AppliChem, Darmstadt, Germany) was performed to investigate the biocompatibility
of the supernatant as previously described [16]. NIH/3T3 fibroblasts (mouse, ATCC-
Number: CRL-1658, German Collection of Microorganisms and Cell Cultures GmbH,
Braunschweig, Germany; passage 3 to 10) were seeded in Dulbecco’s modified Eagle’s
medium (DMEM, Bio and Sell GmbH, Feucht, Germany) with 10% fetal calf serum (FCS, Bio
and Sell GmbH, Feucht, Germany), penicillin and streptomycin (100 units/mL each) in a
humidified atmosphere (5% CO,/95% air, 37 °C) as shown before [16]. To perform the MTT
assay, the fibroblasts were seeded in 96-well plates at a concentration of 1.5 X 10* cells/mL
with 100 uL fresh culture medium. After an incubation time of 24 h, the culture medium
was replaced by a fresh culture medium and culture supernatant of GP-RNI samples at
a 1:1 ratio. Cells treated with 0.1% DMSO were used as a positive control (PC) for a toxic
effect on the cells. The negative control cells (blank) were cultured in a pure complemented
medium for regular cell proliferation (50 puL 0.9% NaCl + 50 puL cell culture medium). For
validation that the experiments were performed successfully, the PC and blank conditions
ran in parallel with every single experiment. All experiments were performed in duplicate
and repeated three times.

After 24 h, the medium was removed, replaced by 50 pL 0.5 mg/mL MTT reagent, and
incubated for two hours in a humidified atmosphere (5% CO, /95% air, 37 °C). Subsequently,
the MTT reagent medium was removed and replaced by 100 uL. MTT solution (isopropanol)
per well. To dissolve the formazan produced by MTT reduction, the MTT reagent medium
was incubated for five minutes on a rotary shaker at room temperature of 21 °C. The
optical density (OD) was determined at a wavelength of 570 nm utilizing a microplate
reader (Gen5 2.06.Ink, BioTek Synergy™ H1HyBrid Reader, Santa Clara, CA, USA). The
measurement of empty wells without cells was performed for a correction of the OD. The
relative cell viability was calculated in percentage terms by dividing the empty-subtracted
OD of the test groups by the empty-subtracted OD of the blank and multiplying the result
by 100. Cell viability below 70% was judged as being cytotoxic, which is in accordance with
ISO guideline 10993-5:2009 for the biological evaluation of medical devices. The normal
distribution of data was checked (Kolmogorov-Smirnov Test) and an analysis of variance
(ANOVA) and a Dunnett’s Multiple Comparison Test was conducted using GraphPad
Prism® version 8.4.3 (GraphPad Prism Software Inc., La Jolla, CA, USA). Means =+ standard
deviations of the data were reported and the statistical significance was considered at
p-values less than 0.05.
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2.6. Bioefficacy

A TNF-a-reduction test was performed for the investigation of the anti-inflammatory
effect of the pIM-manufactured GP-RNI samples containing 10 wt% DEX as shown be-
fore [40]. It is assumed that the GP-RNI should release DEX into the supernatant (see
Section 2.5. for supernatant sampling), and to be bioeffective, the released DEX should
reduce the TNF-a-production of cells being stressed with lipopolysaccharide (LPS, Sigma-
Aldrich, St. Louis, MO, USA). Experiments were performed in triplicate (n = 3) per plate
(N = 3) for every condition: DC2.4 mouse cells (DCs) (Sigma-Aldrich, St. Louis, MO, USA,
LOT:3093896) were cultured in 48-well plates in RPMI 1640 medium (Sigma-Aldrich, St.
Louis, MO, USA), which was supplemented with non-essential amino acids (1 mmol/L,
Sigma-Aldrich, St Louis, MO, USA) and 10% FCS (Bio & Sell GmbH, Feucht, Germany).
The cells were cultivated for 24 h in an incubator and subsequently divided into negative
control (NC), positive control (PC) and supernatant groups. All cells, except the NC, were
stressed by adding 100 pLL LPS to the medium (0.5 pg/mL). The PC and NC conditions were
conducted in parallel with each single experiment for the validation that each experiment
was performed successfully. The supernatants of the cultured GP-RNIs were added to the
wells and the cells were incubated for an additional 24 h. After 24 h, the supernatant was
collected and ELISA analysis was performed. ELISA kits (Boster Biological Technology,
Pleasanton, CA, USA) were used in accordance with the manufacturer’s instructions. Each
supernatant was applied in dilution and as a replicate to the ELISA plate. The absorbance
of OD was recorded at a wavelength of 450 nm utilizing a MicroPlate Reader (Gen5 2.06.Ink,
BioTekSynergy™ H1HyBrid Reader, Santa Clara, CA, USA).

Because of the non-normal distribution of data (Kolmogorov—Smirnov Test), subse-
quently, each sampling time point was separately tested for relevant differences in TNF
reduction compared to PC using the Mann-Whitney U Test. The Friedman test (p < 0.0001),
followed by Dunn’s Multiple Comparison Test, was run to detect differences between the
dependent variable of the different time points. The data are reported as mean =+ standard
deviation. Statistical significance was considered at p-values less than 0.05.

3. Results and Discussion
3.1. Rapid Tooling of Molds via Digital Light Processing

Figure 6 shows both parts of a DLP 3D-printed mold after 3D printing but before
finishing the parts by milling off the remnants of the supporting structure (Figure 6A,B,
marked via white arrows). The upper half of the mold (Figure 6A) features the geometry
of the upper half of the GP-RNI and the sprue. The sprue is a relatively large channel
through which the liquid polymer material enters the mold. Furthermore, the lower half
of the mold (Figure 6B) features the geometry of the GP-RNI and the form of the handle
structure of the GP-RNIL The handle structure is used as a runner structure for the transport
of liquid polymer inside the mold. Moreover, the lower half of the mold features a “cold
slug” structure for the uIM process. The forms of the halves of the GP-RNI are of high
precision because of the high resolution of the utilized DLP 3D printing process featuring a
relatively low z-layer height of 10 um per layer (Figure 6C,D).

3.2. Micro Injection Molding of Implant Prototypes

Figure 7 shows the finished and assembled 3D-printed halves of the mold. The parts
fit closely. There is minimal clearance between the upper and lower halves before they are
used for the uIM injection molding process (see Figure 7A). The edges of the parts are flush
with each other. After the uIM process (single use, Figure 7B), the clearance between the
upper and the lower halves is decreased. The upper half of the mold shows a crack as a
sign of wear.
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Figure 6. Photographs of DLP 3D-printed mold after 3D printing (but before finishing). The mold
consists of two parts. (A) shows the upper half of mold featuring the form of the upper half of the
GP-RNI (1) and the sprue (2). (B) shows the lower half of the mold featuring the form of the lower
half of the GP-RNI (3) and the form of the handle structure of the GP-RNI (4). The mold is designed to
use the handle structure as a runner structure for liquid uIM material during uIM process. Moreover,
there is the “cold slug” structure (5) for uIM process. Remnants of the supporting structure are
marked via white arrows. (C,D) show the forms of the GP-RNI in more detail. The small structures
are 3D printed with a high grade of precision because a high-resolution DLP 3D printing process
featuring a relatively low z-layer height of 10 um per layer was used.

Figure 7. (A) Photograph of an assembled mold (made of upper and lower halves) before uIM
process. Both parts of the mold fit well together. The edges of both halves are flush with each other.
(B) A mold after pIM process. The upper half is cracked.
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Figure 8 shows a separated mold after a finished puIM process. The mixture of the
silicone elastomer (MED-4244) and the glucocorticoid DEX (10 wt%) was successfully in-
jected and cured. Despite the decreased clearance between the parts (compare Figure 7A,B),
the two halves were not significantly merged and the separation of the halves was easy.
However, there are significant signs of wear all over the surface of both parts of the mold.
Nevertheless, the separation of the GP-RNI from the mold worked well and did not cause
any damage to the pIM implant.

Figure 8. Photograph of a separated mold after the finished puIM process. The uIM material, a
mixture of a medical-grade silicone elastomer (MED-4244, NuSil Technology) and DEX (10 wt%), was
successfully injected and cured. It was separated from one part of the mold without any damage to
the GP-RNI. There are significant signs of wear all over the surface of both parts of the mold.

Low thermal conductivity, low heat resistance and, consequently, low durability and
high cycle times are known limitations of molds manufactured from available photopoly-
meric resins [32,34]. In this study, the combination of thermal and mechanical stress during
the pIM process is most likely the reason for the wear of the DLP 3D-printed molds, as
these are significant factors [32]. The glass transition temperature (Tg) of the photopolymer
PlasGRAY V2, which was used for DLP 3D printing of the molds, is Tg = 84 °C [37]. The
mold temperature during the performed pIM process was Tp,o1q = 160 °C. When the mold
temperature is similar to T, the polymer material may become brittle and prone to fail-
ure [32]. Zink et al. recommend keeping the mold temperature below the glass transition
temperature of the mold material [41]. Following Zink et al., the parameter of the mold
temperature significantly affects the applicability of 3D-printed polymeric molds. The mold
material’s mechanical properties are impaired as a function of temperature, especially when
using temperatures above Tg. In another study by Martinho et al., the authors recommend
keeping the mold temperature below 15 °C above Tg of the 3D-printed photopolymer
resin [42]. In our study, we used a relatively high T;,,1q = 160 °C for a mold material with
a Tg = 84 °C. The manufactured GP-RNIs were of proper quality. However, the molds
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showed significant wear because of thermal stress. Because of that, we used a single mold
only once for our puIM process.

Due to economical manufacturing criteria, 3D-printed polymer molds can be well
suited for low- and medium-volume injection molding production [32]. Commonly, for a
medical implant, it is desirable to meet a patient’s individual needs. Implants such as the
described RNI benefit from high customization. Low durability of the molds and relatively
high cycle times of an injection molding process might be acceptable. As a result, the
described rapid tooling process chain based on 3D-printed molds and pIM has proven
to be a promising manufacturing technique for the production of highly individualized
single parts. Furthermore, there are promising strategies to overcome the limitations of
heat transport and heat resistance, such as composite materials [32] and innovative cooling
channels in the 3D-printed molds [41,43]. Even relatively simple methods such as tight-
fitting metal mold holders can help to deal with low heat resistance of 3D-printed molds,
as we showed in [44].

Figure 9A shows the top view and Figure 9B shows the bottom view of two GP-RNI.
The implants are homogeneously colored and show no failures such as burns, black spots,
short shots or deformations. There are a few flash failures around the contour of the
implant, where the mold halves met (Figure 9C). Moreover, the implant’s surface shows
stair casing (Figure 9C) because the built resolution of the implant is limited to the DLP
3D-printing resolution of z = 10 um per layer, which was used for mold manufacturing.
Nevertheless, a layer height of z = 10 um is a relatively low value compared to other
methods, especially non-photopolymerzing 3D-printing methods [34]. Consequently, the
utilized DLP technique allows pIM of implants with a relatively high resolution. An
alternative photopolymerizing 3D-printing technique that enables a higher resolution
and a lower staircase effect could be two-photon polymerization (2PP) [21]. However,
in comparison to DLP, the use of 2PP would most likely lead to significantly higher 3D
printing times. With our current state of knowledge, it is not clear which resolution is
needed for therapeutically effective RNIs. In [45], we reported good fitting accuracy of
prototypes of human RNIs with a z = 100 um per layer, which were implanted in human
cadaver RWN. We further found that a higher resolution, respectively a lower z-value per
layer, leads to increased contour accuracy. The highest possible contour accuracy might be
desirable. Increased contour accuracy most likely may lead to a better interface between
the implant and the RWM. Consequently, a more effective drug transport into the inner
ear by drug diffusion through the RWN might be achieved. Further investigations are
needed at this point. At this point, the xy resolution of 32 um and the z resolution of
z =10 um (layer height) used here enable 3D printing of a relatively high resolution and a
high contour accuracy.

We used the silicone elastomer MED-4244 since it is a soft and stretchable material [38].
Materials with such mechanical behavior are favorable for RNIs because of the beneficial
tactile feedback and handling during implantation while also minimizing the likelihood of
traumatizing sensitive structures such as the RWM during insertion [45]. Moreover, there
is high potential to adapt our rapid tooling-based pIM manufacturing process to other
medical-grade materials and biodegradable materials, as such materials are established for
IM processes [26,27].

3.3. Drug Release

The release of DEX from the GP-RNI shows a two-phase progression with a burst
release at the beginning, followed by a slower release (Figure 10A,B). The burst release
occurred within the first 13 h (Figure 10C,D), during which a relatively large amount of DEX
(about 0.7 pg in total) is released. The release of DEX from the GP-RNIs showed a diffusion-
controlled mechanism, behaving like a matrix system [46,47]. As diffusion is dependent on
the concentration gradient between the drug-releasing implant and the release medium, a
faster diffusion results with a higher concentration gradient. The gradient remains maximal
at the beginning of the release. A slower release phase follows with a linear slope. A

25



Pharmaceutics 2023, 15, 1584

release rate of about 1 pg/week is observed from the second week onwards. At the time of
evaluation, this phase had not yet ended. After 6 weeks, about 10% of the DEX (8.2 £ 0.6
ug) had been released.

R

Figure 9. Photographs of two GP-RNI implants with handle structure manufactured via uIM under
the usage of rapid tooling with high-resolution DLP 3D printing. (A) shows the top view and
(B) shows the bottom view of the implant. The implants are manufactured from a medical-grade
silicone elastomer (MED-4244) and are drug-loaded with the glucocorticoid DEX (10 wt%). The
implants show no signs of burns, black spots, short shots or deformations. (C) marks a few flash
failures around the implant contour where the mold halves met. Moreover, the implants show stair
casing, as its resolution is limited to the DLP 3D printing z resolution of 10 um/layer, which was
used for mold manufacturing.

The drug release behavior found is promising, as the GP-RNI allows prolonged
drug release over several weeks to months. Such long-release behavior can be beneficial
compared to inner ear therapy methods [4]. Nevertheless, the drug release from GP-RNIs
has to be tested in a more realistic scenario in vivo. By intratympanic application, the drug
has to pass the RWM. This affects the drug concentration reached in the inner ear [48].
Further research on diffusion-based drug transport from the implant through the RWM
is needed. Moreover, further research is needed to investigate whether the amount of
DEX released is sufficient to achieve a positive therapeutic effect. It has been found in the
literature that even relatively low DEX concentrations of 0.00118 mg/mL are effective [49].
However, the findings in the literature on therapeutic effective drug concentrations in
cochlear pharmacotherapy are not consistent, and individual experimental parameters
make it difficult to compare results [16]. In addition, the DEX concentrations must be
chosen depending on the DEX formulation, as there may be significant differences in
cytotoxicity [16].

The thermal stress from our puIM process might increase the risk of the degradation of
the drug load in the processed material [48,50]. In our process, we used a mold temperature
of Tpolg = 160 °C and a crosslinking time of t = 2 min. These parameters should not
lead to significant degradation of the drug load in the processed pIM material as DEX
has a melting temperature of T = 262.4 °C. There is a rapid decomposition at higher
temperatures [51], but process temperatures below are considered to be suitable. Farto-
Vaamonde et al. successfully processed a DEX-loaded filament via extrusion-based 3D
printing at extrusion temperatures of T = 220 °C [51]. In the work of Li et al., DEX was
exposed to a temperature of T = 185 °C for a period of 5 min during hot melt extrusion,
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but the authors reported no significant drug degradation [52]. However, as Farto et al.
recommend in [51], unnecessarily long heating periods at relatively high temperatures
should be avoided as much as possible to prevent stability problems with the drug.
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Figure 10. Diagrams show (A) cumulative drug release of DEX absolute amount of DEX for about
6 weeks, (B) relative DEX release for about 6 weeks, (C) enlarged representation of the complete
release over the first 15 h, (D) enlarged representation of the relative release over the first 15 h;
Diagrams (B,D) were normalized according to the calculated amount of DEX 10 % of the RNI-mass.
Drug release testing continues.

Further glucocorticoids, such as prednisone or hydrocortisone (cortisol), offer ther-
apeutic potential for inner ear therapy [53] and are promising for inclusion in further
investigations. Prednisone melts and degrades at temperatures of 230-235 °C [54]. For
hydrocortisone, the start of thermal degradation was found at a temperature of 225 °C [55].
Therefore, both of these drugs could be suitable for our process. The risk of drug degra-
dation due to thermal stress should be taken into account, especially when using further,
thermal sensitive components. For example, proteins such as the growth factors brain-
derived neurotrophic factor (BDNF) and insulinlike growth factor 1 (IGF1) have been
identified as potentially protective for hearing [56]. They might be promising for long-term
inner ear therapy. However, our process is not suitable for the processing of proteins, as
they can denature at temperatures far below T =160 °C.

3.4. Biocompatibility and Bioefficacy

The results of in vitro biocompatibility (cell viability) and bioefficacy (TNF-x-reduction
test) investigations are shown in Figure 11. Compared to the blank (100%), the cell viabil-
ity of the PC, including the cytotoxic agent DMSO, was significantly reduced (12 & 9%;
p <0.001), proving the successful experimental setup. The cell viability of all GP-RNI-
supernatant samples (mean =+ SD; day 1: 114 & 19%; day 3: 80 & 13%; day 7: 94 £ 16%;
day 10: 85 %= 22%; day 14: 99 &= 9%; day 21: 102 &= 9%; day 28: 104 & 13%) did not differ sig-
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cell viability in %

nificantly from that of the blank (Figure 11A). The lowest cell viability was 80.44 £ 13.30%.
It was found when the supernatant of sampling day 3 was applied. It is still clearly above

the 70% of the blank, which is the mark for indicating cytotoxic potential.
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Figure 11. (A) Comparison of cell viability (CV in %) of fibroblasts treated with the supernatant of
cultured GP-RNI sampled after various incubation times. The mean survival in blank is set as 100%

(green line). PC illustrates the cytotoxicity of DMSO and the successful performance of the assay. The
dotted line at 70% CV marks the toxicity level, based on the ISO guideline for biocompatibility testing
of medical devices (ISO 10993-5:2009—8.5.1). The means of all data per time point were all in the
safe range above 70% and statistical analysis did not report significant differences compared to the

blank. Data are given as mean =+ standard deviation with single experimental results included as dots
(N = 3; n = 3); ns = not significant. (B) TNF-oc amounts measured by ELISA in the supernatants of
dendritic cells (DCs). TNF-« production is induced by the addition of 0.5 pg/mL LPS to the culture
medium. This results in a high release of TNF-« in the PC when compared with the basic TNF-«
level of unstressed cells in the NC. All tested RNI-eluates reduced the TNF-& amount in culture. Data
are given as mean =+ standard deviation and detected significances are marked with ** (p < 0.01) and

% (p < 0.001).

Cells without stress (NC) showed a very low basic level of TNF-x-production
(11.58 £ 10.44 pg/mL), while this level significantly increased when LPS was added (PC,
776.2 £ 106 pg/mL). Compared to the PC, all tested supernatant reduced the TNF-«
amount in the DC-cell-LPS-stress test significantly (Figure 11B). This anti-inflammatory
effect was highest on the 10th day (188.2 £ 136.5 pg/mL) and lowest on the third day
(318.9 + 186.3 pg/mL). During the sampling period, the anti-inflammatory effect of the elu-
ate varied. Data and results of statistical analyses are shown in the Appendix A (Table Al).

Our results show neither the usage of photopolymeric molds for pIM nor the drug
load of DEX affect the biocompatibility of the used RNI material silicone elastomer MED-
4244 critically. The exact amount of DEX released in the supernatant, which was used for
biocompatibility investigations, is unknown at this point. Toxic effects of DEX are reported
in the literature even for relatively low concentrations of 3 uM (0.00118 mg/mL, DEX:
392.46 g/mol) [49]. The authors report the start of toxic effects on outer hair cells by that
drug concentration in vitro. However, as we reported previously [16], the findings in the
literature concerning critical drug concentrations in cochlear pharmacotherapy are not
consistent, or widespread, and are hard to compare as different individual experimental
parameters must be considered. With an MTT assay, as we used here in this work, we found
no significant toxic effects for DEX concentrations up to 2000 uM (0.784 mg/mL) [16]. With
regard to the slow drug release behavior of the tested GP-RNI samples in isotonic saline,
the DEX concentration in the supernatant should be far below 2000 pM. This supports
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our findings that the GP-RNIs containing DEX and that are made from 3D-printed molds
are biocompatible.

We found significant anti-inflammatory effects during the whole 28-day course of the
investigation. The anti-inflammatory effects of DEX are well known, and there are further
potentials in terms of the protection of CI patients from hearing loss, fibrotic CI encapsula-
tion and spiral ganglion degeneration [16]. In the literature, effective concentrations for
DEX are found from 0.00118 mg/mL [49] to 24 mg/mL [57]. However, because of a wide
variety of experimental parameters and treatment protocols, findings from the literature
are hard to compare and there is a large variability between concentrations being toxic
in vivo and those having a beneficial effect [16]. Further in vivo investigations need to
show what DEX concentrations are needed in RNIs to receive specific therapeutic effects
for inner ear therapy. Many studies highlight the therapeutic potentials of DEX for inner
ear diseases, such as [15,58,59]. In addition to pure DEX, as we used here, there are other
drug formulations, such as dexamethasone dihydrogen phosphate disodium (DPS). In
a previous study, we found a slight tendency for DPS to be more effective in reducing
TNF-a-production than other DEX formulations [16]. Moreover, other glucocorticoids,
such as prednisone and hydrocortisone (cortisol), are promising for further investigations
because they hold therapeutic potential for inner ear therapy [53].

4. Conclusions

We presented the high-precision manufacturing and analysis of drug-loaded implants
for controlled drug delivery in the inner ear. In this study, mean guinea pig round window
niche implants (GP-RNIs) were manufactured via micro injection molding (uIM) using
molds manufactured via rapid tooling using a DLP 3D-printing process. A commercially
available photopolymer resin was successfully used as the mold material. This photopoly-
mer resin was primarily designed for highly detailed parts for dental, jewelry, and design.
There was no need for reinforcing filler materials to improve material properties such as
heat resistance. The 3D-printed molds were suitable for single use in our puIM process,
which enables the individual manufacturing of highly patient-personalized implants.

A medical-grade silicone elastomer was drug-loaded with the glucocorticoid DEX
(10 wt%) and successfully used for uIM of the implants. The pIM-manufactured implants
showed high biocompatibility over a 28-day period. Moreover, we found anti-inflammatory
effects over a 28-day period in a TNF-a-reduction test, which indicates high bioefficacy of
the drug load. In vitro drug release investigations showed a burst release of about 0.7 ug
DEX within the first 13 h in isotonic saline. A slower drug release phase follows with a
linear slope. After 6 weeks, about 10% of the drug load of DEX (8.2 & 0.6 nug) had been
released. These results are promising for prolonged drug delivery of an RNI for inner
ear therapy.

Further investigations will focus on in vivo testing of GP-RNIs. Drug transport through
RWM in the inner ear and the therapeutic effect of GP-RNIs especially need to be examined.
Moreover, further research is needed to adapt the presented rapid tooling-based uIM manu-
facturing process to other medical-grade materials, particularly biodegradable materials.
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Appendix A

Table A1. TNF-o concentration per time point of sampling and statistical analysis results. * (p < 0.05),
** (p <0.01), *** (p < 0.001), ns = not significant.

TNF-« in pg/mL (Mean + Standard Deviation)
290 +138 318 + 186 275 + 148 188 + 136 270 + 134 246 + 196 298 + 192

Time point of sampling in days 1 3 7 10 14 21 28

1 - ns ns ook ns ns ns

3 - - ns oo ns * ns

7 - - - wk ns ns ns
10 - - - - * ns %%
14 - - - - - ns ns
21 - - - - - - ns
28 - - - - - - -
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Abstract: Dry eye disease is a multifactorial disorder of the eye and tear film with potential damage to
the ocular surface. Various treatment approaches for this disorder aim to alleviate disease symptoms
and restore the normal ophthalmic environment. The most widely used dosage form is eye drops
of different drugs with 5% bioavailability. The use of contact lenses to deliver drugs increases
bioavailability by up to 50%. Cyclosporin A is a hydrophobic drug loaded onto contact lenses to treat
dry eye disease with significant improvement. The tear is a source of vital biomarkers for various
systemic and ocular disorders. Several biomarkers related to dry eye disease have been identified.
Contact lens sensing technology has become sufficiently advanced to detect specific biomarkers
and predict disease conditions accurately. This review focuses on dry eye disease treatment with
cyclosporin A-loaded contact lenses, contact lens biosensors for ocular biomarkers of dry eye disease,
and the possibility of integrating sensors in therapeutic contact lenses.

Keywords: dry eye; ocular; drug delivery; contact lens; cyclosporin A; biomarkers; biosensors

1. Introduction

Dry eye disease (DED) is an illness of the preocular tear film that occurs due to injury
to the eye surface and is associated with signs of ocular discomfort. It is also known
as keratoconjunctivitis sicca, sicca syndrome, keratitis sicca, dry eye syndrome (DES),
xerophthalmia, dysfunctional tear syndrome, ocular surface disease, or simply dry eyes.

“Sjogren’s syndrome” is a form of DES where the eyes do not produce enough tears [1].

The International Dry Eye Workshop (2007) defined dry eye as a multifactorial disease
of the tear film and ocular surface that results in symptoms of discomfort, visual disturbance,
and tear film instability, with potential damage to the ocular surface. It is associated with
ocular surface inflammation and increased tear film osmolarity [2]. A normal human tear
film comprises water, lipids, mucins, electrolytes, proteins, and vitamins. Along with
goblet cells, the meibomian and lacrimal glands produce tears that maintain a normal
ocular environment by removing debris, lubricating the eye, and protecting the eye from
infection [3]. Recently, it was found that dry eye is an inflammatory disease that shares
many features with autoimmune diseases. The pathogenesis of dry eye may be due to
stress on the ocular surface (infection, environmental factors, endogenous stress, genetic
factors, and antigens) [4,5]. DES is a chronic disease, particularly among older people, but
proper treatment decreases symptoms and, eventually, ocular damage [3].

The prevalence rate is 5-50%, which may be up to 75% in adults over 40 years old,
with women being the most affected [6]. For younger adults aged 18-45 years, only 2.7%
may develop DED [7]. It has an economic impact, ranging from $687 to $1267 annually,
depending on the severity of the disease. DED costs the US economy approximately
$3.8 billion [7,8]. These costs include prescription drugs, over-the-counter products, and
punctual plug placement [9].
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The eye is a complex organ with various anatomical and physiological barriers
(Figure 1). These complex structures make ocular drug delivery challenging for scien-
tists [10]. Available ophthalmic dosage forms include eye drops, ointments, and suspen-
sions. Among these preparations, eye drops hold the major part (>90%) [11]. A healthy
human has a 7-30 uL tear with a 0.5~2.2 uL./min turnover rate. The restoration time of
the tear film is 2-3 min [12]. Thus, approximately 1-5% of the applied drug reaches the
intended tissue. The ineffectiveness of this treatment necessitates repeated application at
higher concentrations, which affects the patient’s normal routine [13]. Numerous innova-
tive drug delivery techniques have been developed to enhance drug residence duration
and cross the cornea, but all have limitations [14,15]. Therefore, a unique drug delivery
method can enhance patient compliance while increasing drug bioavailability and reducing
systemic exposure to improve clinical outcomes [13]. Drug delivery using contact lenses is
an intriguing field of research because of its exclusive features, such as prolonged wear,
simple end of therapy (by removing the contact lens), and greater bioavailability (>50%)
than eye drops, as established by numerous studies [16,17]. Patients” high compliance
may be achieved with drug-loaded contact lenses by excluding multiple drug dosing,
particularly for contact lenses worn mainly for vision improvement [18,19].
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Figure 1. Structure of the eye and different barriers for drug delivery. (A) Tear film barrier.
(B) Corneal barrier. (C) Conjunctival barrier. (D) Blood-aqueous barrier. (E) Blood-retinal barrier
(BRB). Reprinted with permission from reference [12]. Copyright 2017 Elsevier.

As the solitary sensory organ of the human optical system, the human eye contains a
wealth of important chemical, physical, and biological biomarkers related to human health.
Consequently, it has become an important research topic, propelling the rapid development
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of soft electronic systems for eye research [20]. Biosensor-integrated contact lenses can be a
good choice for pliable and wearable therapeutic devices [21]. They have sensing gears
to track eye conditions, such as intraocular pressure (IOP) and tear fluid constitution [22].
The biosensing functionalities of contact lenses have become possible with advancements
in device downsizing for microcircuits, microsensors, and other microscale devices [20].
There are two major groups of sensors for sensing tear fluid: chemical (biomolecules,
metabolites, and electrolytes) and physiological (wrinkling behavior, tear production, IOP,
and temperature) sensors [23,24]. Electrochemical sensing has a higher sensitivity and
temporal resolution than fluorescence-based sensing using colorimetric assays [25,26].
In the case of DED, the tear production rate can be determined colorimetrically using
microfluidic cells with a coloring dye if implanted in contact lenses [27].

This review aimed to (1) evaluate the current treatments for DED, (2) assess the
potential of contact lens-based drug delivery as a new treatment for DED, covering the
features of the current technologies and their pros and cons, (3) describe various biosensor
technologies that can identify pathological eye characteristics, and (4) provide a future
perspective of biosensor-fused contact lens-based drug delivery.

2. Treatments of Dry Eye Disease

As DED is a chronic disease, the treatment may take a long time to get a positive result,
which can be achieved in different ways (Table 1). The treatment involves a hierarchy
approach according to disease severity and information related to (subclinical) inflam-
mation of the ocular surface, meibomian gland dysfunction, and/or associated systemic
disease [28]. Cigarette smoking, air conditioning, and dry heating air increase the risk of
DED, which must be avoided [5]. Currently, many drugs for DED treatments are in clinical
trials (Table 2).

Table 1. Dry eye disease treatments.

Medication Description Mechanism of Action References
Polyvinyl alcohol, povidone, hydroxypropyl Increase tear film stability. Reduce ocular
Artificial tears guar, cellulose derivatives, and surface stress. Improve contrast sensitivity [28-33]
hyaluronic acid and the optical quality of the surface.
Topical Unpreserved Cortlc.oster01d eyedrops, Corticosteroids act by the induction of
) . instilled over a period of 2 to 4 weeks, . s Lo .
corticosteroids improve the svmptoms and clinical siens of phospholipase A2 inhibitory proteins and [34-36]
(loteprednol 0.5%) P ymp 21815 inhibiting the release of arachidonic acid.
moderate to severe dry eye disease.
Topical application of CsA leads to increased ~ CsA is an immunosuppressant that inhibits
production of tear fluid, possibly via local the calcineurin—phosphatase pathway by
Cyclosporin A release of parasympathetic neuro complex formation with cyclophilin, and [37-41]
(CsA) transmitters. CsA eyedrops 0.05% (Restasis) thus reduces the transcription of
were approved for the topical treatment of T-cell-activating cytokines such as
dry eye by the FDA in 2002. interleukin-2 (IL-2).
Tacrolimus/ Appear to be as effective as CsA and are Inhlbl.tlo.n of ! nterleukin-2 gene t1“anscr1pt10n,
. . . . nitric oxide synthase activation, cell [5]
pimecrolimus used in patients who cannot tolerate CsA . .
degranulation, and apoptosis.
They reduce the synthesis and activity of
Tetracvelines Bacteriostatic antibiotics with matrix metalloproteinases, the production of [5,42,43]
y anti-inflammatory effect. interleukin-1 (IL-1) and tumor necrosis factor, T
collagenase activity, and B-cell activation.
Azr’chromycm ! ./0 has. been successfglly used Inhibition of bacterial protein biosynthesis by
to improve meibomian gland function and . . .
svmptoms. a reduction in bacterial preventing peptidyltransferase from adding
Macrolides yoip ! the growing peptide attached to tRNA to the [44-46]

colonization of the eyelid margins, and
normalization of the meibomian gland
secretion lipid profile.

next amino acid and also inhibiting bacterial
ribosomal translation.
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Table 1. Cont.

Medication Description Mechanism of Action References
o . Omega-3 and omega-6 are essential fatty Qmega-3 fatty aqu wor.k by block1ng
mega fatty acids . . pro-inflammatory eicosanoids and reducing [47]
acids for ocular surface homeostasis. . .. .
cytokines through anti-inflammatory activity.
Hot compresses, eyelid warming masks or goggles, infrared heaters, and eyelid massage
Eyelid hygiene improve eyelid margin morphology with a reduction in blocked meibomian gland excretory [48-51]
ducts, and an increase in tear film stability and lipid layer thickness of the tear film.
Punctal plugs Temporary occlus'ion.of thg tear dgcts by small collagen (?r.silicone plugs' (punctal plugs) is 36,52,53]
effective in patients with severe aqueous-deficient dry eye disease.
The U.S. Food and Drug Administration
approved Xiidra (lifitegrast ophthalmic
solution) for the treatment of signs and Lifi blocks the i . £ cell
symptoms of dry eye disease, on Monday, Hitegrast oS the mtera.dlon o
11 July 2016. Xiidra is the first medication in surface proteins LFA-1 and intercellular
Lifitegrast (Xidra) ) adhesion molecule-1 (ICAM-1), and is [54,55]
a new class of drugs, called lymphocyte believed to inhibit T-cell- .
. . . elieved to inhibit T-cell-mediated
function-associated antigen 1 (LFA-1) inflammation in DED
antagonist, approved by the FDA for dry eye ’
disease. Xiidra is manufactured by Shire US
Inc., of Lexington, Massachusetts.
Vitamin A is an essential nutrient present
naturally in tear film of healthy eyes.
Vitamin A plays an important role in
Vitamin A production of the mucin layer, the most Vitamin A drops protect the eyes from free [1,28,56]
innermost lubricating layer of tear film thatis radicals, toxins, allergens, and inflammation. e
crucial for a healthy tear film. Vitamin A
deficiency leads to loss of mucin layer and
goblet cell atrophy.
Vitamin E is a fat-soluble antioxidant that prevents the oxidation of fatty acids by reactive
Vitamin E oxygen species. The retina is a lipid-rich environment and is bombarded by ultraviolet [57,58]
radiation. In cell culture, vitamin E has been found to enhance the antioxidant ability of lutein !
to protect retinal pigment epithelial cells from acrolein-induced oxidation.
Table 2. Clinical trials of DED drugs [59]. Copyright 2022 Elsevier.
Functions Drug Stage
. . Lacritin Phase II
A mucin-like glycoprotein Lubricin Phase II
Loteprednol etabonate 0.25% suspension FDA-approved
0OCS-0, Phase 11
A higher concentration of Cyclosporine Phase III
Anti-inflammatory and/or immunosuppressive Tacrolimus (0.03%) eye drops Phase IV
Rapamycin (sirolimus) Phase I
EBI-005 Phase III
Resolvin E1 analogues Phase II
Albumin 5% Phase II
Estradiol Phase II
. . N-acetylcysteine Phase II
Biological components Thymosin b4 Phase 1T
Amniotic membrane extract eye drops Phase I/11
Mesenchymal stem cells Phase I/11
Tavilermide (MIM-D3, 1% or 5%) Phase II
Mucin secretagogues Ecabet sodium Phase III
Mycophenolate mofetil Phase II
15(s)-HETE or Icomucret Phase ITI /1T
, Visomitin (SkQ1) Phase I1/111
Other’s products Tivanisiran (SYL1001) Phase III
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2.1. Weakness of Existing Treatments

The available dosage forms for DED are primarily eye drops or emulsions. After
application, they tend to rapidly enter the nasolacrimal duct with a low turnover rate and
short restoration time. The drug is then eliminated through lymphatic flow and conjunctival
blood. As a result, only 1-5% of the drug administered is available for absorption by the
target tissue. The bioavailability of lipophilic and hydrophilic drugs in eye drops is less
than 5% and 0.5%, respectively. Frequent dosing with highly concentrated drugs [60] is
required to overcome this limitation. This may be responsible for poor patient compliance,
especially for chronic ocular disease, such as DES [10,61]. The fraction of the delivered
drug that enters the systemic circulation escapes first-pass metabolism and enters all major
organs, with potential side effects [60].

For 18.2-80% of patients, there is a chance of microbial contamination when adminis-
tering eye drops due to contact between their face, eyes, or hands and the dispensing tip of
the eye drop container. The delivery of the same number of drops is not always possible,
and approximately 11.3-60.6% of patients fail to do this. Moreover, the amount of drug
expelled from the eye drop bottle is not constant and depends on the force applied on
the bottle surface, which may lead to dose variations [10,62]. Therefore, it is not possible
to deliver the correct amount of drug irrespective of careful handling of conventional
eye drops, and that might fail to gain patients’ satisfaction and may lead to poor clinical
outcomes [10,63].

2.2. Contact Lenses as an Alternative DED Treatment

An innovative dosage form is required to overcome the existing limitations of DED
treatment. In this regard, contact lenses are a suitable candidate. Contact lenses have
undergone numerous advancements and modifications (Figure 2).

1971
1887 Soft contact lens s .2002
. approved by FDA First silicone-hydrogel
First g::;s ::l"")m“ lens p—— (Bausch & Lomb) contact lens
Muller, ;
1987  (Bausch & Lomb)
1508 First soft contactlens 472 [neroduction of
Concept of contact lens m'fk of PO')""':N'\ gas permeable
(da Vinci) (Wichterle and Lim) contact lens

(]
| — |

% % 20
) “ ” el o S
s ‘Hard” contact lens d); d): Smart contact lens
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Figure 2. The milestones of contact lens development. Reprinted with permission from reference [24].
Copyright 2021 John Wiley and Sons.

Contact lenses, which are thin, curved, plastic lenses, are worn to protect the eye
or correct vision. In 1965, Sedlacek first introduced contact lenses as vehicles for ocular
drug delivery. Hydrogels and silicone hydrogels are suitable materials for drug-laden
contact lenses. 2-hydroxyethyl methacrylate (HEMA) is polymerized to obtain hydrogel
contact lenses with low oxygen permeability [64]. The introduction of various hydrophilic
monomers amplifies the water content and subsequent oxygen permeation. HEMA-based
contact lenses can be worn for less than 6 days [65]. However, silicone hydrogel lenses can
be worn for 29 days and have high oxygen permeability [66,67]. Compared with eye drops,
contact lenses extend the residence time of drugs in the eye from 2 min to 30 min, resulting
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(a)

(b)

(c)

@@@
®

in improved drug bioavailability in the cornea [68]. Potential side effects are also reduced
as drug exposure in the systemic circulation is minimized [69].

Therapeutic or drug-eluting contact lenses can be excellent substitutes for treating eye
diseases. With increased residence time of the drug in front of the cornea, the bioavailability
of the drug also increases up to approximately 50%, which in turn can increase drug efficacy
and abate systemic side effects [70,71]. This platform may increase the patient’s compliance
with single drug administrations, especially for vision correction patients who wear contact
lenses [10,18]. Millions of people suffer from different types of ocular diseases. There are
three purposes for developing a therapeutic contact lens to provide the loaded drug for
slow and longer release periods. First, a “comfortable lens” ensures longer wearing of
contact lenses for dry eyes. Second, “patients” compliance” by providing an easier way
to maintain treatment effectiveness. Third, “bandage lenses” for managing postoperative
complications, corneal wound healing, and viral corneal erosion. Anti-inflammatory or
antimicrobial drugs may be incorporated into the lens, which releases the drug throughout
the treatment period (1-30 days) [11]. Contact lens-based delivery of drugs for the treatment
of DED are listed in Table 3.

The first technique for drug loading to the contact lens was soaking the contact lens
in the drug solution, but within 1-3 h, almost all the loaded drug was released. Several
procedures have been introduced to design drug-loaded contact lenses (Figure 3), including
the diffusion of vitamin E barriers, molecular imprinting, prolonged drug release by ionic
interactions, drug-loaded implants, colloidal micro-and nanoparticles with drugs, and
supercritical fluid technology, to avoid this limitation [17].

polymerization

Drug loaded-PLGA nanoparticles PLGA nanoparticle-laden contact lens
in pre-monomer mixture

®  drug
O PLGA nanoparticles
olymerization
|py::> e"\/\ surfactant
1;'3 micelle
Drug and surfactant in Micelle-laden contact lens t{;
pre-monomer mixture o Vitamin E disc-

like aggregate

Soaking in vitamin E
+ drug + ethanol
> . L]

Commercial contact lens Vitamin E-laden contact lens

Figure 3. Hydrophobic drug controlled release techniques from soft contact lenses. (a) Nanoparticles
loaded contact lenses. (b) Contact lenses with micelles. (c) Vitamin E fused contact lenses. Reprinted
with permission from reference [72]. Copyright 2020 Elsevier.

2.3. Contact Lens-Based Drug Delivery for DED

Dry eye treatment aims to relieve symptoms, restore the ocular surface and tear film,
enhance visual perception and quality of life, and correct causal defects. As dry eye disease
is multifactorial, several therapies have been suggested for its management, including drug
delivery through contact lenses. Cyclosporin A (CsA) can be loaded into the contact lens
for DED treatment.
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Table 3. DED treatment with contact lens drug delivery systems.

Drug Molecules Contact Lens Type Drug Loading Method Duration References
1 day (hydrogel) 15 days
- (silicone hydrogel).
Cyclosporine A Hydrogegiroldesllhcone Soaking Pre-soaking with vit. E [73]
yarog increases time release to
N 30 days
Hyaluronic acid HydroEflldz;ggesllhcone Soaking 1h [74]
Phospholipids Silicone hydrogel Soaking 10h [75]
Dexamethasone Silicone hydrogel Soaking 2 weeks—3 months [76]
Dexamethasone Silicone hydrogel Soaking 7 days [77,78]
Hydrogel and silicone .
ApsA (Secretagoge) y ]%y drogel Soaking 5-6h [41,79]
Betai - .
(Osmoe f(ileec tant) Silicone hydrogel Soaking 10h [41,80]
Polyvinilpyrrolidone Hydrogel. . Polymerization 30 days [81]
Hyaluronic acid Hydrolgrglel and silicone Polymerization 21 days (hydrogel), 49 days 82]
ydrogel (silicone hydrogel)
Polyvinilpyrrolidone Hydrogel Polymerization 30 days [81]
Diclofenac Hydrogel Copolymerization 7 days [83]
Dexamethasone Hydrogel Copolymerization 50 h [84]
Diclofenac Hydrogel Copolymerization 14 days [85]
. Nanoparticles (Brij
Cyclosporine A Hydrogel surfactants) 20-30 days [86-88]
Dexamethasone Hydrogel Nanoparticles /soaking 50 h [89]
EZS{;{; }é}ﬁfﬁg Zel Silicone hydrf)t.c;el Molecular imprinting 60 days [90]
Hyaluronic acid Hydro%;l(ﬁgcgiesllllcone Molecular imprinting 24 h [91]
Diclofenac Hydrogel Molecular imprinting 6 days [79]

2.3.1. Advantages of CsA

The underlying pathogenesis of DED lies in the infiltration of T-cells in the conjunctiva
tissue, as well as the presence of proteases and cytokines in the tear fluid, which was the
primary reason for presenting the use of immunomodulatory agents, such as corticosteroids,
doxycycline, and CsA, and to treat DED. The FDA has authorized CsA emulsion for the
treatment of dry eye, and clinical trials have confirmed CsA’s effectiveness and safety. CsA
appears to be a viable therapy for DED [92].

Tolypocladium inflatum is a CsA-producing fungus [93]. The natural product CsA is
an immunosuppressant drug, and its immunosuppressive activity was first observed in
1976 [94,95]. It works by inhibiting the calcineurin-phosphatase pathway via complex
formation with cyclophilin and thus reduces the transcription of T cell-activating cytokines,
such as interleukin-2 (IL-2) and IL-4. It was the first drug approved by the US FDA for
DED by topical application [37]. Additionally, CsA reduces the expression of proinflamma-
tory chemokines and cytokines, such as IL-1§3, IL-6, tumor necrosis factor-alpha (TNF-«),
vascular cell adhesion molecule 1, and intercellular adhesion molecule 1, in benzalkonium
chloride-mediated DED [96,97]. It also shelters the conjunctival epithelial cells of humans
through anti-apoptotic activity, increases the density of conjunctival goblet cells, and im-
proves the integrity of the corneal surface through immunomodulatory actions [98,99].
Goblet and epithelial cell apoptosis are related to a decrease in interferon-y expression,
resulting from CsA reduction in T-cell involvement and activation [100,101].

CsA for DED treatment is advantageous over other corticosteroids in several ways.
First, the effect is reversible after therapy. Second, it has a very low systemic absorption rate.
Third, no critical side effects were observed. These pharmacokinetic parameters are crucial
because long-term treatment is essential for chronic illnesses, such as dry eye. Moreover,
the advantages of CsA begin after 30 days of treatment, and a 90 days course of treatment
appears to be required [92].
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2.3.2. In Vitro CsA Release from Contact Lenses

CsA is a cyclic peptide of non-ribosomal origin consisting of 11 amino acids with a
single d-amino acid. The cyclic structure consists of hydrogen bonds. The low aqueous
solubility of CsA is due to this property and, thus, different cellular absorptions [102].
Several studies have demonstrated different techniques and construction materials for
incorporating CsA into contact lenses (Table 4). CsA was loaded into silicone hydrogel
contact lenses and hydrophilic poly-HEMA (p-HEMA) lenses by simple soaking. As CsA
is a highly lipophilic drug, it has a higher affinity for lipophilic silicone-rich phases than
the hydrophilic p-HEMA phase. Therefore, the partition coefficient is higher in silicone
hydrogel contact lenses than in hydrophilic p-HEMA lenses. The in vitro release durations
of CsA from silicone hydrogel contact lenses and hydrophilic p-HEMA contact lenses were
approximately 15 days and 1 day, respectively [41]. In addition, the vitamin E barrier
is used to slow and extend drug release (Figure 3c) with minimal impact on vital lens
properties, such as light refraction and oxygen permeability [17,77]. The in vitro release of
CsA was prolonged for approximately 1 month with a 20% loading of vitamin E into the
silicone hydrogel contact lenses.

Table 4. CsA delivery from contact lenses for the management of DED.

Dosage Form Contact Lens Material Loading Drug Release Duration References
Method
hydroxyethyl methacrylate
Contact lens (HEMA), cholesterol-hyaluronate mixing 12 days [103]
(C-HA) micelle
poly-hydroxyethyl methacrylate - oo
Contact lens (p-HEMA), Brij 97, Brij 78 and mixing Brij 97—20 days, Brij 78—50 days, [86]
. Brij 700—20 days
Brij 700
Silicone contact lenses ethylene ggg)];i/l[r;l)ethacrylate soaking 2 weeks, with vitamin E—1 month [73]
poly-hydroxy ethyl methacrylate .
Contact lens (p-HEMA), Brij 98 mixing 25 days [87]
poly (2-hydroxyethyl .
Contact lens methacrylate) (p-HEMA), Brij 97 mixing 20 days [73]
Contact lens graphene oxide soaking - [104]

The use of surfactant in the p-HEMA contact lens polymerizing mixture forms micellar
aggregates by creating hydrophobic sites inside the gel, where the hydrophobic CsA may
preferentially partition. Kapoor et al. (2009) developed Brij surfactant-laden p-HEMA
hydrogel contact lenses using CsA. Brij 97 and Brij 98 surfactants showed slow and longer
CsA release of approximately 20 days. Brij 78 surfactant seemed most capable of delaying
the release of CsA from p-HEMA contact lenses for more than 30 days (Figure 4) [41,86].
Peng and Chauhan (2011) showed that the incorporation of vitamin E extended the release
of CsA for more than 30 days (Figure 5) [73]. Desai et al. (2021) developed a contact lens
with graphene oxide to incorporate the hydrophobic drug CsA by the soaking method and
evaluated its in vitro drug release. They demonstrated that the increased drug uptake did
not change the optical or swelling characteristics [104].

2.3.3. In Vivo Biological Activity of CsA Contact Lenses

Mun et al. (2019) showed that CsA release from the contact lens in the rabbit eye
produced a significant DED improvement (Figure 6). The DED was induced in rabbits
with 3-concanavalin A injections (Con A, sigma L7647). The contact lens was able to
release CsA for up to 7 days. Corneal immunofluorescence staining for MMP9 (a DED
marker) was performed to confirm the treatment outcomes (Figure 7) [103]. A decrease
in the MMP?9 intensity was observed for the right eyes (OD) treated with eye drops and
CsA/C-HA micelle CL compared to control group (OS). Desai et al. (2022) observed that
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rabbits recovered quickly from DED with a CsA graphene contact lens and a higher amount
of CsA in the corneal fluid for a long time [104].
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Figure 4. Influence of surfactant on cumulative release of CsA (50 mg/contact lens). The contact
lenses consisted with different surfactants: (a) Brij 97, (b) Brij 78, and (c) Brij 700. Adapted from
reference [86]. Copyright 2008 Elsevier.
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Figure 5. Effect of vitamin E on cumulative release of CsA from ACUVUE® OASYS™ contact lenses.
Adapted from reference [73]. Copyright 2011 Elsevier.
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Figure 6. Corneal inflammation inspection by corneal fluorescein staining followed by (a) normal
contact lens wear in OD, (b) CsA eye drop administration, and (c) CsA/C-HA micelle contact lens
wear in OD. (d) The ROI (region of interest—RQOI) values for fluorescein staining (oculus dexter—OD,
oculus sinister—OS). In case of micelle CL, the OS did not contain any CsA, so the fluorescein staining
showed increased intensity than the OD. Oculus dexter is abbreviated as OD, meaning right eye, and
oculus sinister is abbreviated as OS, meaning left eye. Reprinted with permission from reference [103].
Copyright the Royal Society of Chemistry.
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Figure 7. Analysis of corneal inflammation using the MMP9 DED marker (corneal immunofluorescein
staining, green color) after (a) CsA eye drop application, and (b) CsA/C-HA micelle contact lens wear.
(c) ROI values for MMP9. (d) Tear production by the contact lens-wearing (OD) and control (OS) eyes
at day 7. Tear production was increased in the treated OD groups. Oculus dexter is abbreviated as
OD, meaning right eye, and oculus sinister is abbreviated as OS, meaning left eye. Reprinted with
permission from reference [103]. Copyright the Royal Society of Chemistry.

3. Challenges of Contact Lenses in Drug Delivery

Scientists have succeeded in prolonging drug release using contact lenses; however,
critical lens properties, such as oxygen permeability, swelling, ion permeability, optical
transparency, tensile strength, issues during monomer extraction, high burst release, steril-
ization, and storage, are yet to be addressed [105]. Corneal damage and infections related
to the extended wearing of contact lenses for chronic diseases, such as DED, must be
considered [13,91,106]. Contact lenses integrated with drug delivery systems are classified
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(a)

as combination medical products, which may delay the approval of new materials. The
polymerization process and the chemical and physical properties of the generated hydrogel
may be influenced by drug properties (the physical and chemical). Bacterial resistance and
ocular toxicity may arise from long-term drug release from contact lenses [107].

A major limitation of contact-lens drug delivery is the initial burst release of the drug,
which can lead to potential systemic toxicities. Researchers have employed various tech-
nologies, such as p-HEMA hydrogel, implants, molecular imprinting, use of vitamin E, and
incorporation of drug-loaded nanoparticles, to minimize it [108]. Recently, bioelectronics
and biosensors have been intensely utilized to monitor health conditions in real-time for
chronic diseases and coronavirus disease 2019 (COVID-19). These multifunctional sensors
process physiological signals to digital data without disturbing normal biological activ-
ities and can dramatically enhance therapeutic outcomes. These small devices can help
deliver medicines more precisely, and personalization is possible [109]. Biosensors can
be integrated with contact lenses to monitor disease conditions continuously via specific
biomarkers for ocular diseases, improving lens properties and minimizing drug related
systemic toxicities.

4. Biosensors Integrated Contact Lens

A biosensor is a diagnostic device used to sense a chemical substance that combines
a biological element with a physicochemical indicator (Figure 8) [110-113]. The delicate
biological components, such as enzymes, tissue, antibodies, organelles, cell receptors, and
nucleic acids, are biologically obtained elements that bind with, interact with, or distin-
guish the analyte under experiment. The detector transforms one signal into another. It
works through different mechanisms, for example, piezoelectric, electrochemiluminescence
optical, and electrochemical, through the reaction of the analyte and biological sample to
measure and quantify. A reader is connected to the display to show the results simply [99].

(b)

Top Lens Layer : 8
Antenna
Capacitor
Controller
Sensor

Bottom Lens Layer

Soft contact lens

Tear glucose sensor

Chip and antenna

Figure 8. The contact lens sensor for tear glucose measurement, developed by Google and Novartis.
(a) A diagram of the contact lens sensors. (b) The model contact lens sensor. (c¢) The wireless chip for
the sensor. Reprinted with permission from reference [114]. Copyright 2021 John Wiley and Sons.
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The human eye carries important chemical, physical, and biological data related to
human health. Hence, it appears to be a vital research target that drives the rapid growth
of soft electronic systems for diagnosing various diseases of the eye and other organs. As
wearable and flexible medical devices, contact lenses have a significant capacity to support
the analysis and treatment of ocular diseases [20].

4.1. Tear Film Biomarkers for DED

The concentration of the tear fluid constituents was related to its concentration in
the blood (Table 5). DED is a multifactorial inflammatory disease characterized by tear
film instability, ocular discomfort, visual disturbances, inflammation, and increased tear
osmolarity. Research on tear film biomarkers has been increasing to identify diagnostic
tools for DED or monitor treatment outcomes in clinical trials. In the last 5 years, numerous
studies have been conducted on tear fluid biomarkers (Table 6) in DED [115]. Physicians
face difficulty selecting suitable treatment options because of the lack of sufficient tools for
observing and monitoring patient responses. Recent studies have investigated chemokines,
cytokines, growth factors, neuromodulators, mucins, and lipids to find protein profiles
that can be suitable biomarkers for DED [116]. Aluru and colleagues, found that lysozyme
proline-rich protein 4 is downregulated in several types of DED, suggesting that this protein
is a potential biomarker for DES [117]. Zhou and colleagues reported the upregulation
of «-1 acid glycoprotein 1, x-enolase, calgranulin B, calgranulin A, and calgizzarin. Fur-
thermore, four downregulated proteins, including lipocalin-1, prolactin-inducible protein,
lysozyme, and lactoferrin, were also found in DED patients. Recently, different research
groups have anticipated other proteins related to DED, regardless of the probable biomark-
ers under investigation [118]. For instance, malate dehydrogenase 2 activity increased,
but mucin (MUC)5AC activity decreased. On the other hand, neuromediators, such as
neuropeptide Y (NPY), calcitonin gene-related peptide (CGRP), nerve growth factor (NGF),
and vasoactive intestinal peptide, have been identified as possible biomarkers for DED due
to their association in clinical studies [119]. In DED, NGF levels were increased, while NPY
and CGRP were found to decrease in tear fluid. Chhadva et al. (2015), reported higher tear
serotonin concentrations in patients with DED [120].

Table 5. The concentrations of major analytes in tears and their relative concentrations in the blood.
Reprinted with permission from reference [114]. Copyright John Wiley and Sons.

Analyte Tear Fluid Concentration [mM]  Blood Concentration [mM] Diagnostic Application
Glucose 0.013-0.051 3.3-6.5 Diabetes management
Lactate 2.0-5.0 0.36-0.75 Ischemia, sepsis, liver disease, and cancer
Na* 120-165 130-145 Hyper/hyponatremia
K+ 20-40 3550 Hyper/hypokalemia .and an indicator of
ocular disease
Ca%* 04-1.1 2.0-2.6 Hyper/hypocalcemia
Mg2+ 0.5-0.9 0.7-1.1 Hyper/hypomagnesemia
Cl~ 118-135 95-125 Hyper/hypochloremia
HCO5;™ 20-26 24-30 Respiratory quotient indicator
Urea 3.0-6.0 3.3-6.5 Renal function
Pyruvate 0.05-0.35 01-0.2 Genetic disorders of ml’.cochondnaI energy
metabolism
Ascorbate 0.22-1.31 0.04-0.06 Diabetes
Total Protein ~7 g/L ~70g/L Dry eye confiltlons, ocglar insult, and
inflammation
Dopamine 0.37 475 x 107 Glaucoma
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Table 6. DED biomarkers identified in tear fluid.

Types of Biomarker
Molecule

Biomarkers

References

Proteins

Mucins

Neuromediators

Cytokines/chemokines

Lipids

Metabolites

Tear solutes

Lysozyme, lactoferrin, lysozyme proline-rich protein 4 (LPRR4), calgranulin A /S100 A8,
lysozyme proline-rich protein 3 (LPRR3), nasopharyngeal carcinoma-associated PRP 4,
a-1 antitrypsin a-enolase, -1 acid glycoprotein 1, 5100 A4, S100 A11 (calgizzarin), S100
A9/ calgranulin B, lipocalin-1 (LCN-1), mammaglobin B, lipophilin A, beta-2
microglobulin (B2M), SI00A6, annexin A1l annexin All, cystatin S (CST4),
phospholipase A2-activating protein (PLAA), transferrin, defensin-1, clusterin,
lactotransferrin, cathepsin S, anti-SS-A, anti-SS-B, anti-a-fodrin antibodies, malate
dehydrogenase (MDH) 2, palate lung nasal clone-PLUNC
(MUC)5AC
Nerve growth factor (NGF), calcitonin gene related peptide (CGRP), neuropeptide Y
(NPY), vasointestinal peptide (VIP), serotonin, substance P
Interleukin-1(IL-1), interleukin-2 (IL-2), interleukin-5 (IL-5), interleukin-6 (IL-6),
interleukin 8 (IL-8) or chemokine (C-X-C motif) ligand 8 (CXCLS), interleukin-10 (IL-10),
interleukin-12 (IL-12), interleukin-16 (IL-16), interleukin-33 (IL-33), GCSF, monocyte
chemoattractant protein 1 (MCP1)/chemokine (C-C motif) ligand 2 (CCL2),
MIP5/chemokine (C-C motif) ligand 15 (CCL15), C-X-C motif chemokine 5 (CXCL5 or
ENA78), soluble interleukin-1 receptor Type I (sIL-1RI), soluble interleukin-6 receptor
(sIL-6R), soluble gp130 (sgp130), soluble vascular endothelial growth factor receptor 1
(sVEGEFR1), soluble epidermal growth factor receptor (SEGFR), soluble tumor necrosis
factor receptor I (sSTNFR I), interleukin-17A (IL-17A), interleukin-21 (IL-21),
interleukin-22 (IL-22), interleukin-1 receptor antagonist (IL-1RA), chemokine (C-X-C
motif) ligand 9 (CXCL9)/monokine induced by gamma interferon (MIG),
interferon-inducible T-cell alpha chemoattractant (I-TAC)/C-X-C motif chemokine 11
(CXCL11), C-X-C motif chemokine 10 (CXCL10)/interferon y-induced protein 10 kDa
(IP-10), ligand 4 (CCL4)/macrophage inflammatory protein-13 (MIP-1f3), chemokine
(C-C motif) ligand 5 (also CCL5)/regulated on activation, normal T cell expressed and
secreted (RANTES), epidermal growth factor (EGF), tumor necrosis factor alpha
(TNF-w), interferon gamma (IFNy), matrix metallopeptidase 9 (MMP-9), macrophage
inflammatory protein-1 alpha (MIP-1x/CCL3), vascular endothelial growth factor
(VEGF), fractalkine
(O-acyl) w-hydroxy fatty acids (OAHFAs), lysophospholipids, PUFA-containing
diacylglyceride species, hexanoyl-lysine (HEL), 4-hydroxy-2-nonenal (HNE),
malondialdehyde (MDA)
Cholesterol, N-acetylglucosamine, glutamate, creatine, amino-n-butyrate, choline,
acetylcholine, arginine, phosphoethanolamine, glucose, phenylalanine
Osmolarity

[115,121]

[122]
[119]

[115,123,124]

[125]

[126]
[127]

The levels of chemokines and cytokines in tears play an important role in DED.
Many studies have been conducted to identify a complete tear profile. Some inflamma-
tory chemokine/cytokine levels (such as TNF-c«, IL-1, IL-1RA, IL-6, metalloproteinase
(MMP)-9, IL-8/C-X-C motif ligand (CXCL) 8, IL-17A, IL-22, interferon-y, IP-10/CXCL10,
MIG/CXCL9, I-TAC/CXCL11, macrophage inflammatory protein (MIP)-1(3 /CCL4, MIP-
1a/CCL3, and RANTES/CCL5) are remarkably elevated in tears of patients with DED [115],
while endothelial growth factor is decreased [128-130] with an increase in disease sever-
ity. Measurement of MMP-9 in tears has been proposed as a delicate technique for DED
severity determination [131,132]. Some researchers have found that MMP-9 increases in
the tear fluid of patients with DED [124,133-135]. Several studies have been conducted to
identify the properties of tear lipids secreted by the meibomian gland in patients with DED.
Compositional differences in the DED patient reflex tear metabolomic profile were revealed
for N-acetylglucosamine, cholesterol, creatine, glutamate, amino-n-butyrate, acetylcholine,
choline, arginine, glucose, phosphoethanolamine, and phenylalanine levels [126]. Willshire
C et al. found that the basal tear osmolarity increases in DED compared to that in the
control group [127]. Therefore, it may be a useful marker for DED. Moreover, correlated
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biomarkers in tears, such as cytokine profiles, have been anticipated for the initial diagnosis
of the COVID-19 [136,137].

4.2. Contact Lens Sensors for Sensing of Tear Fluid Biomarkers in DED

Tear osmolarity is the only clinically established parameter directly associated with
dry eye severity [103]. Human tears” chemical components (biomarkers) include proteins,
electrolytes, lipids, urea, L-lactic acid, cholesterol, ascorbic acid, and many metabolites.
If their concentrations in tears are known, then their concentrations in the blood could
be correlated. Therefore, concurrently analyzing their concentrations in tears provides
important physiological data that can improve treatment outcomes and anticipation of
some illnesses [20]. Identifying appropriate biomarkers for specific diseases is a major
challenge and an ongoing process. Once a biomarker is identified, it is tested for biosen-
sor applications that vary from functionally integrated (contact lens) to on-chip sensors
(Figure 9) [116]. Currently, it is possible to measure multiple parameters, such as the glucose
level and IOP, using a single contact lens that integrates many sensors [138]. The number
of illnesses that can be tracked and identified with contact lens biosensors will increase as
sensing technology advances. Contact lenses can naturally gather tear components during
wear and may be examined thereafter. It would be feasible to detect the existence and
progression of certain diseases by combining the detection of certain biomarkers, such
as cancer or dry eye [85]. Some electrochemical sensors have already been developed to
identify several biomarkers (Table 7) in tear fluid to monitor the condition of patients with
DED. Thus, integrating these sensors into a therapeutic contact lens can continuously track
DED progress.
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Figure 9. Sensing capability of contact lens sensors. Reprinted with permission from reference [24].
Copyright 2021 John Wiley and Sons.

Table 7. Electrochemical sensors that can sense vital biomarkers of DED in tears. Adapted from
reference [24]. Copyright John Wiley and Sons.

Biomarkers Sensor Type
Glucose Enzymatic biosensor; amperometric

Osmolarity Impedimetric
MMP-9 Electrochemical immunosensors

Urea Voltammetric
Serum Electrochemical immunosensors
TNF-o Electrochemical aptamer sensor
Mucins Electrochemical immunosensors
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5. The Future Perspective of Biosensor Fused Contact Lens

The concept of biosensors in contact lenses is recent and unique. The implementation
of biosensors in a contact lens can measure specific parameters even during sleep, enabling
the analysis of the pattern of disease conditions at night or during sleeping hours [138].
Most contact lenses can only detect one biomarker in the eye, such as glucose, lactic acid,
K*, or Ca®*. The detection of multiple chemical components in real-time increases the
biomedical utility of contact lenses [139]. Most existing sensory systems lack the ability to
power themselves. As natural sunlight is readily available for energy conversion, flexible
photovoltaic self-powered technology can replace standard power supply modes in contact
lenses. Photovoltaics will be a future trend in inflexible and stretchable electronics because
of these and other characteristics [140]. More chips and interconnects must be added to
the device to increase the performance and multifunctionality of contact lenses. The use
of transparent materials, such as graphene, carbon nanowires, and indium tin oxide, will
make this work easier. The shrinking of chips incorporated in the system for data storage,
data transfer, and circuit powering has become increasingly significant, driving researchers
and industrial suppliers to produce next-generation chips with multiplexed capabilities.
Furthermore, when the entire circuit was scaled down, the sensitivity of the device was
considerably diminished, particularly with respect to the size of the sensing electrodes. One
possible solution to these issues is to use active sensors, such as field-effect transistors and
complementary metal-oxide-semiconductor sensors, which have remarkable sensitivity
and are sub-micrometers in size [20,141]. The concentration of tear biomarkers is low,
which necessitates the use of highly sensitive biosensors. In addition, the development
of sensitive biosensors is very expensive. Tear makeup varies significantly across and
between individuals. The lag time caused by biomarker diffusion from the tear fluid to the
implanted biosensor can affect the treatment outcomes. When the biosensor is attached to
a contact lens, it becomes thicker and can cause patient discomfort [142].

Contact lenses have shown enormous potential in biomedicine owing to their features,
such as real-time and non-invasive diagnostics and drug delivery. Multifunctional and inte-
grated contact lenses can record physiological data regarding eye problems more efficiently
than earlier approaches, reducing the need for human illness treatment. It offers great
promise as an everyday medical device for the reliable measurement of ocular response to
ophthalmic drugs and surgical procedure evaluation. Contact lenses represent technical
and material advances that will pave the way for the next generation of precision medicine-
based products [100]. Soon, it will be possible to combine biosensors in a medicated contact
lens that will release the drug and monitor the overall disease condition simultaneously.
No study has reported the electrical control of drug release from contact lenses using
simultaneous biometric analysis [143]. Future biosensors may control drug release from
the contact lens in response to a patient’s need.

6. Conclusions

Drug-loaded contact lenses are a promising option for treating chronic ocular diseases.
In the last few years, a number of innovative contact lens drug-delivery systems have been
established that increase the drug-loading capacity and control the drug-release rate. Treat-
ment of DED with a CsA-loaded contact lens has been successful in animal models. Further
studies are required to confirm its feasibility in clinical trials. Contact lenses are not limited
to drug-delivery devices, as they can also be used as a diagnostic tool. Contact lens sensor
technology has gained popularity over the last decade, primarily owing to developments
in the downsizing of electrical circuits and the discovery of several significant biomarkers
in tear fluid. This sensor platform offers various advantages, including its non-invasive
and constant biomarker-measuring properties. However, significant advancements in
specificity, sensitivity, biocompatibility, integration with readout circuitry, and repeatability
are still being made for such platforms to achieve feasibility. For example, a self-powered
biosensor significantly simplifies the sensor layout. Furthermore, a better understanding of
the relationship between illness and ocular biomarker concentration is necessary to develop
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practical multifunctional contact lens biosensors. This might pave the way for personalized
therapeutic contact lenses with biosensors.
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Abstract: This paper focuses on recent advancements in the development of 4D printed drug delivery
systems (DDSs) for the intravesical administration of drugs. By coupling the effectiveness of local
treatments with major compliance and long-lasting performance, they would represent a promising
innovation for the current treatment of bladder pathologies. Being based on a shape-memory
pharmaceutical-grade polyvinyl alcohol (PVA), these DDSs are manufactured in a bulky shape, can
be programmed to take on a collapsed one suitable for insertion into a catheter and re-expand inside
the target organ, following exposure to biological fluids at body temperature, while releasing their
content. The biocompatibility of prototypes made of PVAs of different molecular weight, either
uncoated or coated with Eudragit®-based formulations, was assessed by excluding relevant in vitro
toxicity and inflammatory response using bladder cancer and human monocytic cell lines. Moreover,
the feasibility of a novel configuration was preliminarily investigated, targeting the development of
prototypes provided with inner reservoirs to be filled with different drug-containing formulations.
Samples entailing two cavities, filled during the printing process, were successfully fabricated and
showed, in simulated urine at body temperature, potential for controlled release, while maintaining
the ability to recover about 70% of their original shape within 3 min.

Keywords: 3D printing; cytotoxicity; controlled release; fused deposition modeling; local delivery;
retentive systems; shape memory polymers

1. Introduction

Over the years, various strategies have been investigated to improve the local treat-
ment of bladder diseases, having as the ultimate target the achievement and maintenance
of effective levels of drugs at the target site [1-5]. In this respect, avoiding repeated catheter-
izations, which are responsible for a dramatic decrease in patient compliance towards
intravesical administration, and improving adherence as well as penetration of the ad-
ministered drug into the urothelium still represent the main challenges to be overcome.
Liquid formulations able to undergo an increase in their viscosity once at the target site,
through the formation of gels at body temperature, were recently proven able to ensure
long-lasting residence in the bladder coupled with controlled release [6-8]. Drug delivery
systems (DDSs) either capable of floating into the urine or of avoiding early elimination
from the target site during physiological urination thanks to a swift expansion were also
proposed [9-11] They were generally designed to be administered via catheter and, once
exhausted, to be removed in the same way or to be spontaneously eliminated following
solubilization, erosion and rupture phenomena. In more detail, the so-called expandable
systems could be retained in the desired organ either following an increase in their size
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or a controlled variation in the relevant geometry. Notably, the resulting DDSs should not
damage the bladder walls or interfere with their physiological contraction.

Expandable retentive systems can be classified based on the process driving the
relevant increase in spatial encumbrance, which may rely on the removal of an external
constraint of a mechanical nature (e.g., exit of the system from the catheter) or on the shape
memory effect (SME) provided by so-called smart materials [12,13]. The latter mechanism
consists in the recovery of an original shape obtained under manufacturing, triggered by
an external stimulus of a non-mechanical nature, such as a change in temperature, moisture
or light [14-17]. By way of example, the first category entails the LiRIS system, for the
controlled release of lidocaine, and a S-shaped device, manufactured via stereolithography
3D printing and proposed by Xu and colleagues [9,18-21].

As far as applications relying on SME are concerned, various systems have been
described over years, especially for biomedical applications (e.g., scaffolds, hemostatic
plugs and devices for cellular surgery) [22-25]. In this respect, the advent of 3D printing has
further prompted research into shape memory polymers (SMPs) [26-29]. Indeed, during
this process, the final item is manufactured, layer-by-layer, reproducing a shape previously
designed through computer-aided design software [30,31]. As a consequence, besides
offering high flexibility and geometric freedom, it would allow the modification, in real-
time, of the product in order to fulfill specific needs, all features that would be particularly
interesting for R&D and customization purposes. Among the 3D printing techniques
available, fused deposition modeling (FDM) has emerged as one of the most studied
in pharmaceutics, probably in view of the limited cost of the equipment and its ease of
use [32-34]. During FDM, polymer wires, generally known as filaments and manufactured
by hot melt extrusion (HME), are fed into the printhead. Here, the filament is heated and
extruded through a nozzle on a build plate. The reciprocating movement of the printhead
and of the build plate ensures the deposition of the molten material layer-by-layer until the
product is completed from the bottom up.

Focusing on the use of SMPs for the development of organ-retentive systems by FDM,
the programmed shape-shifting of a pharmaceutical-grade poly(vinyl alcohol) (PVA) was re-
cently leveraged to develop drug-embedded matrix-type DDSs for prolonged maintenance
and release into hollow muscular organs, including the bladder and the stomach [35,36].
Although water-induced SME of PVA was already described in the material-related lit-
erature, especially upon chemical modification of the polymer or relevant blending with
other compounds, in this case the shape changes were demonstrated to mainly depend on
contact with body temperature [37-41]. In more detail, samples having different original
shapes, endowed with such spatial encumbrance as to avoid rapid emptying through
the sphincters of the selected organs, were produced by HME and FDM. In this respect,
modifications occurring on a 3D material configuration over time, triggered by an external
stimulus of a non-mechanical nature and resulting in macroscopic shape changes, has
been associated with the concept of 4D printing, in which time represented the fourth
dimension [15,42—44]. Indeed, the resulting PVA-based prototypes turned out able to take
on, after production, a temporary collapsed shape and to quickly recover the original
one in the desired environment. As the temporary shape would ease administration, it
has been conceived according to the particular features of the route selected for reaching
the target organ. The possibility of using film-coating to improve mechanical resistance
and timescale of release provided by the matrix-like specimens, without impairing their
working mechanism, was also demonstrated [45,46].

In the present work, a further step in the development of expandable bladder-retentive
DDSs based on the smart behavior of PVA was undertaken. This was done to enable
novel therapeutic approaches towards urothelial bladder cancer and many other disabling
pathological conditions affecting this organ (e.g., interstitial cystitis, infections), thus re-
ducing dropouts and providing patients with more personalized, effective and tolerated
treatments. In more detail, a preliminary biocompatibility study involving the evalua-
tion of cytotoxicity on bladder cancer and human monocytic cell lines was carried out on
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the materials employed so far for the manufacturing of uncoated and coated PVA-based
prototypes. Moreover, taking advantage of the rapid prototyping capabilities of FDM,
the feasibility of an improved design for an intravesical delivery system was considered,
entailing 4D printed specimens provided with internal cavities. This evolution would make
it possible to overcome the limitations related to the thermal stability of drugs embedded
in the PVA-based material, which needs to be processed at temperatures >180 °C, while
enhancing the versatility of the DDS proposed in terms of formulations to be conveyed and
achievable release performance. Indeed, the reservoir units could not only be employed for
the administration of separate doses of active molecules that are mutually incompatible,
but also filled with new formulations, for instance, graphene-based nanoparticles already
under development [47].

2. Materials and Methods
2.1. Materials

Prototype manufacturing and physio-technological characterization: PVA05 and PVA48
(Gohsenol™ EG 05P and 48P, Mitsubishi Chemical, Tokio, Japan); glycerol (Pharmagel, Milan,
Ttaly; GLY); methacrylic acid copolymers, Eudragit® RS 100 and RL 100 (Evonik, Essen,
Germany); ready-to-use dispersion of methacrylic acid copolymers, Eudragit® NE (Evonik,
Essen, Germany); triethyl citrate (TEC; Sigma Aldrich, Darmstadt, Germany); ethanol (Sigma
Aldrich, Darmstadt, Germany); acetaminophen for direct compression (Rhodia, Milan, Italy;
AAP); PLA filament (TreeDfilaments, Milan, Italy); simulated urine fluids (NaCl 13.75 g/L;
MgSO4 1.69 g/L; MgCl, 0.83 g/L; CaCl, 0.67 g/L, KC10.38 g/L and urea 17.40 g/L; pH 7.50).

In vitro studies: L-Glutamine, penicillin-streptomycin, Trypsin-EDTA, RPMI1940,
Dulbecco’s phosphate saline buffer (PBS) w/o calcium and magnesium and fetal bovine
serum (FBS) (Euroclone, Milan, Italy). Minimum Essential Medium Eagle (EMEM), 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT), dimethylsulfoxide (DMSO),
Phorbol 12-myristate 13-acetate (PMA), lipopolysaccharides (LPS) from Escherichia coli,
paraformaldehyde (PFA), TritonX-100, Fluoroshield mounting medium, Epirubicin and
Mitomycin C (Sigma-Aldrich, Darmstadt, Germany). Trypan blue stain, iScript gDNA
clear cDNA synthesis kit, PureZOL RNA isolation reagent, 4’ ,6-diamidine-2’-phenylindole
dihydrochloride (DAPI) nuclear staining dye and Universal SYBR Green supermix (Bio-
Rad, Hercules, CA, USA). Ki67 antibody (Abcam, Cambridge, UK). Goat serum (GS), goat
anti-rabbit IgG (H + L) cross-adsorbed secondary antibody Alexa Fluor 647, MitoTracker™
Orange and Fluorescein phalloidin (ThermoFisher, Milan, Italy).

2.2. Methods
2.2.1. Preparation of PVA-Based Formulations

PVAOQ5 and PVA48 powders were kept in an oven at 40 °C for 24 h prior to use.
Relevant formulations containing 15% by weight of GLY (calculated on the dry polymer)
were prepared by kneading. Either PVAO5 or PVA48 was placed in a mortar, and the liquid
plasticizer was added dropwise under continuous mixing. The resulting mixtures were
oven-dried at 40 °C for 8 h. Afterwards, aggregates were ground by means of a blade mill,
and the <250 pm powder fraction was recovered.

2.2.2. HME

HME was carried out taking advantage of a twin-screw extruder (Haake™ MiniLab
II, Thermo Scientific, Milwaukee, WI, USA) equipped with counter-rotating screws and
a custom-made aluminum circular die (o = 1.80 mm), as previously described [48]. The
extrusion temperature and screw speed were set at 180 °C and at 100 rpm, respectively,
while the maximum torque registered was approximately 150 N-cm. Extruded rods were
cut into 50 mm-long samples that were employed, as such or after coating, for in vitro
toxicity studies. PVAO5-based rods were also employed to feed the FDM printer. In this
case, they were manually pulled and forced to pass through a caliper set at 1.80 mm and
connected to the extruder. This was done to counteract possible swelling phenomena and
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to calibrate the rod diameter, thus enhancing the yield of filaments suitable for 3D printing
(i.e., 1.75 £ 0.05 mm). After cooling, the filament diameter was verified every 5 cm in
length, and portions out of specifications were discarded. Indeed, filaments with a diameter
greater than 1.80 mm were unsuitable for printing.

2.2.3. 3D Printing

I-shaped prototypes were fabricated using a Kloner3D 240® Twin printer (Kloner3D,
Florence, Italy) using computer-aided design (CAD) files purposely developed, as described
in the Results and Discussion section. These were designed using Autodesk® Autocad®
2016 software version 14.0 (Autodesk Inc., San Francisco, CA, USA), saved in .stl format and
imported to the 3D printer software (Simplify 3D, Milan, Italy). The printing parameters
set for printing the PVA-based formulation are reported in Table 1.

Table 1. Operating parameters set for the PVA-based formulation.

Parameter Value
Nozzle diameter 0.5 mm
Printing temperature 200 °C
Build plate temperature 50°C
Extrusion flow 100% of the maximum flow
Printing speed 23 mm/s
Retraction length 2.00 mm
Retraction speed 20 mm/s
Layer height 0.10 mm
Infill 100% or 50%,
Infill geometry Rectilinear
Number of top/bottom 2
Number of perimeters 1

The printing process was interrupted at a specific height (i.e., 25th layer) to enable
manual filling of the system cavities with a previously weighted (=20 mg each cavity;
analytical balance, Gibertini, Milan, Italy) amount of free-flowing AAP powder, selected as
the drug tracer.

Using a commercial PLA filament as received, FDM was also employed to fabricate
(i) a trapdoor tool to improve manual filling of the system cavities during the relevant
fabrication and (ii) templates intended to make programming of samples in the desired
temporary U shape easier and more reproducible (Figure 1). The printing parameters set
for printing the PLA filament are reported in Table 2.
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Figure 1. Digital models with dimensional details of (a) the trapdoor tool and (b) the template used

for programming the temporary shape, together with photographs of the actual printed objects.

Table 2. Operating parameters set for the PLA filament.

Parameter Value
Nozzle diameter 0.5 mm
Printing temperature 200 °C

Build plate temperature 40°C

Extrusion flow

100% of the maximum flow

Printing speed 65 mm/s
Retraction length 2.40 mm
Retraction speed 45mm/s

Layer height 0.20 mm
Infill 75%
Infill geometry Honeycomb
Number of top /bottom 3
Number of perimeters 2
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2.2.4. Film-Coating

Extruded rods and printed I-shaped prototypes were coated with (i) an ethanolic
solution (final concentration 30% weight/volume) containing Eudragit® RS and RL (mixed
in a 3:1 ratio by weight) and TEC as the plasticizer (15% by weight on the dry polymeric
blend) and (ii) a 30% ready-to-use aqueous suspension of Eudragit® NE. While the former
samples were referred as Eudragit® RS/RL-coated, the latter were identified as Eudragit®
NE-coated. For simplicity reasons, within the Figures, they were identified as either RS/RL
or NE.

Film-coating was performed by means of an in-house assembled machinery previously
described, but adapting the procedure [45]. In this respect: (i) samples were inserted in
the mandprels of the equipment for half of their length; (ii) the orientation of the spray gun
was modified to assume an angle of 120° with respect to the horizontal plane, cutting the
cylindrical samples on their major axis, thus enabling coating of the lateral surface and
of the free end of the sample at the same time; (iii) the coating process was carried out
for overall 4 min, being paused after 2 min to allow extraction of the specimen from the
mandrel and its 180° rotation. This way, the prototypes were flipped, thus enabling coating
of the half of the sample that was previously fixed in the mandrel. At the end of the process,
coated specimens were maintained for 2 h in a ventilated oven set at 40 °C.

2.2.5. Physio-Technological Characterization

All the specimens were characterized for weight (1 = 6; analytical balance, Gibertini,
Milan, Italy). The thickness of the coating layer was also evaluated (1 = 6). For this purpose,
each sample was cut in six positions, i.e., one to four along its length and five and six on
the ends (Figure 2). Notably, the positions in which the specimens were cut were selected
to avoid the areas of the printed samples intended for drug filling. Photographs of each
cross-section were acquired using a digital microscope (Digital Microscope AM-413T, Dino-
Lite, Milan, Italy; resolution = 1.3 megapixel — 1280 x 1024) and processed by a dedicated
software (Image], Milan, Italy) to measure the thickness of the coating at six different points
(L1-Le) along the circumference of each cut surface.

The SME was evaluated as previously described [35] using a purposely developed
shape memory cycle, first involving the programming of the temporary shape and then
recovery of the original one. The programming phase was carried out by heating the
I-shaped samples up to 55 °C (i.e., at least 20 °C above their Tg) (oven, VWR, Milan, Italy).
By means of the purposely printed template (see Figure 1b), which was also stored at
55 °C, the specimens were programmed to take on the temporary U shape. This step was
manually performed. In more detail, the prototype was bent and positioned at the bottom
part of the template (i.e., that resembling a U-shaped cavity), which was then closed by
the relevant cover. Finally, the entire assembly maintaining the sample in the desired
temporary configuration was cooled at —20° C for at least 8 h (Freezer, VWR, Milan, Italy).
Recovery of the original shape was triggered upon immersion of the deformed specimens
(n = 3) into 100 mL of unstirred simulated urine fluid, prepared as reported by Sherif and
colleagues [49]. The latter was kept at 37 =+ 0.5 °C, using a thermoregulated bath. The
recovery process was monitored using a digital camera positioned at 10 cm above the
samples (GoPro Hero Session, San Mateo, CA, USA). The photographs collected were
processed by means of a specific software (Image]J, Milan, Italy) to measure the variation
of the angle between the two arms (o) of the samples so as to quantify the recovery of the
original shape over time. Indeed, a recovery index (RI) versus time curves were then built,
with RI calculated as follows:

lX—DCp

RI = )

T— Q&p

where o, is the angle obtained in the programming phase (angles in rad).
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Figure 2. Outline of the positions in which each I-shaped sample was cut, together with photographs
of the resulting cross-sections (types a and b). By way of example, details relevant to the thickness
measurements (L1-L¢) of the coating layer taken at position 3 and 6 are highlighted.

Uncoated and coated 3D printed prototypes, the inner cavities of which were filled
with AAP during relevant fabrication, were tested for release by means of a USP38 dis-
solution apparatus 2 (10 rpm, 37 & 0.5 °C; Distek, North Brunswick Township, NJ, USA;
n =3). A total of 400 mL of the abovementioned simulated urine fluids were used as the
dissolution medium. The apparatus was connected to a pump (IPC Ismatec™, Thermo
Fisher Scientific, Milan, Italy) for automatic collection of fluid samples and to a spectropho-
tometer for relevant assay (Lambda 35, Perkin Elmer, Milan, Italy; 1 mm cuvette path
length, 248 nm Apax). In this respect, AAP was selected as the drug tracer in light of its
safety of use and based on the availability of a routine spectroscopic assay already devel-
oped. The amount of drug released at each time point was determined from a dedicated
calibration curve (y = 6.43072x, R? = 0.9999; from 0.0125 to 0.40 mg/mL). Besides selecting
the suitable range of drug concentrations to be tested during the initial set-up phase, the
presence of excipients (i.e., PVA and GLY) in the dissolution medium was demonstrated
not to affect the spectroscopic AAP determination. By linear interpolation of the release
data immediately before and after the time point of interest, times to 10% and 90% release
(i-e., t109, and togy,, respectively) were calculated. While t1o, defined the lag phase, tggo,
was used to calculate the pulse time (i.e., tgge,—t10%)-

2.2.6. In vitro Toxicity Studies
Cell Culture

In vitro studies were performed using the human bladder cancer HT1376 and the
human monocytic THP-1 cell lines. HT1376 cells were obtained by American Type Culture
Collection (ATCC), while THP-1 cells were kindly provided by Dr. Irma Saulle, Department
of Pathophysiology and Transplantation, Universita degli Studi di Milano. HT1376 cells
were routinely cultured as a monolayer in Minimum Essential Medium Eagle supplemented
with 10% heat inactivated FBS, 1% penicillin/streptomycin and 1% L-Glutamine. THP-1
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cells were maintained in suspension in RPMI1640 supplemented with 1% L-glutamine,
1% streptomycin/penicillin and 20% FBS. For differentiation into macrophages, cells were
seeded in 6-well plates at a confluence of 6 x 10° cells/well and treated for 24 h incubation
with 50 ng/mL phorbol 12-myristate 13-acetate (PMA) [50,51]. For polarization toward
a proinflammatory phenotype, macrophages were incubated with 250 ng/mL of LPS for
48 h.

Cell Viability, Proliferation and Death

Viability of HT1376 cells was assessed by MTT assay [52-54]. Cells were seeded
into 6-well plates (2 x 10° cells per well) and incubated for 24 h. Then, the specimens
(4 mm in length) were placed in direct contact with the cells or onto a transwell insert
(0.4 pm pores) into the culture medium. Cells cultured in the medium without adding
the specimens were taken as the negative control, while cells cultured in the presence of a
solution (1 uM) of the chemotherapeutic drug epirubicin were used as the positive control.
After 24-48 h of incubation, a MTT dye working solution was added to each well (final
concentration 0.5 mg/mL). After 3 h of incubation, the supernatant was removed and
replaced by 100 uL/well of DMSO. The absorbance (A) values of each well were recorded
at 560 nm on an automatic plate reader (Glomax, Multi Detection System microplate
reader, Promega, Milan, Italy). The relative viability versus the untreated control cells was
calculated as follows:

Aexposed group

Relative viability (%) = x 100 )

Acontrol

Cell proliferation and death were assessed by immunofluorescence [55-57]. Cells treated
as previously described were incubated with staining solution containing MitoTracker®
fluorescent probe for 45 min in the dark, to analyze cell death. Then, cells were fixed in 4% PFA
in 0.1 M PBS (pH 7.4) for 15min, permeabilized with 0.1% TritonX-100 in PBS for 5 min and
incubated in blocking buffer containing 5% normal goat serum and 0.1% TritonX-100 in PBS
for 1 h. The primary antibody against Ki67, a proliferation marker, and Alexa Fluor conjugated
secondary antibody were diluted in blocking buffer and incubated at 4 °C overnight and for
2h at room temperature, respectively. Fluorescein phalloidin was used for cytoskeleton (actin)
detection and incubated together with the secondary antibody. Nuclei were counterstained
with DAPI Nuclear Staining Dye for 10 min at room temperature. Confocal imaging was
performed with a Leica TCS SP8 AOBS microscope system with oil immersion objective
40X/1.30 (Leica, Heerbrugg, Switzerland). Image acquisitions were controlled by the Leica
LAS AF software (Leica, Heerbrugg, Switzerland). Image analysis was performed with the
Image] software (Image], Milan, Italy).

Cytokine Analysis by Real-Time PCR

The analysis of the mRNA expression of cytokines was performed as previously
described [54,57]. Total RNA from THP-1 derived macrophages was extracted with the
PureZol RNA Isolation Reagent (Bio-Rad, Hercules, CA, USA), according to the man-
ufacturer’s protocol. First-strand cDNA was generated from 1 pg of total RNA using
iScript Reverse Transcription Supermix (Bio-Rad, Hercules, CA, USA). A set of primer pairs
(Eurofins Genomics, Milan, Italy) was designed to hybridize to unique regions of the appro-
priate gene sequence (Table 3). PCR was performed using SsoAdvanced Universal SYBR
Green Supermix and the CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules,
CA, USA). The fold change was determined relative to the control after normalizing to
GAPDH and Rpl32 (internal standard) through the use of the formula 2744¢T,
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Table 3. List of primers designed for PCR.

Gene Primer Sequences

F: 5-GGCACTGGCAGAAAACAACC-3
R: 5-GCAAGTCTCCTCATTGAATCC-3

F: 5-TTCGACACATGGGATAACGAGG-3

IL-6

IL-1p R: 5-TTTTTGCTGTGAGTCCCGGAG-3’
TNF F: 5-CCCAGGGACCTCTCTCTAATCA-3’
R: 5-GCTACAGGCTTGTCACTCGG-3
GAPDH F: 5-TGAGGTCAATGAAGGGGTC-3
R: 5-GTGAAGGTCGGAGTCAACG 3’
RPL32 R: 5-TTAAGCGTAACTGGCGGAAAC-3
F: 5-AAACATTGTGAGCGATCTCGG-3'
Statistical Analysis

Statistical significance of raw data between the groups was evaluated using one-way
ANOVA followed by Tukey post-tests (multiple comparisons). The analysis was carried
out by using GraphPad Prism software package (GraphPad Software, San Diego, CA, USA).
The results are expressed as means &= SEM of the indicated n values. p values < 0.05 were
considered statistically significant.

3. Results and Discussion
3.1. Cytotoxic Evaluation of PVA-Based Samples

In order to preliminarily evaluate the safety impact of the expandable bladder-retentive
DDS under development, which involves pharmacopeial-grade materials of established
safety by oral intake but processed through new hot melt technologies, a cytotoxicity
study was carried out according to a predefined protocol. HME prototypes, based on two
different PVA grades, uncoated and coated with Eudragit® RS/RL and NE formulations,
were considered. The analyses were carried out in a cancer cell line of bladder origin (i.e.,
HT1376). The reason for the choice of this type of cells was twofold: (i) they are a good
model of bladder carcinoma, widely used to evaluate efficacy of anticancer treatments [58];
(ii) they still maintain epithelial features (Figure 3a) and therefore may be considered a
valuable model for any epithelium [59]. According to ISO 10993-Biological evaluation
of medical devices Part 5: Tests for in vitro cytotoxicity, the prototypes were incubated
either in direct physical contact with cultured cells or placed onto a transwell insert into the
culture medium to allow an indirect contact with the cells. Cytotoxicity was determined by
quantifying cell viability (i.e., the measure of the proportion of live, healthy cells within
a population), cell proliferation (i.e., the assessment of dividing cells) and cell death (i.e.,
the evaluation of cells committed to death or already dead) [53]. First, cell viability upon
contact with uncoated PVA prototypes was investigated by the MTT assay, using the
chemotherapeutic drug epirubicin (1 M) as positive control of toxicity [53,60]. After 24 h
of incubation, none of the PVA-based specimens in either culturing condition (i.e., direct
and indirect contact) caused a significant reduction of cell viability when compared with
untreated control cells (Figure 3b). As expected, epirubicin showed a high toxicity by
decreasing cell viability by nearly 50%. Then, cell proliferation was assessed by staining
the cells for the proliferation marker Ki67, a nuclear nonhistone protein that is expressed in
proliferating cells and absent in quiescent cells [61]. The percentage of Ki67+ cells in the
specimen treated samples was similar to that of the control, therefore confirming no effect
on cell proliferation (Figure 3c,d).

62



Pharmaceutics 2023, 15, 757

cell viability
(fold change over CTRL)

(]

Actin/DAPI ] d e

100

CTRL

50

% Ki67 + cells/DAPI

PVAOS

PVA48

150

100

50

Mitotracker mean intensity

. o

PVA4S transwell  PVAOS transwell

Figure 3. Cytotoxicity evaluation of uncoated PVA05- and PV48-based specimens. (a) Brightfield
microscopy image of HT1376 cells (100 um scale bar); (b) cell viability of HT1376 cells exposed to
different samples for 24 h (n = 6). Untreated cells (CTRL) and epiribicin-treated cells were used as
negative and positive controls, respectively (*** p < 0.0001 versus CTRL); (c) confocal microscope
images of HT1376 cells stained with phalloidin to detect actin (green), Ki67 (white), Mitotracker
Orange (red) and DAPI (blue) (20 um scale bar); (d) upper panel: graph of the % of Ki67+ cells
over total cells counted by DAPI staining; bottom panel: graph of the mean fluorescent intensity of
Mitotracker Orange (1 = 3).

A reliable and sensitive indicator of cell stress and apoptosis (e.g., programmed cell
death) is the dissipation of the mitochondrial membrane potential. For this purpose,
MitoTracker® Orange fluorescent and potentiometric dye, which accumulates in mitochon-
dria within living cells but not in dying cells, was employed. No differences in the mean
fluorescence intensity were observed among the samples analyzed. Moreover, no signs of
apoptosis, e.g., cell and nucleus shrinkage, or condensed chromatin were highlighted [62]
(Figure 3c). Taken together, these results indicated that the specimens were non-toxic to
the cells, which is consistent with previous data on the good biocompatibility of PVA
composites that enforced its use for different biomedical applications [63].

The same experimental protocol was then applied to prototypes coated with both
Eudragit® RS/RL and Eudragit® NE formulations, which were maintained in both direct
and indirect contact with the cells for 24 and 48 h (Figures 4 and 5). Because no differences
between PVA05 and PVA48 coated specimens were highlighted, only data relevant to the
lower molecular grade polymer are reported in the following Figures. As for the uncoated
specimens, no signs of toxicity, potentially caused by the presence of the prototypes,
was found either after 24 or 48 h of incubation. Cells were metabolically active and
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healthy (Figures 4a and 5a) and maintained their ability to proliferate, and no evidence of
apoptosis was observed (Figures 4b,c and 5b,c). This was almost expected, as Eudragits®
polymers are generally regarded as inactive, nontoxic and nonirritant materials [64]. Of
note, this is the first report of the safety of the combination of PVA /Eudragit® in a model
of bladder epithelial cells. Recently, PVA-based hydrogel beads coated with Eudragit® and
orally administered have been tested in vivo, demonstrating the biocompatibility of the
combination of such materials [65].
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Figure 4. Cytotoxicity evaluation of Eudragit® RS/RL- and Eudragit® NE-coated specimens at 24 h
of incubation. (a) Cell viability of HT1376 cells exposed to different samples for 24 h (n = 6). Untreated
cells (CTRL) were used as negative control; (b) confocal microscope images of HT1376 cells stained
with phalloidin to detect actin (green), Ki67 (white), Mitotracker Orange (red) and DAPI (blue) (20 pm
scale bar); (c) upper panel: graph of the % of Ki67+ cells over total cells counted by DAPI staining;
bottom panel: graph of the mean fluorescent intensity of Mitotracker Orange (1 = 3).
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Figure 5. Cytotoxicity evaluation of Eudragit® RS/RL- and Eudragit® NE-coated specimens at 48 h
of incubation. (a) Cell viability of HT1376 cells exposed to different samples for 48 h (n = 6). Untreated
cells (CTRL) were used as negative; (b) confocal microscope images of HT1376 cells stained with
phalloidin to detect actin (green), Ki67 (white), Mitotracker Orange (red) and DAPI (blue) (20 pm
scale bar); (c) upper panel: graph of the % of Ki67+ cells over total cells counted by DAPI staining;
bottom panel: graph of the mean fluorescent intensity of Mitotracker Orange (1 = 3).

Finally, the inflammatory potential of uncoated and coated PVA-based specimens was
investigated analyzing the expression of proinflammatory cytokines (IL1beta, IL6 and TNF
alpha) by monocyte-derived THP-1 macrophages [66]. Macrophages treated with LPS,
capable of inducing polarization toward an inflammatory phenotype and stimulating the
expression of proinflammatory cytokines, were used as positive control (Figure 6). None
of the devices tested was able to modify cytokine expression compared to the untreated
control, suggesting that PVA-based specimens with or without coating did not affect the
macrophage inflammatory response.
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Figure 6. Proinflammatory cytokine expression in THP-1-derived macrophages exposed to uncoated
PVAO05- and PV48-based specimens and to Eudragit® RS/RL- and Eudragit® NE-coated ones. THP-1
cells differentiated into macrophage by the incubation with PMA for 24 h were exposed to the
different samples for 48 h. Untreated macrophages (CTRL) and LPS treated macrophages were used
as negative and positive controls, respectively. IL1 beta, IL6 and TNF alpha expression was analyzed
by RT-PCR. Values are expressed as mean £ SEM (n > 3) normalized versus CTRL (*** p < 0.001
versus CTRL).

Similar findings were obtained by Omata and collaborators demonstrating that PVA-
based coated particles were biocompatible and nontoxic and did not induce cytokine
production by macrophages [67]. On the contrary, Strehl and co-investigators noticed
an increase in the production of several cytokines, comparable to an acute inflammatory
process, in human macrophages stimulated with PVA-coated nanoparticles [68]. This
discrepancy might be explained by the differences in phagocytosis observed for the two
types of particles, the former not being internalized as opposed to the latter. Phagocytosis
is indeed a critical factor in macrophage activation [69,70].

3.2. New Configuration of the PVA-Based DDS

A second objective of the work was to demonstrate the feasibility of a different configu-
ration for the PVA-based DDS under development, entailing internal cavities for drug filling
and still exhibiting the SME ensuring bladder retention. To this end, samples characterized
by a rather simple I shape were selected on account of the expected ease of fabrication
and programming. Indeed, they were already demonstrated to be suitable screening tools
for evaluating geometric and formulation changes (e.g., application of coatings) during
development of PVA-based matrix-like prototypes. Moreover, the effectiveness of their
shape recovery performance turned out independent of the original/temporary shapes
considered [35,36,46].

As a first attempt, an I-shaped item characterized by the presence of a single inter-
nal cavity that would occupy most of its length was conceived for FDM manufacturing
(Figure 7a). While the printing of samples starting from PVA05-based filaments was suc-
cessful, during the programming of the temporary U shape and recovery of the original
I shape, they showed a tendency to collapse and break at the curvature. Such a behavior
was independent of the wall thickness (up to 1.5 mm) considered for the samples and was
associated with the limited amount of polymeric material over which mechanical stresses
could be released during U bending and subsequent opening of the arms of the specimens.
For this reason, a new design was proposed, entailing a solid central polymeric portion sep-
arating two independent cavities, also named as compartments (Figure 7b). The presence
of two separated cavities could also improve the versatility of the delivery system, offering
more filling options. Inner compartments were designed with inward-facing ends conical in
shape to increase the volume of the full central portion. The pseudo-circular section (5 mm
in diameter) and the rounded external edges the system was provided with were intended
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to allow easy positioning of the latter in a catheter considered of medium size in clinical
practice (i.e., external diameter greater than 16 Ch). The cross-section of the prototypes was
flattened in correspondence with the portion resting on the printing plate, thus leading to a
contact surface of approximately 3 mm in width. This detail improved the adherence of
the first layers during the FDM process, limiting the chances of relevant detachment and
reducing the number of printing failures. Moreover, to ensure loading of drug-containing
formulations into the system cavities within a single process, printing was interrupted at
the 25th layer. In this respect, the first trials were carried out having the operator fill each
compartment by volume and then restarting the FDM process. However, with the aim of
improving the consistency obtained with the volume-dependent filling, a trapdoor tool
was designed and printed (see Figure 1a). It allowed for the accurate weighting of the
powder and the easy transfer of the latter into the system cavities. Indeed, the trapdoor
consisted in a chamber equipped with a removable base: in the closed configuration, the
trapdoor could be placed on an analytical balance and filled at will from its top opening.
When positioned on top of the prototype under fabrication, the base of the chamber could
be manually removed, enabling the previously weighted powder to freely flow into the
cavities, still maintaining an overall process time below 15 min.

a
. mm’
Cavity for drug filling
50 mm
7
% “ 5 mm
%
Smm*

Cavities for drug filling

Figure 7. Digital models with dimensional and geometric details of (a) single and (b) two-
compartment I-shaped prototypes, together with photographs of the actual printed and filled samples.

Based on the two-compartment design, prototypes with 100% and 50% infill, i.e.,
in principle characterized by different porosity, were printed. These proved to be quite
reproducible in terms of the final weight of the device, and the variability of such parameters
was reduced through the use of the semi-manual loading procedure (i.e., relying on the
trapdoor tool). Based on these considerations, the weight variability observed was mainly
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attributed to the layer deposition mechanism typical of the 3D printing process (Table 4).
Moreover, in view of the experience already gained with drug-embedded matrix-like
DDSs, both 100 and 50% infill samples were coated with a low-permeable film based on
Eudragit® NE, which could foster changes in the release performance. Considering the
new configuration devised, the coating should have been layered over the entire external
surface of the I-shaped specimens, in order to avoid undesired differences in the system
surface exposed to aqueous fluids and thus of rate of dissolution/erosion of the polymeric
walls (i.e., reducing the risk of uncontrolled penetration of water and early opening of the
cavities). In this respect, a semi-automated coating procedure was preliminarily employed
using the lab-scale equipment already developed for I-shaped specimens. As expected,
based on the similar external dimensions and because the mass of the specimen would not
affect its ability to rotate during the coating process, weight gain and coating thickness
of all the samples turned out to be reproducible and independent of the infill percentage
(Table 5).

Table 4. Weight data relevant to uncoated I-shaped samples printed by setting different infill.

Weight, mg (CV)
Manually Filled Trapdoor-Filled
100% Infill 841.85 (9.52) 838.63 (5.02)
50% Infill 723.44 (10.11) 736.11 (5.61)

Table 5. Thickness and weight gain data relevant to coated I-shaped samples printed by setting
different infill.

Thickness, um (CV) Overall Thickness, = Weight Gain,
1 2 3 4 5 6 Hm (CV) % (CV)
100% Infill  56.43(6.36)  55.37(7.78)  55.75(6.61)  51.70(8.72) 5327 (9.25) 5598 (6.37) 54.75 (7.64) 6.73 (6.84)
50% Infill 5471 (7.35)  58.03(9.06)  52.30(6.23)  57.05(7.59) 54.85(9.63) 54.54 (9.93) 55.24 (8.53) 6.22 (7.01)

When tested for shape recovery, both empty samples and those filled with the pow-
der tracer exhibited the desired behavior regardless of their design features (i.e., infill
percentage and presence of the coating) (Figure 8). In particular, neither alteration nor
collapse of the compartments occurred when programming the temporary shape or during
the recovery process (by way of example, see photographs in Figure 9). Moreover, when
dealing with coated samples, no visible damage to the external film was highlighted. After
only 3 min of contact with simulated urine at 37 °C, all prototypes were able to recover
>70% of their original shape (Figure 8). The presence of the Eudragit® NE-based coating
seemed to slightly promote shape recovery by reducing the time required for its completion
and increasing the relevant efficiency (i.e., higher Rls achieved sooner). The latter result
was consistent with the data previously collected with matrix-like PVA-based prototypes
and was associated with the flexibility of such a film, acting as a sort of rubbery envelope
during shape recovery [46].
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Figure 8. Rl versus time curves relevant to different I-shaped samples (i.e., having empty reservoir
units, being filled with the selected powder tracer and tested as such or after relevant coating) printed

with (a) 100% and (b) 50% infill.

temporary shape
Figure 9. Photographs of an I sample, printed with 100% infill and filled with the drug tracer, after

programming of the temporary U shape and during the recovery experiments.

As expected, based on the new configuration and composition of the system, uncoated
PVA-based prototypes pointed out a pulsatile release performance, characterized by a lag
phase prior to release (i.e., tige) (Figure 10) [71-73]. The duration of the lag phase was
determined by the hydration, erosion and dissolution of the swellable/soluble PVA-based
walls surrounding the drug-filled compartments, at the end of which opening of the systems
occurred. Accordingly, the erosion/dissolution of the PVA walls was completed faster
when these were lighter (i.e., printed setting 50% infill), resulting in lower values for both
lag time and pulse time of the relevant prototypes with respect to the 100% infill samples.
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Figure 10. Release profiles relevant to uncoated and coated prototypes printed with different infill.

Dealing with coated samples for which interaction with aqueous fluids was mediated
by the presence of a poorly-permeable film, the lag time increased four- to six-fold. Indeed,
the hydration and swelling of PVA occurred more slowly with respect to the uncoated
samples. However, when a threshold value was reached, the volume expansion of the
hydrated polymer resulted in the formation of small openings in the coating layer along the
entire length of all samples. In this respect, the systems printed with 100% infill, i.e., denser
and with enhanced swelling capacity, were characterized by the shortest lag phase. On the
other hand, 50% infill prototypes exhibited a reduced breaking ability associated with PVA
expansion, which was responsible for a reduction in the number of openings in the coating
layer. The expansion was also shown to occur later, as highlighted by the greater tjgo,
value. As a consequence of the reduction in the rate of swelling and of erosion/dissolution
of the PVA walls, the aqueous fluid penetrating through the openings and the swollen
polymeric matrix inside the cavities might also dissolve the conveyed drug, thus promoting
its diffusion outward, even before the effective opening of the reservoir cavities. This
phenomenon might explain why the overall duration of release from the coated samples
turned out longer with respect to the uncoated ones.

4. Conclusions

The availability of organ-retentive DDSs conceived to remain and release their content
for a prolonged period of time into the bladder would be highly advantageous from the
patient perspective, as it might reduce the number of instillations and thus of catheteri-
zations the patient would undergo over time. While improving compliance, life-quality
and relevant expectancy, this approach might also limit healthcare and social expenses
by acting on administration-related costs, entailing, for instance, hospitalizations, con-
sumables, disposal operations, commitment of hospital personnel and management of
inflammations/secondary infections. In addition, retentive systems could widen the num-
ber of available treatments for bladder pathologies by implementing new therapeutic
approaches combining active ingredients and involving modified time and rate of release.
In this respect, the expandable intravesical DDS already proposed as a matrix-like struc-
ture for prolonged release of active molecules was here further improved to be equipped
with internal cavities for extemporaneous, independent and personalized filling. The
new configuration would also enable programmed release of specific drug quantities at
different times.
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By taking advantage of the PVA SME, this work confirmed the application potential of
4D printing in the development of DDSs intended for retention in hollow muscular organs,
especially towards more complex structures (e.g., multi-layer and hollow systems). Finally,
preliminary biocompatibility studies highlighted the safety of the materials used, which
was particularly promising in view of the next development steps.
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Abstract: Gene therapy brings a ray of hope for inherited ocular diseases that may cause severe
vision loss and even blindness. However, due to the dynamic and static absorption barriers, it is
challenging to deliver genes to the posterior segment of the eye by topical instillation. To circumvent
this limitation, we developed a penetratin derivative (89WP)-modified polyamidoamine polyplex
to deliver small interference RNA (siRNA) via eye drops to achieve effective gene silencing in
orthotopic retinoblastoma. The polyplex could be spontaneously assembled through electrostatic
and hydrophobic interactions, as demonstrated by isothermal titration calorimetry, and enter cells
intactly. In vitro cellular internalization revealed that the polyplex possessed higher permeability and
safety than the lipoplex composed of commercial cationic liposomes. After the polyplex was instilled
in the conjunctival sac of the mice, the distribution of siRNA in the fundus oculi was significantly
increased, and the bioluminescence from orthotopic retinoblastoma was effectively inhibited. In this
work, an evolved cell-penetrating peptide was employed to modify the siRNA vector in a simple and
effective way, and the formed polyplex interfered with intraocular protein expression successfully
via noninvasive administration, which showed a promising prospect for gene therapy for inherited
ocular diseases.

Keywords: gene delivery; intraocular drug delivery; siRNA; penetratin derivative; nonviral vector;
noninvasive administration

1. Introduction

According to a recent epidemiological survey, nearly 295 million people worldwide
suffer from moderate to severe visual impairments, which cause about 43.3 million blind-
ness [1]. Even worse, some inherited blinding diseases, for example X-linked retinoschisis
and Leber congenital amaurosis, still lack effective treatment regimens. Fortunately, gene
therapy brings a ray of hope for these diseases [2]. The regulation of gene expression by
nucleic acid agents has become one of the most promising strategies for the treatment of
inherited blinding diseases, and more than 40 kinds of gene therapeutics are currently
under clinical evaluation [3].

With its unique anatomy and immune-privilege characteristics, the eye is an ideal
organ for topical administration and gene therapy [4,5]. Eye drops are convenient and
can avoid the interference of a complicated physiological environment on gene delivery,
as encountered by systemic administration. However, due to the dynamic and static
absorption barriers of the eye, nucleic acid agents are obliged to be applied via subretinal
or intravitreal injection, which requires rigorous medical conditions and is accompanied
by poor patient compliance [6,7]. In late 2017, voretigene neparvovec-rzyl (Luxturna), a
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breakthrough in gene therapy, was approved by the U.S. Food and Drug Administration
for the treatment of inherited retinal dystrophy. The human retinal pigment epithelial
65 kDa protein (1RPE65) genome is successfully encoded into the recombinant adenovirus-
associated viruses (rAAV) vector, and then injected into the retina of patients to enable
gene expression. This would allow the normally functioning photoreceptors to survive,
and thus restore visual perception [2,8]. Although gene regulation provides a substantial
therapeutic advance, intraocular injection may cause various side effects with an incidence
higher than 5%, and even permanent vision loss [8]. Therefore, noninvasive delivery via
topical instillation has great potential to meet the urgent clinical needs for the development
of gene therapy [9].

Gene delivery is typically mediated by viral or nonviral vectors [10]. Viral vectors
possess the advantages of high transfection efficiency, easy purification, and a strong
ability to combine with genes [11]. However, they are usually afflicted with potential
immunotoxicity [12], insertional mutagenesis, and limited loading capability, which hinders
them from broadly clinical application [13]. On the contrary, the most prominent benefit
of nonviral vectors is that they can alleviate the immune deficiency of viral vectors and
regulate the loading capability of genes [14]. More importantly, nonviral vectors could
be applied for noninvasive administration, making delivery more flexible and feasible,
convenient, and safe [15]. However, the transfection efficiency of nonviral vectors is
relatively low [16]. Thus, improvement of the ability of nonviral vectors to compress,
deliver, and transfect genes via a simple and effective approach would be immensely
beneficial to the clinical translation of gene therapy.

Retinoblastoma is an intraocular malignancy mostly affecting infants and children
caused by hereditary gene mutations. Current clinical interventions include intravenous,
intraarterial, or intravitreal chemotherapy, surgeries, and radiotherapy [17]. Some attempts
have also been made to apply nano-drug delivery systems loaded with cytotoxic anti-tumor
drugs or genes to treat retinoblastoma [18]. In the present work, we aimed to develop
a nonviral vector that would deliver small interference RNA (siRNA) into the eye via
topical instillation to manage retinoblastoma. siRNAs are characterized by high molecular
weight, abundant negative charges, strong hydrophilicity, and poor stability in vitro and
in vivo [19], so a variety of cationic polymers that can compress and neutralize genes
are widely utilized to form polyplexes with siRNA through electrostatic interactions [20].
Polyamidoamine (PAMAM) dendrimer is one of the most commonly used gene carriers [21]
due to its unique three-dimensional configuration, good biocompatibility, permeability,
and stability. The 3rd generation PAMAM (PA) was chosen to pre-compress siRNA herein
because of its low toxicity, but correspondingly, its delivery efficacy is relatively weak.
Previously, we found that based on wild-type cell-penetrating peptide (CPP) penetratin,
more powerful absorption enhancers, for example Q8W and N9W-penetratin (89WP), could
be derived for ocular delivery [22]. Hence, 89WP was further employed to modify the
primary polyplex composed of siRNA and 3rd generation PAMAM (siRNA /PA), forming a
topical delivery system siRNA /PA/89WP to improve absorption of siRNA in the posterior
segment of the eye. We recently used wild-type penetratin and 5th generation PAMAM
to compress antisense oligonucleotides (ASOs) [23]. In order to modify PAMAM with the
positively charged penetratin, negatively charged hyaluronic acid had to be introduced
into the complex to implement layer-by-layer self-assembly via electrostatic interaction [24].
In this study, we tried to develop a simpler polyplex by direct modification with the
evolved penetratin derivative to achieve more efficient intraocular delivery of siRNA. We
hypothesized that 89WP was able to self-assemble with the siRNA /PA polyplex without
the involvement of negatively charged hyaluronic acid. The assembling mechanism of
this siRNA delivery system was investigated, and the efficacy of gene interference was
compared with the commercially available transfection agent Lipofectamine 2000 (Lipo)
using an orthotopic retinoblastoma model.
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2. Materials and Methods
2.1. Materials

Small interference RNA targeting the exogenetic luciferase gene, whose sense sequence
is 5’-GCACUCUGAUUGACAAAUATT-3" and antisense sequence is 5-UAUUUGUCAAU
CAGAGUGCTT-3, was synthesized by GenePharma (Jiangsu, China). The 5" terminus of
siRNA was labeled with 5-carboxyfluorescein (siRNA-FAM) and Cy5 (siRNA-Cy5) in the
respective experiment. The penetratin-derived peptide 89WP and 5-carboxyfluorescein-
labeled 89WP (89WP-FAM) were synthesized by China Peptides (Shanghai, China), whose
amino acid sequence was RQIKINFWWRRMKWKK. The 3rd generation PAMAM (MW
6.9 kDa) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Lipofectamine 2000
(Lipo, Sydney, Australia) was obtained from Thermo Fisher Scientific (Waltham, MA,
USA), and luciferin, the substrate of luciferase, was purchased from Sciencelight (Shanghai,
China). All other chemicals used were of analytic grade.

2.2. Cell Lines and Animals

Human retinal glial cells (WERI-Rb-1) and retinal pigment epithelium cells (ARPE-
19) were provided by the Cell Bank, Chinese Academy of Science (Shanghai, China).
WERI-Rb-1-luci cells that express luciferase were built using lentiviral vectors encoding
firefly luciferase (luci) to infect WERI-Rb-1 cells [25]. RPMI 1640 Dulbecco’s modified
Eagle medium containing nutrient mixture F-12 (DMEM)), fetal bovine serum (FBS), 0.25%
trypsin-EDTA, and penicillin-streptomycin was obtained from Gibco (Carlsbad, CA, USA).
Cell counting kit-8 (CCK-8) was purchased from Meilun (Dalian, China). Cell culture plates
and flasks were purchased from Cellvis (Mountain View, CA, USA).

Male nude mice (1820 g) and male ICR mice (18-20 g) were purchased from the
Experimental Animal Center of Fudan University and kept under specified conditions.
All animal experiments were performed in accordance with the protocols and guidelines
approved by the Ethics Committee of Fudan University (2021-06-YL-WG-81). Animals
were acclimatized to laboratory conditions for 1 week before the experiments.

2.3. Preparation of siRNA Polyplexes

Preparation of the polyplex siRNA /PA/89WP involved two steps. First, the primary
polyplex siRNA/PA was prepared by mixing an equal volume of 130 pg/mL PAMAM so-
lution with 100 ug/mL siRNA solution, followed by vortexing for 30 s and then incubation
for 30 min under static conditions. The ratio of nitrogen in PAMAM to phosphorus in the
siRNA (N/P) of the primary polyplex in the mixed solution was 2:1, which was optimized
by polyacrylamide gel electrophoresis. Second, an equal volume of 89WP solution was
added to the siRNA /PA solution at different charge ratios of 89WP to siRNA (5:1, 8:1, 10:1,
15:1, 20:1, and 30:1), followed by vortex and incubation, as described above.

For preparation of the lipoplex siRNA /Lipo, an aliquot of 300 ug/mL siRNA solu-
tion was mixed with an equal volume of Lipofectamine 2000 solution according to the
instructions, followed by vortexing for 30 s and then incubation for 30 min. All the above
operations were performed at room temperature.

2.4. Characterization of siRNA Polyplexes

The particle size and zeta potential of the polyplexes were measured by dynamic
light scattering (DLS, Malvern Instruments, Malvern, UK) at room temperature. The
size distribution was presented by intensity. Each sample was replicated for 3 times.
The refractive index was 1.59, and the detector angle was 173°. The morphology of the
polyplexes was observed under a transmission electron microscope (FEI, Hillsboro, OR,
USA). Briefly, 5 uL of each sample was added onto glow-discharged carbon-coated grids
for 5 min, and then the remaining liquid was dried in an oven at 37 °C. The samples
were visualized under a microscope operating at an accelerating voltage of 200 keV in
bright-field image mode.
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2.5. Cellular Uptake

In qualitative observation, the ARPE-19 cells in the logarithmic growth phase were
inoculated in 24-well plates with 20,000 cells in each well (# = 3) and incubated for 24 h with
5% CO, at 37 °C in a Heraeus incubator (Kendro, San Francisco, CA, USA). The cells were
then cultured in serum-free medium with various formulations at a final concentration
of 1 pg/mL siRNA. After 4 h incubation, the cells were washed with 0.2% (1m/v) heparin
sodium solution three times, fixed with 4% (1 /v) paraformaldehyde solution for 5 min, and
then moisturized with 50% (v/v) glycerol. After that, the cells were then observed under
an inverted fluorescence microscope (DMI4000B, LEICA, Germany). FAM fluorescence
was excited at a 488 nm wavelength using an argon laser, and the emission was detected at
520 nm.

For quantitative analysis of cellular uptake of different formulations, ARPE-19 cells
and WERI-Rb-1 cells in the logarithmic growth phase were inoculated in 12-well plates
with 50,000 cells in each well (n = 3), as mentioned above. After being incubated with
various formulations at a final concentration of 1 ug/mL siRNA, the cells were trypsinized
with 0.25% trypsin-EDTA, collected in Eppendorf tubes, and centrifuged at 1000 rpm
for 5 min. The precipitated cells were subsequently suspended, washed twice in 200 pL
phosphate buffer saline (PBS), and analyzed using a flow cytometer (Beckman, Brea, CA,
USA). The percentage of FAM-positive cells in total viable cells was defined as the uptake
efficiency. The effects of various inhibitors on cellular uptake were also assessed. The
applied concentrations and function mechanisms of the inhibitors are listed in Table S1.

2.6. In Vitro Gene Silencing

WERI-Rb-1-luci cells, which express luciferase in logarithmic growth phase and good
condition, were inoculated in 24-well plates with 100,000 cells in each well (n = 3) and incu-
bated for 24 h with 5% CO; at 37 °C. The cells were then administered various polyplexes
at a final concentration of 1 pg/mL siRNA and incubated in serum-free medium for 4 h.
After further cultivation in complete medium for 20 h, an equal volume of 0.15 mg/mL
luciferin solution was added to each well for bioluminescence observation under an IVIS
Spectrum system (Cailper PerkinElemer, Waltham, MA, USA).

2.7. Cell Viability Assay

ARPE-19 cells and WERI-Rb-1 cells in logarithmic growth phase and good condition
were inoculated in 96-well plates at a density of 5000 cells per well (n = 3), and the edges
of the plates were filled with sterile PBS. Following incubation at 37 °C and 5% CO, for
24 h, various polyplex formulations were added at a final concentration of 1 ug/mL siRNA
and further incubated for 6 h. Afterwards, 10 uL. CCK-8 solution was added to each well
directly. The cells were incubated for an additional 2 h, and the absorbance value of each
well was measured on a micro-plate reader (Bio-Tek, Shoreline, WA, USA) at a detection
wavelength of 450 nm. The percentage of cell viability was calculated compared with that
of untreated cells.

2.8. Isothermal Titration Calorimetry

An aliquot of 200 pL siRNA solution (70 ug/mL) or primary polyplex siRNA/PA
solution (160 pg/mL) was filled into the sample cell of isothermal titration calorimeter
(MicroCal iTC200, GE, USA), and about 40 uL of PA solution (240 pg/mL) or 89WP solution
(2.80 mg/mL) was inhaled into the titration injector, respectively. The duration of each
injection was 4 s, and the interval between each injection was 150 s. In order to ensure
complete mixing in a few seconds, the injector stirred the solution in the sample cell at a
rate of 1000 rpm. The system temperature was set at 25 °C. Titration was carried out first
using a sample solution and then pure water as a control. Calorimetric data were analyzed
using Origin software.
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2.9. Intracellular Co-Localization

ARPE-19 cells in the logarithmic growth phase were seeded in confocal dishes with a
density of 5000 cells/well and incubated for 24 h with 5% CO; at 37 °C. After administration
with various polyplexes at a final concentration of 1 ug/mL siRNA, the cells were further
cultured in serum-free medium for 4 h. Then, the cells were washed with 0.2% (m/v)
heparin sodium solution three times, fixed with 4% (m/v) paraformaldehyde solution for
5 min, stained with 1 ug/mL 4’,6-diamidino-2-phenylindole (DAPI) solution for 10 min,
and moisturized with 50% (v/v) glycerol. After that, the cells were observed with a laser
scanning confocal microscope (Carl Zeiss, Jena, Germany).

2.10. In Vivo Retinal Distribution

Twenty mice were randomly divided into four groups, namely control group, naked
siRNA group, polyplex siRNA /PA /89WP group, and lipoplex siRNA /Lipo group. In the
control group (n = 2), 5 uL normal saline was instilled into the conjunctival sac of the right
eyes of mice, while in the treatment groups (1 = 6), the same volume of various formulations
containing 2 ug siRNA labeled with FAM was applied. After topical administration, mice
were sacrificed at 0.5, 1, 2, 4, 6, and 8 h by injection with a lethal dose of pentobarbital
sodium (150 mg/kg). The eyeballs were harvested and fixed overnight with 4% (m/v)
paraformaldehyde PBS solution, followed by preparation of frozen slices, which were
observed with a laser scanning confocal microscope (Carl Zeiss, Germany) and analyzed
using ZEN software.

2.11. In Vivo Gene Silencing

Nude mice were anesthetized by intraperitoneal injection with 40 mg/kg pentobarbital
sodium solution. The right eye of each mouse was inoculated with 20,000 WERI-Rb-1-luci
cells in the logarithmic growth phase by intravitreal injection, and the left eye was set
as the control. The bioluminescence intensity of orthotopic retinoblastoma was observed
regularly. The day of initial tumorigenesis (the 7th day after inoculation) was recorded as
day 0, and on the same day, administration was also started.

Twelve nude mice were randomly divided into 4 groups, namely control group, naked
siRNA group, siRNA/PA/89WP group, and siRNA/Lipo group. From day 0, the mice
were given 5 pL various formulations containing 1.5 pg siRNA, except for the control group
given normal saline, by topical instillation 3 times a day for 15 consecutive days.

Ondays 0, 3,5,7,9, 11, 13, and 15, the bioluminescence of the inoculated eyes was
determined. After intraperitoneal injection with 150 mg/kg luciferin, each mouse was
anesthetized with isoflurane and subjected to in vivo bioluminescence imaging. The biolu-
minescence intensity of the retinoblastoma was semi-quantified to observe the variation.
On day 15, after the last bioluminescence determination, all mice were sacrificed, and their
right eyeballs were harvested for hematoxylin-eosin staining to observe the integrity of
the cornea.

2.12. Statistical Analysis

The statistical significance of the quantitative data was analyzed via multiple com-
parisons of one-way or two-way ANOVA or t-test corrected by GraphPad Prism software.
One asterisk (*) represents a significant difference (p < 0.05), two (**), three (***), and four
(****) asterisks represent a highly significant difference (p < 0.01, p < 0.001, and p < 0.0001,
respectively) and ns represents no significant difference (p > 0.05).

3. Results
3.1. Formation and Characterization of siRNA Polyplexes

As seen from the polyacrylamide gel electrophoresis (Figure S1), when the N/P
ratio of 3rd generation PAMAM to siRNA was higher than 2:1, PAMAM could basically

compress the siRNA and shield the negative charge. Therefore, in the primary polyplex
siRNA/PA, the N/P ratio was chosen as 2:1. Then, 89WP was added to the primary
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polyplex at different ratios, forming siRNA /PA /89WPn, where n represents the charge
ratio of 89WP to siRNA. As shown in Figure 1A,B, the primary polyplex siRNA/PA
had a particle size of about 60 nm and exhibited electric neutrality. When 89WP was
gradually added, both the particle size and zeta potential showed a tendency to increase,
but they were lower than those of the lipoplex siRNA /Lipo (about 200 nm and 30 mV,
respectively). The fluctuation in particle sizes of different polyplex formulations was mainly
affected by two factors: the compression efficiency of siRNA and the composition of the
polyplex. With the increase in the charge ratios, more peptide molecules were introduced
into the polyplexes to improve the compression of siRNA. Simultaneously, these peptide
molecules involved in the formation of the polyplexes also led to a slight increase in
particle size. A smaller size means easier internalization by cells [26], and lower zeta
potential implies better biocompatibility than siRNA /Lipo. The morphology of polyplexes
siRNA/PA, siRNA/PA /P15, and lipoplex siRNA /Lipo observed by TEM was presented as
a solid spherical shape, revealing that PAMAM and 89WP could compress siRNA tightly
(Figure 1C). The particle sizes observed by TEM were consistent with those measured by
DLS, as shown in Figure 1A. The particle size of polyplex siRNA /PA /P15 remained stable
at 4 °C for at least 48 h (Figure S2).
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Figure 1. Characterization of siRNA polyplexes. (A) The particle sizes of various polyplex formula-
tions measured using DLS. (B) Zeta potential of various polyplex formulations. (C) Morphology of
the polyplexes siRNA/PA, siRNA /PA /P15, and lipoplex siRNA /Lipo observed by TEM. The scale
bars are 100 nm for the first row and 50 nm for the second. Data are presented as mean + SD (1 = 3).

3.2. Optimization of the Ratio of 89WP to siRNA

Cellular uptake of various formulations was evaluated via qualitative observation
using an inverted fluorescence microscope (Figure 2A). It was found that the fluorescence
of siRNA-FAM in the co-incubated ARPE-19 cells increased gradually with the proportion
of 89WP, and when the charge ratio of 89WP to siRNA ranged between 15:1 and 20:1, the
highest cellular uptake occurred. For the cells treated by siRNA/Lipo prepared according
to the instructions of Lipofectamine 2000, the fluorescence was almost as bright as the poly-
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Figure 2. Optimization of the ratio of 89WP to siRNA via qualitative observation and quantitative
flow cytometry evaluation. (A) The uptake of various siRNA polyplex formulations in ARPE-19
cells was qualitatively observed using an inverted fluorescence microscope (Scale bar, 100 pm). Flow
cytometry was used to quantitatively investigate the uptake percentage of the siRNA polyplexes
at different charge ratios of 89WP to siRNA in ARPE-19 (B) and WERI-Rb-1 (C) cells. The numbers
behind 89WP in each polyplex formulation represent the charge ratios of 89WP to siRNA. Data are
presented as mean £ SD (n = 3).

Flow cytometry was used to quantitatively investigate the uptake efficiency of siRNA
polyplexes in normal ARPE-19 cells and tumor WERI-Rb-1 cells. The naked siRNA could
barely be internalized alone by both cells (Figure 2B,C) due to its large molecular weight,
strong hydrophilicity, and electronegativity. After being compressed by PAMAM, the
uptake efficiencies of the primary polyplex siRNA/PA in ARPE-19 and WERI-Rb-1 cells
were about 3% and 20%, respectively, which were substantially improved compared to the
naked siRNA. With the addition of the peptide 89WP, the uptake efficiency in these two
cell lines further increased with the proportion of 89WP, and peaked when the charge ratio
of 89WP to siRNA reached 15:1. The uptake efficiency of siRNA/PA/89WP15 in ARPE-19
cells was 8.3 times higher than that of primary polyplex siRNA /PA (Figure 2B). Particularly
in WERI-Rb-1 cells, the uptake efficiency of siRNA /PA /89WP15 reached 90%, which was
4.5 times higher than that of primary polyplex siRNA /PA, and was also significantly higher
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than that of siRNA/Lipo (Figure 2C), indicating that 89WP could greatly promote siRNA
internalization. When the charge ratio of 89WP to siRNA further increased, the quantitative
cellular uptake trended to decrease slightly, which might reflect the potential cytotoxicity
caused by the polyplex formulations. It is worth noting that the uptake efficiencies of all
the polyplexes and lipoplexes in the WERI-Rb-1 cells were much higher than in the ARPE-
19 cells. We speculate that these differences were mainly due to the inherent endocytic
capability of various cell lines to nanoparticles. This result is consistent with a previous
report by Patifo et al. [27], who found that tumoral human breast epithelial cells (SKBR-3)
mainly internalized positively charged microparticles, with a 3-fold higher efficiency than
normal human breast epithelial cells (MCF-10A). In contrast, an opposed cellular uptake
effect was observed for the negatively charged microparticles. The authors attributed the
completely different endocytic capabilities of the two cell lines to their tumorigenic or
non-tumorigenic nature. Since our polyplexes were all positively charged, they were more
apt to be endocytosed by tumor cell WERI-Rb-1.

Bioluminescence imaging was conducted for qualitative (Figure 3A) and semi-quantitative
(Figure 3B) evaluations of the interference effects on luciferase expression in WERI-Rb-
1-luci cells using various siRNA polyplexes. No gene interference was observed in the
cells treated with naked siRNA or the primary polyplex siRNA/PA. When the charge
ratio of 89WP to siRNA reached 10:1, the expression of luciferase was basically inhibited
(Figure 3B), which further proved the absorption-enhancing effect of S9WP.

CCK-8 was used to investigate the toxicity of various formulations to ARPE-19 and
WERI-Rb-1 cells (Figure 3C,D). It was found that when the charge ratio of 89WP to siRNA
was lower than 20:1, the survival rate of both cells was higher than 80%, and the biosafety
of these formulations was acceptable. In the normal cell ARPE-19, there was no significant
difference in the viabilities between the cells treated with polyplex siRNA /PA /89WP15
and the negative control naked siRNA, indicating that the carrier materials 3rd generation
PAMAM and 89WP at this dose did not cause significant toxicity to the cells. In contrast,
the positive control siRNA /Lipo was highly toxic to both cells, which reduced cell viability
to below 70%, and the toxicity was significantly higher than that of siRNA /PA/89WP15.
Considering the internalization, interference effect, and toxicity, siRNA /PA/89WP15 was
chosen as the final polyplex formulation, also known as siRNA /PA /89WP hereafter.

3.3. Interactions between Components of siRNA Polyplexes

Isothermal titration calorimetry (ITC) was implemented to determine the interactions
between PAMAM and siRNA and between 89WP and primary polyplex siRNA /PA. The
ITC titration curves are shown in Figure 4, and the fitted thermodynamic parameters are
presented in Table 1. When PAMAM was mixed with siRNA, the equilibrium binding
constant (Kj) value was 3.63 + 1.25 x 107 M1, accompanied by an exothermic process
(AH < 0) and reduced entropy (AS < 0). The corresponding Gibbs free energy change
(AG), calculated via the equation AG = AH — TAS, was also negative. Because under
neutral pH, PA is positively charged, while siRNA is negatively charged, they could form
stable primary polyplexes under room temperature due to electrostatic interaction. The
thermodynamic parameters revealed that the mixed system became more orderly and that
the primary polyplexes were spontaneously formed.
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Figure 3. Optimization of the ratio of 89WP to siRNA by in vitro gene silencing effect and cell
viability. Bioluminescence imaging was conducted to (A) qualitatively and (B) semi-quantitatively
evaluate the interference effect of luciferase expression in WERI-Rb-1-luci cells using different siRNA
polyplex formulations. Data were presented as mean + SD (n = 4), and significance was compared
with the untreated group. CCK-8 was used to evaluate the cell viability of different formulations to
(C) ARPE-19 and (D) WERI-Rb-1 cells. Data were presented as mean + SD (1 = 3), and significance
was compared with siRNA /PA/89WP15 group.

Table 1. Thermodynamic parameters of siRNA binding to PAMAM and 89WP binding to siRNA /PA.

Sample Kp (x10°M~1)  AH (kcal/mol)  TAS (kcal/mol)  AG (kcal/mol)
PA + siRNA 363 £ 125 —71.93 £ 2.02 —61.69 —10.24 £2.02
89WP + siRNA/PA 1.85 +0.90 1.04 £+ 0.08 8.22 —7.18 +0.08

However, the ITC titration curve of 89WP and siRNA/PA in Figure 4B showed a
completely different tendency from that of PA and siRNA as shown in Figure 4A. Ac-
cording to the corresponding thermodynamic parameters in Table 1, the K}, value was
1.85 4 0.90 x 10° M~!, which was two orders of magnitude lower than that calculated
from PA and siRNA, but there was still interaction between 89WP and siRNA /PA. The
mixing process of 89WP and siRNA /PA was endothermic (AH > 0) with increased en-
tropy change (AS > 0), suggesting that in addition to the formation of a polyplex, there
might be some free 89WP in the system. The calculated Gibbs free energy change was
also negative (AG < 0) and had a similar value to that obtained during formation of the
primary polyplex siRNA/PA. These results indicated that 89WP and siRNA/PA could
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spontaneously form stable polyplexes at room temperature, perhaps via an entropy-driven
process characterized by hydrophobic interaction [28].
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Figure 4. Interactions between the components of siRNA polyplexes. Isothermal titration curves
for the interaction between siRNA and PAMAM (A), and for the interaction between 89WP and
siRNA/PA (B).

3.4. Integrity of siRNA Polyplexes during Cellular Uptake

Laser confocal microscopy was used to investigate the co-localization of siRNA and
89WP after the polyplexes were internalized by ARPE-19 cells. As shown in Figure 5,
the cell nuclei stained with DAPI are blue, the siRNA labeled with Cy5 is red, and the
89WP labeled with FAM is green. Naked siRNA-Cy5 could not enter the cells; however,
when compressed by PAMAM and forming primary polyplex siRNA-Cy5/PA, a low level
of internalization could be observed. These results are consistent with observations in
cellular uptake studies. In contrast, the peptide 89WP-FAM could be well internalized
by the cells and distributed around the nuclei, demonstrating that 89WP itself has strong
cellular permeability. Moreover, both siRNA-Cy5/PA /89WP and siRNA /PA /89WP-FAM
were labeled with single fluorescent dye, and could be well internalized by the cells,
indicating that 89WP could not only penetrate the cell membrane barrier by itself, but also
facilitate the polyplexes to enter the cells. In the cells treated with double-labeled polyplex
siRNA-Cy5/PA /89WP-FAM, the yellow particles were the co-localized siRNA-Cy5 and
89WP-FAM, illustrating that 89WP and siRNA co-existed in the polyplex, which could
enter the cells in its entirety. The remaining green particles were free 89WP, further proving
that there are not only intact polyplexes but also free 89WP in the system, as revealed by
the ITC determination. For the lipoplex siRNA-Cy5/Lipo, visible cellular internalization
also occurred, and the uptake efficiency was comparable to that of siRNA-Cy5/PA/89WP.
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Figure 5. Co-localization of the polyplex components in cells. The siRNA labeled with Cy5 (siRNA-
Cyb5, red) and 89WP labeled with FAM (89WP-FAM, green) formed polyplexes siRNA-Cy5/PA/89WP,
siRNA /PA/89WP-FAM, siRNA-Cy5/PA/89WP-FAM, and lipoplex siRNA-Cy5/Lipo. The distri-
bution and co-localization (yellow) of siRNA-Cy5 and 89WP-FAM in ARPE-19 cells were observed
under a confocal microscope. Scale bar, 20 um.

3.5. Cellular Uptake Pathway of siRNA Polyplexes

Flow cytometry diagrams of WERI-Rb-1 and ARPE-19 cells internalizing siRNA poly-
plexes, in which siRNA was labeled with Cy5 and/or 89WP was labeled with FAM, are
shown in Figure 6A and Figure S3A, respectively. In each diagram, the negative quadrant
in the lower left corner represents those cells without uptake, the Cy5 quadrant in the
upper left corner represents those cells internalizing siRNA-Cy5 only, the FAM quadrant in
the lower right corner represents those cells internalizing 89WP-FAM only, and the Cy5
& FAM quadrant in the upper right corner represents those cells simultaneously internal-
izing both 89WP-FAM and siRNA-Cyb5. It could be seen that the cells treated with single
fluorescence-labeled polyplexes siRNA-Cy5/PA /89WP and siRNA /PA /89WP-FAM were
distributed in their respective quadrants in the flow cytometry diagrams, indicating that
the fluorescence signals of Cy5 and FAM dyes did not interfere with each other. In the cells
treated with siRNA-Cy5/PA/89WP-FAM, the proportion of Cy5 and FAM double-positive
cells reached more than 98% for ARPE-19 cells and 84% for WERI-Rb-1 cells, indicating
that siRNA and 89WP almost simultaneously entered the same cells, implying that the
polyplexes were internalized intactly.
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Figure 6. Cellular uptake pathway of siRNA polyplexes in ARPE-19 cells. (A) Flow cytometry
diagrams of ARPE-19 cells treated with polyplexes siRNA-Cy5/PA/89WP, siRNA /PA /89WP-FAM,
and siRNA-Cy5/PA /89WP-FAM, respectively. (B) Flow cytometry diagrams of ARPE-19 cells treated
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(n = 3). (D) Endocytosis pathway of the polyplex siRNA /PA/89WP mediated by clathrin.
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The uptake efficiency was defined as the percentage of cellular uptake with an inhibitor
compared to that without an inhibitor. When treated with the uptake inhibitors filipin, M£-
CD, genistein, and colchicine, no significant decrease in uptake efficiencies was observed
in either ARPE-19 (Figure 6B,C) or WERI-Rb-1 (Figure S3B,C) cells, indicating that the
main pathway for cellular uptake of the polyplex siRNA /PA/89WP might involve neither
cholesterol- nor caveolin-mediated endocytosis nor pinocytosis. Although the uptake
efficiencies of 89WP-FAM in both cells treated with siRNA-Cy5/PA /89WP-FAM remained
unaffected in the presence of dynasore, those of siRNA-Cy5 were almost completely
inhibited. Accordingly, the cellular uptake of polyplex siRNA /PA/89WP may be mainly
via clathrin-mediated endocytosis (Figure 6D). In addition to the intact polyplex, free
89WP also existed in the delivery system, which was virtually not influenced by dynasore,
implying that it was internalized via different pathways.

The uptake of fluorescence-labeled peptide 89WP-FAM and primary polyplex siRNA-
Cy5/PA in ARPE-19 and WERI-Rb1 cells revealed that these inhibitors did not affect
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cellular uptake of the peptide alone, but that of polyplex siRNA-Cy5/PA was significantly
restrained (Figure S4). This result further confirmed that the polyplexes with or without
89WP muodification entered cells mainly through clathrin-mediated endocytosis, which was
different from the free peptide 89WP.

3.6. In Vivo Retinal Distribution of siRNA Polyplexes

After topical instillation of the siRNA formulations labeled with FAM, the fluores-
cence intensity in the mouse retina was kept at a low level within 8 h in the naked siRNA
group, indicating that the naked siRNA alone was difficult to absorb into the eye due to
its hydrophilicity and relatively large molecular size. In contrast, the retinal fluorescence
intensity of siRNA-FAM/PA/89WP and siRNA-FAM/Lipo groups increased remarkably
and peaked at 2 h after administration. Then, the fluorescence intensity decreased grad-
ually with time, and 6 h later, it was comparable with that of the siRNA-FAM group
(Figure 7A). According to quantitative analysis (Figure 7B), the fluorescence intensity of
siRNA-FAM/PA /89WP group was 2 to 3 times higher than that of the naked siRNA-
FAM group at 0.5h, 1 h, 2 h, and 4 h, and 1.5 times higher (p < 0.0001) than that of the
siRNA-FAM/Lipo group at 2 h and 4 h. These results provided direct evidence that due
to the ocular permeability of 89WP, siRNA polyplex could be absorbed into the eye and
distributed in the retina, and the amount of siRNA accumulated in the ocular fundus was
significantly higher than the lipoplex siRNA /Lipo.
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Figure 7. In vivo retinal distribution of siRNA formulations. All fluorescence-labeled naked siRNA-
FAM, polyplex siRNA-FAM/PA /89WP, and lipoplex siRNA-FAM/Lipo contained 2 g siRNA and
were instilled into the conjunctival sac of mice. After the eyeballs were harvested at different time
points, the green fluorescence intensity in the retina was observed under a confocal fluorescence
microscope (A) and semi-quantitatively analyzed using ZEN software (B). Data are presented as
mean =+ SD (n = 3). Scale bar, 50 um. Significance was compared with siRNA-FAM/PA /89WP group.
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3.7. In Vivo Gene Silencing Efficacy

The siRNA formulations were administered as eye drops three times a day to evaluate
gene silencing efficiency in retinoblastoma-bearing nude mice, and the eyes were subjected
to in vivo bioluminescence imaging at set time points (Figure 8A). From Figure 8B, it could
be found that the bioluminescence intensity increased significantly for the groups treated
with normal saline and naked siRNA, indicating rapid proliferation of WERI-Rb-1-luci
cells in the eyes. In contrast, the polyplex siRNA /PA/89WP could effectively interfere
with luciferase gene expression of the intraocular WERI-Rb-1-luci cells, thereby inhibiting
bioluminescence intensity at a low level similar to that at the beginning of tumorigenesis
(day 0). Semi-quantitative analysis of the change in bioluminescence intensity was also
conducted. The data showed that on day 15, the inhibition effect of siRNA/PA /89WP
on tumor bioluminescence was 4 times better compared to that of the siRNA /Lipo group
(p < 0.05), or 5 times and 6 times better compared to those of the groups treated with normal
saline (p < 0.001) and naked siRNA (p < 0.01), respectively (Figure 8C,D). These results
revealed that the polyplex siRNA /PA/89WP could efficiently penetrate across the ocular
absorption barriers and delivered siRNA into the tumor cells in the posterior segment
of the eye. After consecutive administration for 15 days, the corneas recovered from all
the treatment groups still maintained normal morphology (Figure 8E), indicating that the
siRNA formulations were safe for ocular tissues.
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Figure 8. In vivo gene silencing efficacy. The eyes of nude mice were inoculated with WERI-Rb-1-luci
cells, and the mice were divided into 4 groups, administered with normal saline, naked siRNA,
siRNA /PA/89WP, and siRNA /Lipo, respectively. Each siRNA formulation contained 1.5 ug siRNA
and was applied three times daily via topical instillation. (A) Time schedule of tumor transplant,
treatment, and evaluation of tumor-bearing mice. (B) Bioluminescence imaging of the eyes. (C) Semi-
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quantitative evaluation of changes in luciferase expression. (D) Comparison of changes in luciferase
expression on day 15. (E) The HE-stained cornea after administration for 15 days. Significance was
compared with siRNA /PA/89WP group, and n = 3.

4. Discussion

Ocular gene therapy, through altering gene expression to treat genetic diseases, has
great potential for a variety of degenerative retinal syndromes [29]. Currently, there are
still some technical barriers in this field that urgently need to be solved, such as seeking
effective therapeutic genes and developing efficient delivery vectors [19,30,31]. Although
ocular gene therapy has made remarkable progress in recent years, it is still in its infancy,
and vast amounts of research are in the exploratory stages. Notably, in gene delivery, the
efficiency and safety of most delivery vectors cannot meet clinical requirements, which has
become a technical bottleneck of gene therapy [5].

In the present study, we developed an ocular gene delivery system consisting of a
cationic polymer (PAMAM) and an optimized cell-penetrating peptide (89WP). PAMAM
is a synthetic dendritic polymer rich in cationic functional groups that provides a reliable
binding ability with nucleic acids [32]. The binding ability increases along with the gen-
eration of dendritic molecules [33], while cytotoxicity also increases [34,35]. In order to
balance the capability of gene condensation and the potential cytotoxicity caused by the
vector, the 3rd generation PAMAM was selected in this work to compress siRNA and form
the primary polyplex siRNA /PA by simple physical complexation.

We previously screened out penetratin from several of the most commonly reported
cell-penetrating peptides based on the ex vivo permeability in excised cornea and in vivo
ocular distribution [36]. In a subsequent study, we optimized wild-type penetratin via
amino acid mutation to further improve its permeability, and obtained a series of deriva-
tive peptides, which could be used as potential ocular absorption enhancers with low
toxicity [22]. Among these derivatives, 89WP showed more distribution in the eyes, es-
pecially in the retina, after topical instillation. Therefore, we chose 89WP to facilitate the
intraocular delivery of siRNA. It seemed that the N /P ratio of 2:1 was a critical value for
the 3rd generation PAMAM to compress siRNA, because the formed primary polyplex
siRNA /PA exhibited a nearly neutral zeta potential (Figure 1B), revealing the negatively
charged siRNA was just neutralized by PAMAM. Actually, there were still some unbound
or loosely bonded siRNAs in the mixed solution, according to the results of gel electrophore-
sis (Figure S1). Under this circumstance, the addition of positively charged 89WP would
further compress siRNA together with PAMAM, forming ternary complexes with larger
particle sizes and higher zeta potential compared to siRNA/PA. To modify the polyplex
with penetratin, we previously introduced low molecular weight hyaluronic acid (HA)
as an electronegative linker between the positively charged polyplex and penetratin to
implement layer-by-layer self-assembly via electrostatic interaction [24]. In the present
work, by virtue of thermodynamic analysis, we found that 89WP and siRNA /PA could
spontaneously form a polyplex without the help of HA. This finding makes the siRNA
polyplex simpler in structure and easier in preparation.

Both ARPE-19 and WERI-Rb-1 are retina-related cells, and here were chosen to predict
the absorption of polyplex formulations in the posterior segment of eyes. In vitro evalua-
tions showed that the polyplexes exhibited a much stronger uptake and silencing effect
in both normal cells ARPE-19 and tumor cells WERI-Rb-1. With the aid of PAMAM and
89WPD, the polyplexes were able to enter the cells through the clathrin-mediated pathway.
Interestingly, the internalization process of the polyplex was different from that of peptide
89WP, which was not liable to be affected by uptake inhibitors, probably due to their direct
binding and interaction with negatively charged cell membranes [37,38].

The interaction between the components of polyplex siRNA/PA/89WP and its in-
tegrity after cellular uptake was also investigated. The thermodynamic parameters revealed
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that a strong electrostatic interaction between PA and siRNA facilitated the formation of
the primary polyplex. In contrast, when 89WP was mixed with siRNA/PA, entropy-driven
hydrophobic interaction played the leading role, as indicated by negative AG and positive
AS [28], consequently resulting in a system containing polyplex siRNA /PA/89WP and free
peptide 89WP. This could explain why 89WP-FAM was still internalized in the cells when
inhibited by dynasore. The confocal results showed that siRNA overlapped with 89WP
in the cells, indicating that the polyplexes were internalized as an intact form and entered
the cells via the clathrin-mediated endocytosis pathway. Besides the intact polyplexes,
there was some free 89WP in the formulation. Even if the internalization of polyplex
siRNA/PA /89WP was suppressed by dynasore, the free 89WP might enter cells through
direct bonding with a negatively charged cytomembrane.

Fluorescence-labeled polyplexes were then instilled in the eyes of the mice. We found
that after 2 h, the fluorescence intensity of polyplex siRNA-FAM/PA /89WP reached the
maximum in the retina, then began to gradually attenuate, and almost totally eliminated
after 6 h. The ocular pharmacokinetics revealed that the eye drops of siRNA polyplexes
could be absorbed into the posterior segment within a short time after administration.
Consequently, bioluminescence expressed in WERI-Rb-1-luci tumor cells could be effec-
tively inhibited by topically applied siRNA /PA/89WP, and the interference effect was
significantly better than that of the lipoplex siRNA /Lipo. The tumor-inhibiting efficiency
was also noninferior to the polyplex constructed with the 5th generation PAMAM and
wild-type penetratin [23], which may be attributed to the improved permeability of 89WP
across the ocular absorption barriers and its hydrophobic interaction with siRNA /PA.
More importantly, the present polyplex was composed of lower generation PAMAM, which
was favorable for reducing the potential risk of safety for ocular application. These re-
sults provided solid proof that via noninvasive administration siRNA polyplex could
distribute in the fundus oculi and therefore was competent to play the role of gene therapy
in related diseases.

5. Conclusions

In this work, we successfully constructed a noninvasive intraocular gene delivery
system, in which the 3rd generation PAMAM dendrimer compressed siRNA to form the
primary polyplex siRNA /PA and then the penetratin derivative 89WP was introduced to
self-assemble the ternary complex system targeting fundus oculi. The formed polyplex
siRNA/PA/89WP was able to enter the ocular cells in an intact form through clathrin-
mediated endocytosis, and was much safer to ocular cells than the siRNA lipoplex com-
posed of commercialized cationic liposome. When topically applied in vivo, the polyplex
siRNA /PA /89WP could reach the posterior segment of eyes in a short time, and perform
an interference effect on the intraocular tumor without impairing anterior ocular tissues.
Therefore, this simple and safe delivery system could be a useful tool for gene therapy for
hereditary intraocular diseases.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pharmaceutics15030745/s1. Table S1. Cellular uptake inhibitors
and their function mechanisms. Figure S1. Polyacrylamide gel electrophoresis of primary polyplexes
siRNA/PA. The ratio is N /P of 3rd generation PAMAM to siRNA. Figure S2. Time-dependent particle
size variation of siRNA/PA/89WP incubated in 10 mM PBS at 4 °C (n = 3). Figure S3. Cellular
uptake pathway of the siRNA polyplexes in WERI-Rb-1 cells. (A) Flow cytometry diagrams of
WERI-Rb-1 cells treated with polyplexes siRNA-Cy5/PA /89WP, siRNA /PA /89WP-FAM, and siRNA-
Cy5/PA/89WP-FAM, respectively. (B) Flow cytometry diagrams of WERI-Rb-1 cells treated with
polyplex siRNA-Cy5/PA /89WP-FAM in the presence of various cellular uptake inhibitors. (C) Effects
of the inhibitors on uptake efficiency of siRNA-Cy5/PA/89WP-FAM by WERI-Rb-1 cells (1 = 3).
Figure S4. Effects of various inhibitors on uptake efficiency of single fluorescence-labeled peptide
(89WP-FAM) and primary polyplex (siRNA-Cy5/PA) in ARPE-19 (A) and WERI-Rb-1 (B) cells (1 = 3).
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Abstract: A particular biological process known as wound healing is connected to the overall
phenomena of growth and tissue regeneration. Several cellular and matrix elements work together
to restore the integrity of injured tissue. The goal of the present review paper focused on the
physiology of wound healing, medications used to treat wound healing, and local drug delivery
systems for possible skin wound therapy. The capacity of the skin to heal a wound is the result
of a highly intricate process that involves several different processes, such as vascular response,
blood coagulation, fibrin network creation, re-epithelialisation, collagen maturation, and connective
tissue remodelling. Wound healing may be controlled with topical antiseptics, topical antibiotics,
herbal remedies, and cellular initiators. In order to effectively eradicate infections and shorten the
healing process, contemporary antimicrobial treatments that include antibiotics or antiseptics must
be investigated. A variety of delivery systems were described, including innovative delivery systems,
hydrogels, microspheres, gold and silver nanoparticles, vesicles, emulsifying systems, nanofibres,
artificial dressings, three-dimensional printed skin replacements, dendrimers and carbon nanotubes.
It may be inferred that enhanced local delivery methods might be used to provide wound healing
agents for faster healing of skin wounds.

Keywords: wound; physiology of wound healing; strategies towards wound healing; local
delivery systems

1. Introduction

One of the most crucial characteristics of simple bacteria to complex multicellular
creatures is an undamaged outer coating. The largest organ in the human body, the skin
serves a variety of purposes. Skin is susceptible to a range of external variables because
of its exposure to the environment, which can lead to various skin injuries and damage.
A series of physiological events can heal cuts or injuries because skin has remarkable
regenerating abilities. The epidermis of the skin is central to several vital organs, including
apocrine glands, eccrine sweat glands, and hair follicles with pilosebaceous units [1]. A
wound is the result of the “disruption of normal anatomic structure and function,” claims
the Wound Healing Society. Depending on how long a wound takes to heal, attention might
be given to the acute and chronic kinds. Acute wounds are typically treated effectively with
a good possibility of success within a few weeks and are primarily caused by mechanical
trauma or surgical procedures [2]. The location, size, depth, and type of an acute wound all
affect its nature. The chain of events necessary for wound healing can be disrupted by a
variety of disease processes, leading to chronic, non-healing wounds that cause the patient
great suffering and need a tremendous number of resources from the medical system. The
coagulation cascade, inflammatory pathways, and the cellular components of the immune
system are all activated during wound healing, which causes a significant modification
of all skin compartments [3]. For expediting in vivo wound healing and minimising scar
formation, cellular scaffolds containing fibroblasts, keratinocytes, stem/progenitor cells, or
reprogrammed cells have shown promising outcomes.
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Depending on the type of wound and the patient, several wound treatments are used,
but they all often start with cleaning, involve taking antibiotics, and involve choosing the
right dressing [4]. The dressing should encourage autolytic debridement and be non-toxic,
non-allergenic, non-adherent, and non-toxic. For deep wounds or after surgery for patients
with implanted medical devices, effective local administration of antibacterial chemicals is
crucial. Surface-adherent cells may release growth factors that may then affect the timing
and result of the creation of a scar as skin cells move into a fibrin-rich temporary matrix to
form a scar. A polymer applied therapeutically to the local site of interest may help such
local wound-healing activities [5].

When serious cuts are treated with typical wound care techniques, permanent scars
are created. As a result, considerable effort has gone into creating alternative therapies
that bring back the natural skin’s capacity for regeneration. Cell treatment, growth factor
delivery, gene delivery, and other techniques have all been utilised to speed up the healing
of non-healing wounds. Drugs and genes can have their half-lives extended, their bioavail-
ability increased, their pharmacokinetics optimised, and their dose frequency decreased
using drug delivery systems at the nano, micro, and macroscales [6]. If just extracellular
delivery is necessary, microparticle-mediated distribution would have a more long-lasting
therapeutic impact since the release kinetics would be slowed by the reduced surface-
to-volume ratio. Protein and nucleic acid treatments, on the other hand, would require
nanoparticle-mediated transport in order to reach the intracellular targets. Nanotechnol-
ogy has a fantastic chance to improve currently used medical therapies, standard care,
and wound management [7]. It has been discovered that nano drug delivery methods
are non-toxic, completely compatible with skin, and favourably generate a helpful moist
environment for activating and accelerating the wound healing process.

When comparing different drug delivery methods, tissue-engineered scaffolds are
particularly pertinent to wound healing since they can act as a depot for medicines [8].
Additionally, they can serve as wound dressings to physically protect the wounds. There-
fore, drug-incorporated scaffolds hold great promise for speeding the healing of chronic
wounds through a combination of mechanisms. By acting through immune regulation,
paracrine actions, and differentiation into epidermal and dermal cells to restore the in-
jured skin, stem cell-based treatments show increasing promise [9]. The application of
particular stem cells has emerged as a promising strategy to overcome the drawbacks of
conventional treatments, offering the potential to improve the healing of chronic wounds
as well as speed up the process of wound healing for acute wounds [10]. There are several
different antibiotic formulations that can be used topically on wound sites. Medicine
delivery devices are particularly crucial because when a drug is given systemically, the
poor vasculature in the wound bed can prevent the drug from effectively reaching the
healing tissue. Additionally, complicated drug delivery systems that can transport the
active ingredients in the right quantity to the right area are needed due to the side effects of
some medications, the short half-lives of biological components, and the dynamic nature of
the wound environment [11].

The physiology of wound healing as well as current advancements in wound healing
techniques, with a focus on local medication delivery elements, are critically examined in
this review article.

2. Physiology of Wound Healing Process

Skin wound healing is an intriguing biological process that has served mammals well
throughout evolution. Skin wound healing is a crucial phase for survival that culminates
in wound closure because of its essential roles as a physical, chemical, and bacterial
barrier. The process of cellular, humoral, and molecular mechanisms involved in skin
wound healing is dynamic, tightly regulated, and can take years to complete [12]. The
epithelialisation of skin wounds depends on the details of the lesion, including its location,
depth, size, microbial contamination, patient-related medical problems, genetics, and
epigenetics. Following a skin injury, the exposed sub-endothelium, collagen, and tissue
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factor will stimulate platelet aggregation, which in turn causes degranulation and releases
chemotactic factors (chemokines) and growth factors to form the clot [12]. By following all
of the aforementioned steps, successful haemostasis will be achieved.

A skin wound can heal completely through regeneration or repair. Skin repair shows
an unspecific kind of healing in which the lesion heals by fibrosis and scar formation, in
contrast to regeneration, which depicts the specific substitution of the tissue, such as the
superficial epidermis, mucosa, or foetal skin. Unfortunately, the latter is the primary mode
of adult skin wound healing [13]. The pathophysiology of chronic wounds is still poorly
understood; however, it is known that they remain in the inflammation stage of the healing
process rather than progressing further. Critical obstacles to the physiologic healing of
chronic wounds include impaired vascularisation and the resulting hypoxia, the inability to
move on to the healing phase, extended and exacerbated inflammation, and the incapacity
of immune cells to manage bacterial infection. Normal wound healing can be hampered
by prolonged wound-healing phases or overly aggressive reactions of the organism to the
damage [14]. The majority of chronic wounds heal through fibrosis, which produces an
excessive quantity of connective tissue rather than regeneration. Additionally, persistent
inflammation is followed by fibrosis, and fibrosis-healing wounds have been discovered to
have higher levels of pro-inflammatory mediators (such as TGF-3) (Figure 1). Unnecessary
fibroblast proliferation, neovascularisation, and increased collagen and fibronectin synthesis
are all results of poorly controlled growth factor activity. Additionally, a wound contracts
too much and for too long, causing fibrotic scar tissue to grow. Keloids and hypertrophic
scars are two different types of pathological scars that can result from an injury. In this
regard, there is active current study on the change from the inflammatory to the proliferative
stage of wound repair. Three to five phases that overlap in both time and location can be
artificially created to represent the various stages of wound healing [12-16].
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Figure 1. Physiology of wound healing. Haemostasis: The immediate response to a surgical injury is
the vasoconstriction of blood vessels at the point of injury. Inflammatory process: brings nutrients to
the area of surgery, removes debris and bacteria, and provides stimuli for wound repair. Proliferation:
involves processes of angiogenesis, granulation tissue production, collagen deposition, and epithe-
lialisation. Remodelling: Type 1 collagen replaces the type 3 collagen found in granulation tissue,
and a scar forms.

2.1. Haemostasis and Coagulation: Vascular Mechanism

The thrombogenic sub-endothelium is initially exposed to platelets by haemorrhage
into the wound. When the skin is wounded, bleeding typically occurs to help remove
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microorganisms and/or antigens from the wound. The main goal of the vascular mecha-
nism is to stop exsanguination in order to maintain the integrity of the circulatory system
and ensure important organs’ abilities to function unharmed despite the injury. The long-
term provision of a matrix for the invasive cells that are required in the later stages of
healing is the second goal. Bleeding causes haemostasis to be activated, which occurs by
exudate components such as clotting factors [17]. Vasoactive chemicals such as serotonin
and catecholamines work through particular endothelium receptors to constrict nearby
blood vessels. Leukocytes, red blood cells, and plasma proteins can enter the body by
way of smaller arteries when they are triggered to vasodilate. A local perfusion failure
with subsequent oxygen deprivation, increased glycolysis, and pH alterations is explained
by the life-saving vasoconstriction with clot formation. Following vasoconstriction, there
is a vasodilation during which thrombocytes infiltrate the temporary wound matrix [18].
Hyperaemia, a localised redness, and wound oedema are additional signs of vasodilation.
Platelets are essential to this stage, as well as the overall healing process, because, in addi-
tion to establishing early haemostasis, they also release a number of cytokines, hormones,
and chemokines that initiate the subsequent stages of healing. In order to prevent further
blood loss, the coagulation cascade is activated alongside haemostatic processes through
intrinsic and extrinsic routes, causing platelet aggregation and clot formation. The presence
of fibrinogen in the exudate triggers the clotting mechanism, which causes the exudates
(blood devoid of cells and platelets) to coagulate (Figure 2). This, along with the construc-
tion of a fibrin network, results in a clot in the wound, which stops bleeding [19]. The fibrin,
fibronectin, vitronectin, and thrombospondin molecules found in the blood clot serve as
the provisional matrix, a scaffold for the migration of leukocytes, keratinocytes, fibroblasts,
and endothelial cells as well as a source of growth factors. Additionally, this stage is where
the inflammatory process starts. This stage is occasionally referred to as the “lag phase”
because the organism must coordinate the recruitment of numerous cells and components
for the healing process while the wound lacks mechanical strength [18-20].
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Figure 2. Vascular mechanism for Haemostasis and coagulation. This mechanism is regulated by a

dynamic equilibrium between endothelial cells, thrombocytes, coagulation, and fibrinolysis, which
also influences the amount of fibrin deposited at the wound site and affects how quickly the reparative
processes proceed.
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2.2. Inflammation: Cellular Mechanism

The inflammatory phase starts practically immediately after haemostasis and lasts
for around 3 days, often starting as soon as a few minutes after damage and lasting up
to 24 h. Through the production of histamine and serotonin, the release of protein-rich
exudate into the wound produces vasodilation, allowing phagocytes to enter the wound
and devour dead cells (necrotic tissue). It starts the complement cascade and sets off
molecular processes that allow neutrophils, whose primary job it is to fight infection,
to infiltrate the wound site. To remove bacteria, foreign objects, and injured tissue, the
neutrophils must first perform the vital process of phagocytosis [21]. Within the first 24 h,
many neutrophils arrive on the scene as the initial leukocytes. Macrophages quickly follow
neutrophils because they are drawn to the consequences of neutrophil death. In the wound,
phagocytic cells such as macrophages and other lymphocytes start to sweep away debris
and microorganisms.

About 48 h after the injury, these macrophages infiltrate and remain there until the
inflammatory phase is over. Long considered the main cell in the healing of wounds,
macrophages appear to coordinate the most crucial stages of healing (Figure 3) [22]. Recent
studies have looked at their role in both poor healing and scarring, despite the fact that
they are essential to normal recovery. Re-epithelialisation, granulation tissue development,
angiogenesis, wound cytokine production, and wound contracture are intricate processes
involving macrophages. The succeeding procedures depend on phagocytotic activity be-
cause acute wounds with a bacterial imbalance are unable to heal. Inflammation is brought
on as circulating monocytes enter the tissue and quickly mature into adult macrophages.
By activating type-1 macrophages (M1), phagocytosis eliminates pathogens, foreign ob-
jects, necrotic neutrophils, and wound dermis from the diseased area. They generate a
number of cytokines and proinflammatory mediators. Mastocytes are sensitive to tissue
damage and play a crucial role in the healing process by secreting a number of cytokines
that promote the recruitment of white blood cells [17-22]. T cells enter the wound site
and control a variety of processes. Monocytes, cytokines, macrophages, corneocytes, big
granular lymphocytes, T-lymphocytes, basophils, granulocytes, and vascular endothelial
cells are all involved in wound regeneration. IL-1, TNF-«, IL-6, VPE, TGF- 3, and IGF-1 are
among the cytokines produced by monocytes, which develop into macrophages. Along
with corneocytes, fibroblasts, granulocytes, and vascular endothelial cells, neutrophils,
such as T lymphocytes and basophils, are important makers of TNF-¢, IL-10, and other
chemokines. VEGF, IGF-1, and TGEF- 3 are all produced by macrophages [12-14]. As a
result, each of the cells mentioned above participates in the intricate process of tissue repair.
Subsequent repair mechanisms of an adult depend on cell and tissue movements that are
caused by growth factor and cytokine signals, which are provided by the inflammatory
response to injury. Epithelial cells and fibroblasts travel to the injured location during the
migration phase to replace lost and damaged tissue. These cells quickly spread over the
wound beneath the dried scab (clot), regenerating from the borders and thickening the
epithelium [23].
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Figure 3. Inflammatory phase following a cutaneous incision. Inflammatory cell invasion: Early
inflammatory phase activates the complement cascade and initiates molecular events while in the
late phase, macrophages appear in the wound and continue the process of phagocytosis.

2.3. Proliferation

Because the proliferative stage of wound healing is highly metabolic with an increased
demand for oxygen and nutrients, the restoration of blood flow is essential. For phagocytes
undergoing a respiratory burst to effectively combat pathogens, the presence of oxygen in
cutaneous wounds is also essential.

2.3.1. Epithelialisation

The multiplication and inflow of keratinocytes close to the wound'’s leading edge indi-
cate epithelialisation. Re-epithelialisation begins during the proliferative phase of wound
healing, roughly 16-24 h after injury, and continues through the second and third phases.
It is characterised by fibroblast migration and the deposit of a recently created extracellular
matrix, which takes the place of the temporary fibrin and fibronectin network [18]. Capil-
lary budding and the synthesis of the extracellular matrix are also involved in the repair
phase to fill in the gaps left by the debridement of the wound. Hair follicle and apocrine
gland bulbs contain stem cells that start to develop into keratinocytes, repopulate the
stratum basale, and move over the edge of the wound. They connect close to the inner edge
of the wound once they come into contact with the mesenchyme of the extracellular matrix
(ECM), and they start to lay down a new basement membrane. Keratinocytes are crucial
for maintaining the barrier as well as for its repair after injury through a process called
epithelialisation. Undifferentiated keratinocytes convert into differentiated non-dividing
cells during differentiation as they move upward to eventually give rise to the cornified
envelope [24]. The process of differentiation is mediated by three main mitogen-activated
protein kinase (MAPK) pathways, which are activated by a variety of stimuli, including
calcium influx, epidermal growth factor (EGF), and TNF-a. K6, K16, and K17 keratins
are upregulated in migrating keratinocytes, which is thought to augment the viscoelastic
characteristics of moving cells. In addition to producing paracrine and autocrine signals
that are directed at surrounding keratinocytes, activated keratinocytes also alert fibroblasts,
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endothelial cells, melanocytes, and lymphocytes. In order to coordinate the activity of
neighbouring cell types in the repair of damaged tissue, these responses are crucial [25].

2.3.2. Angiogenesis

In response to tissue injury, the complicated mechanism of angiogenesis is heavily
controlled by signals from the ECM and serum. Activated macrophages, the epidermis, and
soft tissue wounds can all produce angiogenesis. Gelatinase A is released by endothelial
cells exposed to thrombin, and it aids in the local disintegration of the basement mem-
brane, an essential first step in angiogenesis. Many soluble factors, most notably VEGF-A,
positively influence the initiation of angiogenesis. Due to its powerful angiogenesis and
vasopermeability activity, VEGEF, a growth factor belonging to the PDGF family, was ini-
tially called the vasopermeability factor [22]. The VEGF family in mammals consists of five
members (VEGF-A, -B, -C, and -D and placenta growth factor). In the wound, thrombin in-
creases cellular receptors for VEGF. Due to a hypoxic gradient between injured and healthy
tissue, expression of the HIF-1 gene causes the synthesis of VEGF. Nitric oxide generation
by endothelial cells is also influenced by hypoxia [25]. To increase local blood flow, nitric
oxide encourages angiogenesis and vasodilation. The most important proangiogenic factor
in wound healing is VEGF-A, which is produced in response to hypoxia. A powerful
proangiogenic mediator, VEGF-A also raises vascular permeability, which adds to wound
oedema. Other factors, such as cardiac ankyrin repeat protein, as well as VEGF-A, FGE-2,
PDGE, TGEFE-f3 family members, and other factors also encourage wound angiogenesis.
Numerous highly technical depletion investigations on skin have shown that macrophages
are a significant contributor to overall proangiogenic stimulation. Thus, it appears that in
the healing wound, inflammation and the subsequent angiogenic response are related [26].

2.3.3. Granulation Tissue Formation

Granulation tissue normally grows from the wound’s base and can cover any size
wound. Chronic wound formation can be caused by any mistakes in the granulation
tissue creation process. Fibroblasts, freshly sprouting blood vessels, and immature collagen
make up granulation tissue (collagen type III) [25]. In this stage, some fibroblasts will also
start differentiating into myofibroblasts, which can contract to close wound edges that
are protruding from the body. TGF- and PDGEFE, which are generated by inflammatory
cells and platelets, entice fibroblasts and myofibroblasts from the surrounding tissue to
move into the wound [27,28]. Through the creation of granulation tissue brought on
by hypoxia, increased lactate, and different growth factors, healing through secondary
intention is accomplished. Epithelisation over this granulation is a necessary step in
healing by secondary intention, followed by substantial remodelling [29]. Any medicine
that prevents the growth of new blood vessels may hinder the healing of wounds. In
addition to the collagen matrix, fibrinogen, fibronectin, and hyaluronic acid, macrophages,
proliferating fibroblasts, and vascularised stroma also make up the acute granulation tissue
that takes the place of the fibrin-based provisional matrix. The blood vessels become less
dense as collagen builds up, and the granulation tissue gradually reaches maturity to form
a scar [30].

2.4. Remodelling Phase

Through cell apoptosis, the production of granulation tissue is stopped. Cellular
connective tissue is generated during tissue maturation or remodelling, and the newly
formed epithelium is strengthened. From a few months to around two years, cellular gran-
ular tissue transforms into an acellular mass. Fibroblasts and macrophages are important
players in remodelling. Several growth factors, including TGF-$3, PDGF, and FGF, which
are stimulated during tissue injury and repair, control remodelling. Although the function
of growth factors in the development of scars is not entirely known, TGE-f3 is assumed to be
significant [26]. By boosting the development of tissue inhibitors of metalloproteinase and
causing an increase in collagen deposition, this factor is known to decrease pro-collagenase
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production and enzyme activity. The collagen that was put down during proliferation is
eventually replaced by a more stable interwoven type III collagen during remodelling as
the water content of the wound decreases. In order to maintain a precise balance between
synthesis and degradation and promote normal healing, regulatory mechanisms carefully
govern the remodelling of an acute wound. Concurrent with the development of the
granulation tissue, the extracellular matrix begins to be synthesised during the proliferative
and remodelling phases. The proliferative phase’s collagen III is now being replaced by
the more robust collagen I. Later, the myofibroblasts generate wound contractions through
various collagen attachments and aid in reducing the surface area of the scar [31,32].

3. Wound Healing Strategies
3.1. Cellular Activity Initiators

DNA synthesis is promoted in fibroblast cells by secretions from healthy wounds.
Conversely, the same fibroblasts are inhibited by the secretions from long-lasting, nonheal-
ing wounds, such as leg ulcers. Interestingly, heating the fluid contents of a chronic wound
denatures them, removing the inhibitory impact and restoring fibroblast growth. As before,
fibroblasts from chronic wounds have the worst response to growth factors than fibroblasts
from acute wounds, suggesting that the fibroblasts in chronic wounds are also harmed.
The most promising biomarkers are proteases and cytokines. Traditional medicines such as
honey, curcumin, and tannin have been studied using modern pharmaceutical practices to
learn how they affect cellular activity. One would anticipate that cytokine release, which
represents neutrophil and macrophage activity, would increase in an effort to trigger a
fibroblast response if fibroblasts stop responding. The pro-inflammatory cytokines IL-1 and
TNF-a were found in higher concentrations in non-healing wounds than in healing wounds.
When the healing starts, the levels significantly decrease. An electromechanical coupling
bio-nanogenerator made of extremely discrete piezoelectric fibres was created by Tong
et al. [33]. By using the inherent force of the cell, it can produce a surface piezopotential
up to millivolts, providing in situ electrical stimulation for the living cells. Additionally,
the three dimensional structure of bionanogenerator encourages growth of ECM. Bio-
nanogenerators successfully support cell viability and development as a result, but more
crucially, they maintain the cell’s unique functional expression.

Several methods were used to modulate macrophages, including blocking IL-1 or
TNF-«, inhibiting the inflammasome pharmacologically, neutralising MCP-1, and chelating
iron with desferrioxamine. Sulphated hyaluronic acid is internalised by macrophages after
being identified by CD44 and the scavenger receptors CD36 and LOX-1. Most notably, it
prevents the phosphorylation of the transcription factors including pNFkB, pSTAT1, and
IRF5 that are involved in M1-like activation states and the production of pro-inflammatory
genes. Sulphated hyaluronic acid regulates macrophage activation in vivo. Inhibiting the
secretion of growth factors by macrophages, blunting the immune system’s response to
presented antigens, blocking the conversion of membrane phospholipids to arachidonic
acid, and reducing vascular permeability are a few of the ways that steroids modify the
inflammatory process at various stages of the cascade of wound healing.

By altering fibroblast activity and proliferation, anti-fibrotic medications such as mito-
mycin C and 5-FU stop the formation of scars. By disrupting pyrimidine metabolism, the
anti-proliferative activity of 5-FU is mediated. By preventing the production of thymidine
nucleotides, it prevents DNA synthesis, leading to cell death. It has long-lasting effects on
Tenon’s fibroblasts and can effectively limit fibroblast development [34]. By reducing to
an alkylating agent, mitomycin C is activated and subsequently works by cross-linking
DNA. Mitomycin C can impede not just DNA replication but also mitosis and protein
synthesis. Hypermongone C, a polycyclic polyprenylated acylphloroglucinol, was shown
by Ehsan et al. [35] to have the ability to speed up wound closure by simultaneously
boosting fibroblast proliferation and migration, encouraging angiogenesis, and inhibiting
pro-inflammatory cytokines. This substance comes from the Hypericum plant family, which
has long been used to cure wounds. There are now more opportunities for the combina-
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tion of therapeutic strategies in multifunctional ECM-based wound dressings thanks to
ECM-based materials that have already been investigated for the delivery of antimicrobials
and sustained release of angiogenic and pro-fibrotic growth factors in wound healing. Pro-
teomic and microbiome analyses, gene sequencing, high-resolution imaging, and single-cell
laser capture are some of the new technologies that may offer comprehensive information
that helps define macrophage subtypes with distinct activation profiles in physiologically
healing wounds and recognise their dysregulation in chronic wounds. Improvements in
collagen production and angiogenesis have been reported using microspheres carrying
FGF-10 [36].

3.2. Collagen Synthesis Activators

In addition to providing resident cells with structural support, collagens, which
are found in the dermis as fibrillar proteins, also control resident and inflammatory cell
function. Since collagen plays a crucial role in the healing of wounds, chemicals that alter
the molecular processes that cause collagen synthesis have been recognised as effective
wound-healing medications. In in vitro and in physiological settings, the collagenase from
the bacteria Clostridium histolyticum hydrolyses triple-helical collagen utilising synthetic
peptides as substrates. The anti-collagenase activity of phytoconstituents and crude extracts
from natural resources has received extensive study. Numerous phytoconstituents found
in plants, including polyphenols with collagenase inhibitory activity, such as flavonoids,
terpenoids, glycosides, vitamin E, vitamin C, phenolic acids, and tannins, are abundant.
Reduced collagen production and stability, slower re-epithelialisation, and an elevated
susceptibility to infection have all been linked to vitamin A insufficiency [37].

Ascorbic acid (vitamin C), is crucial for the manufacture of collagen. The collagen that
is produced in scurvy is unhydroxylated, relatively unstable, and prone to collagenolysis.
A lack of vitamin C causes fibroblasts to create unstable collagen, which offers a flimsy
foundation for repair. Although it is generally known that animals with vitamin C deficien-
cies take longer to repair wounds, it is unclear whether oral vitamin C supplements speed
up the healing process. A lack of vitamin K impairs the generation of the clotting factors
(factors II, VII, IX, and X), which leads to bleeding disorders, the formation of haematomas,
and consequent negative effects on wound healing [38]. In order to transport oxygen,
iron is needed. The immune system and other mineral systems depend on substances
such as copper and zinc. Lack of zinc causes the production of granulation tissue to be
disrupted. Aloe vera is a natural substance that is still frequently used and acknowledged in
domestic and professional settings as a tool for treating wounds. Aloe vera is primarily
recognised for its ability to lessen pain in burn wounds, but it also helps wounds produce
more collagen.

Collagenase and dexpanthenol-containing ointment formulations have been used to
speed up re-epithelialisation, reduce fibroblast proliferation, and rebuild the ECM. Due
to their advantageous effects, topical preparations of growth factors have recently been
investigated in wound healing. Growth factors have a low bioavailability, which limits
their use because they are quickly removed from the wound site. Emerging strategies that
topically apply growth factors are nanoparticle-encapsulated and have improved stability
and bioavailability to the wound area aim to address this limitation. Rats with parenchymal
lung lesions experienced better wound healing and an increase in the presence of immature
collagen after intraperitoneal glutamine treatment [39]. Dietary glutamine supplementation
increased the collagen density in colonic anastomoses in rats, indicating that fibroblasts
can synthesise enough glycine for collagen production, whereas they need a source of
extracellular glutamine. Glutamine availability can also control collagen mRNA expression
in fibroblasts [40].

3.3. Angiogenesis Activators

By acting as a chemoattractant for neutrophils, macrophages, and fibroblasts, TGF-f3
promotes the development of granulation tissue. As a result, TGF-f is a crucial regulator
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of angiogenesis during the healing of wounds because it controls cell division, migration,
capillary tube formation, and ECM deposition. Through the production of particular
proteins, gene augmentation brings about the return of normal cellular function. By
delivering DNA or mRNA into the target cells, one can enhance genes. Exciting new choices
for treating chronic wounds will be made possible in the following ten years by wound
dressings that contain sustained nucleic acid delivery systems for promoting angiogenesis
and therapy that targets the underlying morbidities. Reactive oxygen species (ROS)-
scavenging hydrogel and oxygen-release microspheres were combined to create a sustained
oxygenation system by Ya et al. [41]. In diabetic wounds, the continuous release of oxygen
increased keratinocyte and dermal fibroblast survival and migration, encouraged the
development of angiogenic growth factors and angiogenesis, and reduced the expression
of pro-inflammatory cytokines. The pace of wound closure was greatly accelerated by
these effects. With its interactions with a number of immune and non-immune cells,
Clq is a well-known starter of the complement classical route and induces complement
activation-independent activities. One of the probable targets of C1q, which binds to
receptors found on cell surfaces and promotes inflammation, are endothelial cells. Clq
has a special and hitherto unknown role in promoting angiogenesis through the globular
heads. The ability of C1q to stimulate the growth of new blood vessels in both in vitro
and in vivo models of wound healing provided evidence for its angiogenic action [42]. In
order to promote the healing of wounds, Jin et al. created temperature-responsive nanobelt
fibres that contain vitamin E. A correct matrix elasticity that encourages mesenchymal
stem cell adhesion and angiogenesis was given by the cross-linked collagen sheets created
by the nanoparticles [43]. Additionally, the scaffold encouraged endothelial cells to form
tubes. The therapeutic potential of nanoparticle formulation results in the stimulation of
angiogenesis. The flexibility of collagen sheets was improved by praseodymium-cobaltite
nanoparticle cross-linking for the pro-angiogenic and stem cell differentiation ability [44].

3.4. Cytokine and Growth Factor Activators

Small, secreted proteins called cytokines influence not only the activity of immune
cells but also that of other cells. Interleukins, lymphokines, and several related signalling
molecules, such as TNF-«, interferons, and others, are among them. Through the activation
of cell surface TGF-f serine/threonine type I and type II receptors and the activation of a
Smad3-dependent signal, active TGF-f31 induces the fast chemotaxis of neutrophils and
monocytes to the wound site. Leukocytes and fibroblasts that have expressed TGF- 31 are
then stimulated to produce additional cytokines, such as TNF-«, IL-13, and PDGE, as well
as chemokines, which are all part of a cytokine cascade. Such factors serve to maintain the
inflammatory cell response by influencing neutrophil and monocyte recruitment and acti-
vation. TGF-f3 and other cytokines that activate their corresponding cell surface receptors
cause intracellular signalling pathways to be activated, which, in turn, causes target cell
populations to respond phenotypically and functionally. NF-«B, early-growth response
1 (EGR1), Smads, and MAPK are some of the upstream signalling cascades involved in
acute tissue injury. These cascades activate many cognate target genes, including adhesion
molecules, coagulation factors, cytokines, and growth factors. The platform upon which
circulating leukocyte-expressing counter-adhesion molecules (integrins, selectins, and Ig
superfamily members) tether allows them to sense the microenvironment and react to
chemotactic signals at the site of tissue injury. This is accomplished by cytokine-induced
enhancement of adhesion molecules (VCAM-1, ELAM-1, and ICAM-1) on the endothelium.
In response to various chemotactic cues, transmigration from within to outside the artery
wall is made possible by interactions between adhesion molecules on blood leukocytes and
endothelium. Numerous chemokines are generated in addition to the chemotactic action
of TGF-1 for neutrophils and monocytes to attract leukocytes to the site of tissue injury.
Depending on where the cysteine residues are located, several families of related molecules
serve as representations of chemokines [45].
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Growth factors such as PDGFE, TGF-f3, and EGF are secreted when platelets degranulate
and release alpha granules. PDGF plays a crucial role in luring neutrophils to the wound site
to eliminate contaminated germs, coupled with proinflammatory cytokines such as IL-1. A
number of pro-inflammatory cytokines (IL-1 and IL-6) and growth factors (FGF, EGF, TGE-83,
and PDGF) are released by macrophages to support the development of granulation tissue.
One of the first substances to be created in response to skin lesions is a substance known as
a proinflammatory cytokine, which controls immune cell actions during epithelialisation.
TNF-o, IL-1, IL-6, and IL17 are the main proinflammatory cytokines that play a role in the
inflammation phase of wound healing. They also play a role in the epithelialisation phase
by promoting cell proliferation and differentiation and mobilising local stem/progenitor
cells. Cytokine modulators are a new class of medicinal drugs that prevent fibrogenesis.
Scarring and fibrosis of the skin are frequently the results of excessive fibrogenesis [46]. As
a different strategy to prevent fibrosis, the modulatory effects of natural compounds such
as terpenes and honey should be taken into consideration. Mitomycin P modulators such as
buckwheat and acacia honey should be taken into account as substances reducing scarring
and encouraging re-epithelisation. Terpenoids are frequently present in essential oils and
serve as cytokine suppressors, increasing the production of IL-10 and the anti-inflammatory
cytokines TNF- and IL-1 [47].

3.5. Antimicrobials

There is a lot of debate about the application of topical antibiotics to wounds. Topical
antimicrobial agents are described as substances that can eliminate, suppress, or lessen
the number of bacteria. These substances include disinfectants, antiseptics, and antibiotics.
Topical antimicrobial medicines are essential to topical burn care because they are used to
prevent and control infection. The ideal topical preventive antimicrobial agent would be
able to enter necrotic tissue without being absorbed by the body, have a broad spectrum of
activity, a lengthy duration of action, have low toxicity, and have several other qualities [48].

A renewed interest in silver-based medications is a result of concerns about bacterial
resistance. For thousands of years, silver has been utilised in medicine for its antibacte-
rial properties. A good environment for wound healing can be created by using topical
antimicrobials that do not impede epithelial outgrowth and deliver a high concentration of
active components to devitalised, devascularised, and, perhaps, necrotic wounds. Topical
antibacterial use may reduce the requirement for extensive debridement and subsequent
grafting as well as wound deepening. Although microorganisms are present in every
wound, the majority do not become infected and heal properly. In these circumstances, the
immune system of the host and the bioburden of the wound are in equilibrium [49]. NF-«B
is nuclear translocated as a result of toll-like receptor (TLR) stimulation through intracellu-
lar signalling from adapter proteins, which, in conjunction with mitogen-activated protein
kinases, triggers the transcription of a variety of inflammatory cytokines, chemokines, an-
timicrobial peptides, and costimulatory factors. According to wound specialists, there is a
threshold over which antimicrobial intervention is necessary when bacteria loads are more
than or equal to 104 CFU/g. Silver compounds are among the antibacterial agents used in
burn treatment. In cases when surgery is either not possible or would not be the first option
right away, such as in cases of facial burns, silver sulphadiazine is frequently utilised and
acts on burn eschar to restrict the area of non-viable tissue [50-55]. Since silver is a natural
broad-spectrum antibiotic, there has not been any bacterial resistance to its treatments yet.
There are numerous types of silver, including silver oxide, silver nitrate, silver sulphate,
silver salt, silver zeolite, silver sulfadiazine, and silver nanoparticles. When silver cations
come into touch with liquid, they are freed from their carrier dressings. Depending on the
dressing employed, there are significant differences in the pace, duration, and peak level
of silver released. Once discharged, silver kills germs in a variety of ways. The healing
of both acute wounds and chronic wounds is currently aided by various forms of silver.
Antiseptic and antibiotic dressings are the two primary categories into which antimicrobial
dressings can be divided.
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Due to their good efficacy and tolerability among the various antimicrobial agents
available, iodophor-based formulations such as povidone iodine have remained well-
liked after decades of usage for antisepsis and wound healing applications. Povidone
iodine has been reported as having a wide range of activity, the capacity to penetrate
biofilms, a lack of related resistance, anti-inflammatory qualities, low cytotoxicity, and
good tolerability. In clinical practice, no adverse effects on wound healing have been noted.
Another antimicrobial agent that penetrates burned tissue is cerium nitrate. It has a wide
range of activity against Gram-positive and Gram-negative bacteria, as well as fungal
species, and is highly effective when used in conjunction with silver sulphadiazine [56].
Povidone iodine is fully hazardous to keratinocytes and fibroblasts at concentrations greater
than 0.004 and 0.05%, respectively [57-74]. According to in vitro testing, cadexomer iodine
is not harmful to fibroblasts at doses up to 0.45%. At doses between 0.2 and 0.001%,
chlorhexidine also exhibits dose-dependent toxicity to fibroblasts. Antiseptics are primarily
used to avoid infection, reinfection, and probable disruption of wound healing. Antiseptic
therapy also has the secondary purpose of promoting wound healing by stimulating
cell growth and regeneration. These effects have been shown for polyhexamethylene
biguanide, in addition to pure microbicidal action (polyhexanide). Antiseptics also have
additional beneficial benefits, such as wound cleaning, which can aid in debridement.
Effective antiseptics for local wounds include polyhexanide and octenidine dihydrochloride.
Nitrofuran and natrium fusidate are other antibacterial substances (Table 1) [48-86].

Table 1. Commonly used antimicrobial agents with target species.

Class Name Wound Dressing Material Tested Strains Administration References
. . . Oral/Systemic/
Macrolides Clarlthromygn PVA hydrogels Pseudomonas aeruginosa Topical/ 58]
Erythromycin Staphylococcus aureus .
ophthalmic
Cotton fabric coated with E. coli
. Tetracycline chitosan-Poly (vinyl ’ Oral/Topical [59]
Tetracycline Chlortetracycline pyrrolidone)-PEG 5. auretts
Scaffolds with Collagen E. coli Oral/Systemic/ [61]
Microsphere with gelatin S. aureus Topical
Wafers and film based on polymer E. coli
S. aureus
Polyox/carrageenan P .
. . Streptomycin - aeruginosa Oral/Topical/Systemic [66]
Aminoglycosides N . . .
eomycin poly(styrene sulfonic oral/topical [67]
acid-co-maleic acid) E. coli
(PSSA-MA)/polyvinyl alcohol S. aureus
(PVA) ion exchange nanofibres
Films and nanofibre mats of
povidone
Electrospun fibers based on .
. E. coli
thermoresponsive polymer Bacill biili
oly(N-isopropylacrylamide) Aciiiies SUoLs .
. p ' ! E. coli Topical [69]
. Norfloxacin poly(L-lactic .
Fluoroquinolones . - - S. aureus Topical [70]
Ciprofloxacin acid-co-e-caprolactone) .
S. aureus Topical [71]
Hydrogels from 2-hydroxyethyl E coli

methacrylate/ citraconic
anhydride-modified collagen
Films and nanofibre

mats of povidine

Bcillus subtilis

The lipid—protein complex produced from damaged skin that is responsible for the se-
vere immunosuppression linked to significant cutaneous burns is believed to be bound and
denatured by cerium. Additionally, cerium nitrate hardens burn eschar, which is supposed
to inhibit bacterial entry and maintain a moist wound. A broad-spectrum antibacterial
agent, silver is efficient against yeast, bacteria, fungus, and viruses. When taken at the right
concentration, it has also been demonstrated to be effective against vancomycin-resistant
enterococci and Methicillin-resistant Staphylococcus aureus (MRSA) [81-86]. Additionally,
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silver is believed to lessen wound irritation and speed up recovery. The local wound
environment affects the amount of silver required to have a bacteriostatic or bacteriocidal
impact. It has shown to be effective against pathogens on the surface, but it might not
have an impact on bacteria that have travelled a long way into the wound bed. So, when
colonisation or critical colonisation is detected, silver may be utilised to assist in lowering
the bacterial count in mild wound infections.

3.6. Stem Cell-Based Therapy

A promising new method in the area of regenerative medicine is stem cell-based
therapy. The ability of stem cells to self-renew and specialise into distinct cell types is
essential for physiologic tissue renewal and regeneration after injury, and is of great interest
to biologists. Adult mesenchymal stem cells, embryonic stem cells, and, the more recently
studied, induced pluripotent stem cells are the main sources of stem cells that are used
for skin regeneration and wound healing among the several types of stem cells [57]. In
essence, keratinocytes are produced from stem cells found in the skin’s basal layer, which
differentiate for three to six weeks before becoming corneocytes, which in turn create the
stratum corneum layer. Keratin, a protein that plays a significant structural role in the
stratum corneum, is one of the many proteins that keratinocytes generate. Along with
proteins, the stratum corneum’s complex lipid and cell membranes act as a significant
barrier against bacteria and dehydration. The migration of fully developed cuboidal basal
keratinocytes with large nuclei, phospholipid membranes, and organelles starts from the
basal layer after roughly every 28 days [80-87].

A greater build-up of keratin and lipids develops throughout this turnover process and
proceeds through terminal differentiation to form a stratum corneum. The dermo-epidermal
junction, a basement membrane that separates the epidermal and dermal layers, is where
the hemidesmosomes, which serve as cell adhesion molecules, are attached. Keratinocytes
from the basal layer, ECM components, basal lamina, filaments, and anchoring fibrils make
up the intricate dermo-epidermal junction structure. In order to reduce the possibility of the
epidermis separating from the dermis layer, the dermo-epidermal junction must be restored
during the wound healing process. The stem cell-based therapy for chronic wound healing
makes use of a variety of processes, including growth factor interactions and activities,
inflammation control, and immune process stimulation, for speeding vascularisation and re-
epithelialisation. The ability of stem cell-based wound therapy to produce pro-regenerative
cytokines and growth factors to encourage skin regeneration during the treatment of
chronic wounds is largely responsible for its therapeutic potential [88,89].

3.7. Herbal Alternatives Acting as Activators for Wound Healing Factors

Wound healing may benefit greatly from a variety of plants or chemicals derived
from plants that contain high concentrations of antioxidants and have anti-inflammatory,
immunomodulatory, and antibacterial characteristics. Antioxidants help tissues recover
from injury and can speed up wound healing. The antioxidant activity of flavonoids,
anthraquinones, and naphthoquinones is strong. Shikonin, alkanin, lawsone, emodin,
epigallocatechin-3-gallate, ellagic acid, and a few herbal extracts have strong antioxi-
dant effects by scavenging ROS, preventing lipid peroxidation, and boosting intracellular
antioxidant enzyme activities such as superoxide dismutase, catalase, and glutathione
peroxidase [3,8]. Additionally, herbal medication encourages angiogenesis, fibroblast cell
growth, and the production of temporary ECM.

Herbal extracts and other natural products’ immunomodulatory and anti-inflammatory
properties hasten the healing of wounds. It is true that plants, and the chemical substances
derived from them, aid in healing and treatment. Some herbal remedies stimulate the
expression of VEGF and TGEF-f3, both of which are crucial in stimulating angiogenesis, gran-
ulation tissue development, and the deposition of collagen fibres. Other herbal medicines
used in wound dressings act as inhibitors of the expression of the proteins TNF-«, IL-1,
and inducible nitric oxide synthase, resulting in the induction of antioxidant and anti-
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inflammatory properties during different stages of the wound healing process. In the
healing of cutaneous wounds, curcumin promotes the proliferation of fibroblasts, the devel-
opment of granulation tissue, and the deposition of collagen [14,15]. Cinnamon bark has
some therapeutic characteristics, including anti-inflammatory, anti-diabetes, anti-ulcer, anti-
microbial, and hypoglycaemic effects. It can also help with diabetic and infected wounds.
In addition to the above-mentioned qualities, cinnamon is known to contain considerable
amounts of polyphenols, which may improve an animal’s ability to absorb glucose. Cin-
namaldehyde, 2-hydroxycinnamaldehyde, and quercetin are anti-inflammatory properties
of cinnamon components that can speed up wound healing. Aloe vera gel’s antioxidant
qualities, which are attributable to certain components including indoles and alkaloids,
have positive benefits on the healing of wounds [90]. Burns, ulcers, and surgical wounds
remain as first-line conditions for Aloe vera treatment. Numerous organic bioactive sub-
stances, such as pyrocatechol, saponins, acemannan, anthraquinones, glycosides, oleic acid,
phytol, and simple and complex water-soluble polysaccharides, are found in Aloe vera. Aloe
vera has a variety of wound-healing mechanisms, most of which are attributable to raising
the level of lysyl oxidase and the turnover rate of the collagen in the tissue. IL-1, IL-1, IL-6,
TNF-«, PGE2, and nitrous oxide are only a few of the proinflammatory mRNAs that are
transcribed when acemannan, a primary mucopolysaccharide from Aloe vera, is consumed.
Reactive oxygen species and endogenous mitogen inhibitors are bound and captured by
mesoglycan molecules, which facilitates phagocytosis.

Glycans prolong the activity of released cytokines, growth factors, and other bioactives.
Through the action of cyclin D1 and AKT/mTOR signal pathways, topically administered
acemannan has been shown to drastically shorten the time to wound closure in a rat wound
healing model. It is well known that Anethum graveolens has antibacterial, anti-diabetic, and
anti-inflammatory qualities that can speed up wound healing. Major constituents of dill
essential oil include cis-carvone, limonene, phellandrene, and anethofuran. Burns, blisters,
herpes, cuts, wounds, skin infections, and insect bites are just a few of the skin conditions
that eucalyptus oil is traditionally used to treat [91-93]. Securigerasecuridaca is well known
for its antibacterial properties, and helps infected wounds heal faster [94]. Antioxidant,
anti-inflammatory, antidiabetic, cancer-preventive, antibacterial, antiviral, antimalarial,
hypotensive, immunostimulatory, and hepatoprotective properties are all present in Andro-
graphis paniculata extracts. In one study, it was found that treatment with a 10% aqueous
leaf extract of Andrographis paniculate considerably improved the rate of wound closure in
rats [95]. The polysaccharides diosgenin, yamogenin, gitogenin, tigogenin, and neotigogens
are found in the seeds of Trigonella foenum-graecum. Saponins have steroidal actions that can
reduce bodily inflammation. Fenugreek also contains mucilage, volatile oils, flavonoids,
and amino acid alkaloids, which are bioactive components. 4-Hydroxyisoleucine is the
other substance in fenugreek that is active. Fenugreek is said to release an anti-inflammatory
chemical into the area of a cut, which reduces inflammation. Fenugreek’s antibacterial
qualities may also enhance its anti-inflammatory effects. According to a study, the antibac-
terial characteristics of flavonoids and triterpenoids may help the wound healing process.
Antioxidant properties of fenugreek are thought to hasten wound healing. The topical
use of the fenugreek seed significantly increased the kinetics of wound contraction and
epithelialisation [96].

In vivo studies have demonstrated that Arctium lappa root extract dramatically im-
proves dermal ECM metabolism, affects glycosaminoglycan turnover, and minimises the
appearance of wrinkles in human skin. Arctium lappa is also known to influence the Wnt/-
catenin signalling pathway, which is recognised to be a significant regulator of wound
healing, by regulating cell adhesion and gene expression in canine dermal fibroblasts.
In diabetic rats, Astragalus propinquus and Rehmanniaglutinosa improve angiogenesis and
reduce tissue oxidative stress to promote diabetic wound healing and post-ischaemic neo-
vascularisation. In human skin fibroblasts, Astragalus propinquus and Rehmanniaglutinosa
stimulated enhanced ECM deposition by activating the TGF-{3 signalling pathway. TNF-oc
and TGF-f1 levels were seen to be higher two days after the damage and to decrease as the
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wound healed. IL-10, on the other hand, was shown to be raised after 14 days, concurrent
with wound healing [97]. Topical therapy with ethanolic Ampelopsis japonica increased
re-epithelisation, granulation tissue development, vascularisation, and collagen deposition
when compared to wounds treated with Vaseline or silver sulfadiazine.

Pharmacological benefits of Angelica sinensis include immunological modulator, anti-
inflammatory, and anticancer properties. In human skin fibroblasts, extracts from Angelica
sinensis have been demonstrated to promote cell proliferation, collagen secretion, and
cell mobility while also activating an antiapoptotic mechanism. Additionally, extracts
have been demonstrated to promote calcium fluxes and glycolysis, enhancing cell viability
during tissue healing. Numerous studies have found conflicting results on Angelica sinensis’
impact on the development of new blood vessels, raising questions about the plant’s role
in angiogenesis [98]. By changing the expression of connective tissue growth factor (CTGF)
and smooth muscle actin in vivo, extracts from the Calendula officinalis flower promote
the formation of granulation tissue in excisional wounds of BALB/c mice. Blumea balsam-
ifera, also known as kakoranda in Ayurveda, is used to cure rheumatism, coughs, fevers,
and pains. Eczema, dermatitis, skin damage, bruising, beriberi, lumbago, menorrhagia,
rheumatism, and skin damage are all treated using leaf extracts that are administered
topically [99]. It has been discovered that homoisoflavonoids extracted from Caesalpinia
sappan exhibit anti-inflammatory and antiallergic properties as well as the ability to block
viral neuraminidase activity. The main catechin, (-)-epigallocatechin-3-gallate (EGCG),
promotes keratinocyte growth and differentiation. By altering TGF-signalling, lowering
MMP-1 and MMP-2 expression, and reducing the synthesis of type I collagen in human
dermal fibroblasts, EGCG inhibits TGF- receptors. These characteristics suggested that
EGCG may have anti-scarring capabilities [100].

Entada phaseoloides are high in saponins and tannins and are used topically to treat skin
lesions as well as analgesic, bacteriocide, haemostatic, and anticancer agents. In diabetic
cutaneous wounds, vitamin E controlled inflammation and oxidative stress. Additionally,
vitamin E enhanced the anti-oxidative enzymes superoxide dismutase (SOD), glutathione
peroxidase (GPX), and catalase (CAT) that are in charge of purging ROS and oxidised
macromolecules from damaged tissues. By encouraging the growth of new blood vessels
as well as re-epithelialisation, matrix deposition, and collagen synthesis, vitamin E had pos-
itive impacts on the wound healing process’ later stages (the proliferation and remodelling
phases) [101]. Vasodilatation, blood lipid regulation, reduced inflammation; antioxidant,
anti-cancer, anti-bacterial, anti-allergic, anti-ageing, and immunomodulatory potential are
all benefits of Panax ginseng [102].

4. Localised Delivery Systems for Wound Healing
4.1. Microspheres/Microcarriers

A sort of injectable scaffold is a microsphere, often known as a microcarrier. Micro-
spheres offer enough room for cell development and have good surface area-to-volume
ratios. To further improve the transport of cells and bioactive compounds, microspheres
with functional architectures (such as hollow or core-shell) can be easily customised and
manufactured. As a result, functional microspheres have received a lot of attention recently
as a new kind of injectable scaffold. Microspheres are typically referred to as spheres
with a diameter between 1 and 1000 m. The diameter of most cells when they adhere and
spread on a biomaterial is greater than 20 um; hence, small-sized microspheres (<20 pm in
diameter) are not suited as cellular carriers. Microspheres should therefore be between 20
and 200 pm in size when used as an injectable biomaterial for tissue engineering [103]. The
development and uses of functional microspheres, including macroporous microspheres,
nanofibrous microspheres, hollow microspheres, core—shell structured microspheres, and
surface-modified functional microspheres, are covered after a brief introduction to the
biomaterials and techniques for microsphere fabrication. Li and Wang explained the per-
spectives and directions for functional microspheres as injectable cell carriers, which are
offered as a final step in the advancement of tissue regeneration [104].
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Li et al. provide an explanation for the developments in functional microspheres, in-
cluding the kinds of biomaterials used to make microspheres, the manufacturing processes
for functional microspheres, and the uses of functional microspheres for the regeneration
of bone, cartilage, the dentin—pulp complex, neural tissue, cardiac tissue, and skin. The
use of microspheres has substantially increased as a result of the addition of additional
structures and functions [105]. The core-shell configuration, for instance, can be easily
used to combine cells in a microsphere with a regulated growth factor supply. Within a
microsphere, there are numerous areas for cell migration and proliferation due to the hol-
low structure and macropores on the surface. Additionally, by incorporating nanofibrous
architecture into microspheres, an ECM-like microenvironment is created that can direct
tissue regeneration. This replicates the structure of natural ECM. Before using functional
microspheres from a bench to a patient’s bedside, however, there is still considerable work
to be undertaken.

The following description highlights some of the major obstacles to the creation of
functioning microspheres [91-97]. In order to include biomimetic elements in functional
microspheres, newer methods must first be developed. Phase separation is currently
the only efficient way to make nanofibrous microspheres. While electrospinning and
electrospray are used to create nanofibrous microparticles, their sizes and geometries are
not well regulated. The traditional layer-by-layer self-assembly technique has trouble
producing spheres smaller than a micrometre. Although one of the most efficient ways to
create functional microspheres is using microfluidics, it is still difficult to create nanofibrous
microspheres with this technology. More bio-inspired functional microspheres will be
developed as a result of new fabrication methods that use modern microsphere fabrication
techniques [103]. The exact control of bioactive chemical release from microspheres is
also required. Currently, the majority of microsphere systems release bioactive molecules
over a period of several days to a week, which is insufficient for the regeneration of many
tissues. Additionally, there is a significant initial burst release from microspheres, and
limiting the burst release is essential to enhancing therapeutic efficacy. The first burst
release from functional microspheres is predicted to be tuned and reduced using methods
and procedures including novel chemical and physical interaction factors in addition to
traditional production parameters, such as polymer concentration and cross-linking time.
The third one concerns the mechanical capabilities of microspheres [104].

The majority of microspheres are made from polymeric materials and typically have
a porous structure; hence, their compressive moduli are quite low. Even though the
mechanical strength is increased by adding inorganic elements such as hyaluronic acid,
the microspheres still cannot be employed in load-bearing situations. In order to broaden
the use of functional microspheres, research is being conducted to improve the mechanical
properties of microspheres. Fourth, more evidence is required to support microspheres’
in vivo stability. To avoid diffusion of the microspheres to nearby faulty areas, microspheres
are typically chemically cross-linked [105,106].

4.2. Inorganic Nanoparticles

Nanomaterials have received a lot of recent attention because of their improved ef-
ficacy and broad-spectrum antibacterial potential. Numerous metallic and metal oxide
nanoparticles, such as Ag, Fe, Cu, and Au, as well as TiO,, ZnO, and Fe3Oy, are being
thoroughly researched for the treatment of infectious disorders. Considering that both of
their counterparts are typical of low molecular weight, the two most popular systems of
metal nanoparticles (NPs), gold (AuNPs) and silver (AgNPs) provide excellent methods
for delivering pharmaceuticals. These nanoparticles have advantages over commonly
used antibiotics because of their distinctive features, including size, shape, surface charge,
dispersion, and chemical composition. Additionally, these synthetic antibiotics frequently
only work against a certain type of bacterium or bacterial family, rendering them useless
against a diverse range of bacterial species [107]. Currently, antibiotic efficiency has de-
creased mostly as a result of uncontrolled, excessive dosage, and prolonged use, which has
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favoured the establishment of multi-drug-resistant bacterial strains or “superbugs” such as
MRSA-3. Nanomaterials have received a lot of recent attention because of their improved
efficacy and broad-spectrum antibacterial potential.

Additional benefits of these materials include targeted drug delivery, solubility, im-
proved cellular internalisation, tissue/cell selectivity, compatibility with tissue/tumour
imaging, minimal adverse effects, etc. Due to their effectiveness in combating bacteria,
silver nanoparticles have received the most attention among all those studied. However,
little is known about the methods by which these nanoparticles destroy pathogens. It has
been suggested that Ag* ion release occurs from nanoparticles. However, the low stability
and extreme cytotoxicity of the majority of silver nanoparticle (AgNP) forms limit their
applicability in mammalian cells.

AgNPs must be engineered with various compositions to improve their properties
and make them suitable for therapeutic application in order to overcome their current
constraints. If these nanoparticles pass the required tests by regulatory agencies for bet-
ter antibacterial efficacy and minimum cytotoxicity for patients, they may prove to be
effective antibiotic alternatives or may be used in conjunction with antibiotics [106-108].
The antibacterial activity of metallic nanoparticles has been increased by a number of
methods, including encasing silver nanoparticles in micelles, covering silver nanoparti-
cles in gold, and capping gold nanoparticles with 5-amindole or sodium borohydride
N-heterocyclic molecules.

A bimetallic nanoparticle with silver and gold was recently developed. Complex
carbohydrates on the caps of these bimetallic nanoparticles improve their stability and
other characteristics. These bimetallic NPs can be used for in vivo antimicrobial activities
since they have considerably better antibacterial activities and do not harm mammalian
cells. The use of silver to improve wound healing dates back to ancient times when it
was utilised as an ion. Unlike silver ions (Ag™) or other forms of silver, which are used as
nanoparticles, silver metal (Ag) has no known medical applications. They can impede the
healing process since many bacteria, viruses, fungi, and even yeast is cytotoxic to them.
This ion was used as part of a wound dressing that contained silver ions specifically to
treat severe wounds [109]. In general, silver has numerous beneficial qualities, including
broad-spectrum antibacterial activities. Silver-based lotions and other ointments are also
available, and silver nanoparticle products can be used in a variety of therapeutic ways to
help accelerate wound regeneration. The use of silver as a common bandage has been linked
to decreased inflammation foci and scarring, possibly preventing bacterial development,
and boosting the healing process, and possibly enhancing remodelling in the wound area,
according to multivariate retrospective analyses. Therefore, using nanocomposites that
are submerged in silver molecules improves the healing process by directly expressing
collagen and certain growth factors that result in re-epithelialisation, neovascularisation,
and the deposition of collagen fibres. Additionally, silver nanoparticles can cause the
fibroblast to differentiate into myofibroblast, which is in charge of contracting the wound
and quickening the healing process, and in a similar way, they can cause keratinocytes
to be stimulated, proliferate, and move to the necessary area. For better wound healing,
silver nanoparticles encourage keratinocyte migration from the edge into the core of the
lesion. According to certain researchers, antimicrobial peptide~AgNP composite has been
examined for its ability to speed up the remodelling process without having any negative
effects on the dermal tissues. Resonance scattering dark-field microscopy makes use of
gold nanoparticles to detect microbial cells and their byproducts, bio-image tumour cells,
identify receptors on their surface, and analyse endocytosis [110].

Due to their chemical characteristics, optical stability, and simplicity of surface modifi-
cation, gold nanoparticles (AuNPs) have been researched for medicinal applications such as
wound healing. Before using gold nanoparticles for wound healing, they must fuse or have
their surfaces modified with other biomolecules. For instance, the effectiveness of AuNPs
to promote healing is increased by the addition of polysaccharide peptides. The application
of gold nanoparticles to skin wounds boosted angiopoietin, VEGEF, and collagen expression
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while decreasing mitomycin P and TGF-31 levels [111]. It demonstrated decreased bacterial
load and aided in recovery. Due to reduced blood circulation, systemically administered
antibiotics may have trouble reaching injured skin tissue, rendering them ineffective for
lowering bacterial numbers in granulation wounds. Recently, there has been a lot of fasci-
nating study on the antibacterial properties of AuNPs, which makes them appropriate for
possible co-use with antibiotics. Particularly in the 18 wt% composite group, the substance
accelerated wound closure by increasing angiogenesis and fibroblast proliferation without
inducing cell damage. According to a recent ex vivo permeation study, AuNPs can be
effective in the treatment of burns as well since they can speed up the healing process and
prevent microbial colonisation while being transdermally active [112].

4.3. Hydrogel

Insoluble hydrophilic materials known as hydrogels are created using synthetic poly-
mers such as poly (methacrylates) and polyvinyl pyrrolidone. Complex hydrophilic organic
cross-linked polymers called hydrogels have a base that is 80-90% water. These hydrogels
can provide water to the wound site and aid in keeping it moist, which promotes quicker
wound healing. These are created into contact lenses, drug delivery systems, wound dress-
ings, electrodes, and sensors. These gels can be found as fixed flexible sheets or free-flowing
amorphous gels. They have a limited capacity for fluid absorption through swelling, but
they can also contribute moisture to a dry wound, aiding in autolytic debridement and
maintaining a moist, thermally insulated wound environment [113].

Additionally, they have been demonstrated to increase granulation and epithelialisa-
tion, lower wound bed temperature, and have a relaxing and cooling effect. They have been
shown to be a less efficient bacterial barrier than occlusive dressings and are permeable to
gas and water. These dressings are primarily used to moisten dry wound beds and to soften
and remove slough and necrotic wound debris. Due to their high-water concentration, they
are unable to absorb substantial drainage; they absorb very slowly and are consequently
useless on bleeding wounds; and they typically require a secondary dressing. They can be
applied to a range of wounds, including vascular ulcers, pressure ulcers, and partial and
full-thickness wounds [114]. Maceration is a potential problem since the skin around open
wounds must be shielded from excessive moisture.

Hydrogels can be used in conjunction with topical drugs or antibacterial agents, which
is one of their advantages. Infected wounds should not be treated with hydrogels in their
fixed state. Hydrogels must be coated with additional dressings and left on for up to
three days. They transfer oxygen and moisture vapour, but the type of secondary dressing
employed affects how permeable they are to bacteria and fluids. Until an equilibrium
condition is attained, these systems may swell in water and keep their original shape. The
process of hydration, which is related to the presence of chemical groups such as -OH,
-COOH, -CONH,, and -CONH-, as well as the existence of capillary regions and variations
in osmotic pressure, is one of the interactions that contribute to the water sorption by
hydrogels [115]. These are hydrophilic polymer networks that can absorb 10-20% of their
dry weight in water as well as thousands of times that amount. These can dissolve and
deteriorate or they can be chemically durable. When the polymer networks are bound
together by molecular entanglements and/or secondary forces such as ionic and H-bonding,
they are referred to as “reversible” or “physical” gels. When hydrogels have covalently
bonded networks, they are referred to as “permanent” or “chemical” gels [116].

High-intensity radiation, freeze-thaw, or chemical processes can all be used to create
hydrogels. Radiation, such as gamma rays, electron beams, X-rays, or ultraviolet light,
is thought to be the most suited way for the creation of hydrogels since it allows for
simple processing control and eliminates the need for potentially dangerous initiators or
cross-linkers. Additionally, sterilisation and possible formation are both possible with
irradiation. However, the mechanical strength of the hydrogels produced using this
approach is subpar. Today, hydrogels are made using a freeze—thaw process to give them
good strength and stability without the need for additional cross-linkers and initiators.
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The hydrogels’ limited swelling and thermal stability, as well as their opaque appearance,
are the principal drawbacks of freeze-thawing. The application of hydrogel appears to
considerably stimulate wound healing as compared to the standard gauze therapy. In order
to create hydrogel wound dressings, a variety of natural and synthetic polymers with good
biocompatibility are used [117].

There are several different types of hydrogels, including interpenetrating polymeric
hydrogels, copolymer hydrogels, multipolymer hydrogels, and homopolymer hydrogels.
In contrast to copolymer hydrogels, which are created by the cross-linking of two co-
monomer units, one of which must be hydrophilic, homopolymer hydrogels are cross-
linked networks of a single type of hydrophilic monomer unit. The cross-linking of more
than three monomers results in the formation of multipolymer hydrogels. Finally, the
swelling of a first network in a monomer and the reaction of the latter to generate a second
intermeshing network structure results in interpenetrating polymeric hydrogels. It has
been established that combining a natural polymer with a synthetic polymer appears to be a
successful way to create materials with the necessary mechanical and thermal properties. It
is also a quick process for producing the right forms, such as films, sponges, and hydrogels,
to make a variety of biomedical devices.

For instance, chronic non-healing wounds are known to have an environment that
is highly alkaline, whereas the healing process is more effective in an acidic environment.
Therefore, manufactured dermal patches that can measure the pH of the wound continu-
ously are essential for guiding point-of-care treatments and monitoring the healing process
of chronic wounds. Since they are porous and permeable to oxygen and gas, hydrogels
offer a lot of promise for use in biomedicine. They may be suggested as materials for
both burn skin treatment and wound dressings. The hydrogel membrane was created
based on a polyvinyl alcohol hydrogel, which may absorb wound exudates and release
water, medications, or biomolecules (such as growth factors or antibiotics), creating the
ideal environment for the healing of wounds. The epidermal sensor can also measure the
ambient temperature, which allows it to deliver useful biological data regarding the state
of the wound [118-120].

4.4. Vesicles Delivery System

Vesicular systems, which can be further divided into liposomes, ultra-deformable
liposomes, and ethosomes, are composed of amphiphilic molecules because they have polar
or hydrophilic regions and non-polar or lipophilic regions. It has been demonstrated that
vesicular systems, including liposomes, niosomes, transferosomes, penetration enhancer-
containing vesicles, and ethosomes, can improve the therapeutic activity of medications
used to treat wounds. They can lengthen the shelf life of hydrophilic and hydrophobic
medications and lessen major side effects including skin irritation, and act as a depot for
controlled drug release. They can also improve the penetration of such medications into the
skin. The two types of vesicular systems are hard vesicles, such as liposomes and niosomes,
and flexible or ultra-flexible vesicles, such as transferosomes.

According to reports, rigid vesicles are ineffective for transdermal drug delivery
because they stay on the stratum corneum’s outer layer and do not thoroughly penetrate
the skin. After topical administration, liposomes can cause a variety of reactions. The
majority of efforts have been concentrated on the topical treatments” antibacterial action,
which has fallen short due to the rising rate of antibiotic resistance. They can inhibit
systemic absorption, maximise side effects, and provide a localising impact as well as
tailored distribution to skin appendages. They can also improve drug deposition within
the skin at the site of action. Additionally, these vesicles were crucial in the healing of
wounds [121]. Antibiotics entrapped in liposomes exhibit reduced toxicity and more
target specificity along with increased efficacy in treatment of bacterial infections and thus
improve its pharmacokinetics and pharmacodynamics. Increased action against external
pathogens that are resistant, as well as increased activity against intracellular pathogens,
is also an attractive feature. Due to their occlusive action on the stratum corneum, lipid
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nanoparticles may be more appropriate in burn wounds and chronic wounds since they
can prevent transepidermal water loss and maintain the lesion moisture. Additionally,
compared to vesicular systems, nanostructured lipid carriers are offered as superior nano-
delivery methods. They have great stability, low toxicity, high drug-loading capacity, and
sustained drug release, which helps speed up wound healing and cuts down the number
of drugs administered [122].

4.4.1. Conventional Liposomes in Wound Healing

Because each pathophysiology differs, distinct skin wounds may require different
treatments. According to the extent of the burn, acute burn wounds not only cause harm to
the skin’s structures but also to all of the body’s systems because of the leakage of plasma
into interstitial spaces. Additionally, the compromised skin barrier makes people more
vulnerable to bacterial infections. In order to maintain skin functionality, it is crucial to pre-
vent infections and promote re-epithelialisation while treating burn wounds. The majority
of efforts have been concentrated on the topical treatments’ antibacterial action, which has
fallen short due to the rising rate of antibiotic resistance. In order to combat infections and
promote skin regeneration in burn wounds, a variety of nanosized lipid-based delivery
systems, including liposomes, transferosomes, ethosomes, and lipid nanoparticles, have
been investigated. The results are encouraging [122,123].

New treatments for chronic wounds have been made possible by advancements in
vesicular drug delivery systems, which have decreased the cost, toxicity, and number
of applications while enhancing the half-life and bioavailability of the medications. The
lowered membrane permeability of madecassoside, a highly powerful substance used
to heal wounds, was likewise outperformed by liposome encapsulation. A formulation
with a high entrapment efficiency, excellent long-term stability, and small particle size was
discovered. Furthermore, double-emulsion liposomes enhance transdermal penetration
and wound healing, despite the fact that liposomes are non-toxic, biodegradable, and skin-
compatible. Curcumin and quercetin have also been included in the liposomes. Polyphenols
quercetin and curcumin have antioxidant and anti-inflammatory properties that are helpful
for wound healing [124].

4.4.2. Ultra-Deformable Liposomes or Transferosomes in Wound Healing

As a result of the creation of new vesicular systems called ultra-deformable liposomes,
elastic vesicles, or transferosomes, conventional liposomes are currently used less frequently
as transdermal delivery systems. Vesicles” suppleness allows them to deform and enter
skin pores that are much smaller than their diameters as intact vesicles. Ultra-deformable
liposomes enter undamaged skin and penetrate deeply, allowing the systemic circulation
to absorb them. Here, a transdermal hydration gradient allows the ultra-deformable li-
posomes to pass through the intact stratum corneum and enter the epidermis. This is a
result of the vesicles” high degree of deformability, which is brought on by the presence of
surfactants, also referred to as “edge activator” molecules. With the ability to solubilise
and fluidise epidermal lipids, edge activators have a significant impact on the exceptional
deformability of transferosomes and increase their permeability capacity. Recently, consid-
eration has been given for their capacity to traverse the stratum corneum among vesicular
transferosomes. Transferosomes can transmit low bioavailability medications via the skin,
according to numerous studies. Due to their deformability and ability to resist dry envi-
ronments, transferosomes can pass to deeper skin layers undamaged. Transferosomes are
therefore typically used for transdermal medication delivery in addition to their potential
for topical distribution due to their capacity to penetrate deeply through epidermal layers
and reach systemic circulation without the risk of vesicle rupture [121,123].

4.4.3. Ethosomes and Phytosomes in Wound Healing

Drugs that are both extremely hydrophobic and highly hydrophilic now have easier
access to the deep skin layers thanks to ethosomes. Depending on how much ethanol is
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present, the ethosomes can range in size from 103 to 200 nm. The second generation of
liposomes can be introduced as ethosomes. As a result, the vesicular systems’ storage
stability is a major challenge. However, ethosomes have more stability than regular lipo-
somes. Several studies have looked into the utility of ethosomes in the treatment of wounds
and have found that ethosomes transfer active ingredients to the skin more effectively
than liposomes or conventional formulations. Recent research has shown that natural
ingredients and antibacterial agents are more effective when they are encapsulated while
treating burn wounds. In a different study, the ability of ethosomes loaded with silver
sulfadiazine, a topical antibiotic regarded as the gold standard in burn wounds, to speed up
the healing process and decrease bacterial infections in second-degree burns, was examined
in vivo and in vitro. High entrapment efficiency is offered by phytosomes, which can be
employed to distribute phytoconstituents topically for wound healing. The preparation
was discovered to be risk-free and to have considerable antioxidant and wound-healing
properties [123-125].

4.5. Emulsifying Drug Delivery System

The oral distribution of such medications is frequently linked to inadequate bioavail-
ability, considerable intra- and inter-subject variability, and a lack of dose proportionality.
Approximately 40% of novel drug candidates have poor water solubility. The use of
surfactants, lipids, permeation enhancers, micronisation, salt formation, cyclodextrins,
nanoparticles, and solid dispersions are just a few of the formulation strategies that have
been used to tackle these issues. Recently, lipid-based formulations have received a lot
of attention, with a focus on self-emulsifying drug delivery systems to increase the oral
bioavailability of lipophilic medications. The fact that self-emulsifying drug delivery sys-
tems offer a significant interfacial area for the partitioning of the medication between oil
and water is another benefit they have over straightforward oily solutions. Therefore, these
systems may provide an improvement in the pace and amount of absorption as well as more
consistent plasma concentration profiles for lipophilic medicines with dissolution-limited
oral absorption [126].

By combining water and the non-ionic surfactant Tween 20 (Polysorbate 20), Ghosh et al.
created a cinnamon oil microemulsion. Oil and surfactant were consumed in a 1:4 ratio.
The microemulsion was discovered to be kinetically stable and generated with droplets
that were around 5.79 nm in diameter. Ponto et al. studied that a microemulsion with
antibacterial properties promotes wound healing in Wistar rats. In order to increase the
solubility and bioavailability of hydrophobic/lipophilic medicines such as curcumin, self-
emulsifying drug delivery systems are crucial substitute vehicles. Self-emulsifying drug
delivery systems are physically stable isotropic mixes of o0il/lipids, surfactants, and co-
surfactants/co-solvents that have a great deal of potential as therapeutic drug delivery
systems. To achieve the required therapeutic objectives, the self-emulsifying drug delivery
systems formulations represent the hydrophobic drug in a solubilised state (nanoglobules)
in the target location [127]. Through a number of methods, including drug solubilisation,
droplet size reduction, improved membrane permeability, and protection of pharmaceuti-
cals from chemical and enzymatic degradation, the self-emulsifying drug delivery systems
formulations can increase drug bioavailability.

Different self-emulsifying drug delivery systems formulations were created and tested
with an eye toward skin applications, including self-emulsifying drug delivery systems
for the topical delivery of mangosteen peel and self-emulsifying drug delivery systems
for the transdermal drug delivery of curcumin, Opuntia ficusindica fixed oil, Piper cubeba
essential oil, and Opuntia ficusindica fixed oil (Garcinia Mangostana L.). The absorption of self-
emulsifying drug delivery systems by the fibroblasts was found to be linearly dependent
and dose-dependent. When curcumin is synthesised into nanocarriers, which have the
least amount of cytotoxicity when compared to free drug solution, the cellular uptake of
curcumin is facilitated [125-128].
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4.6. Nanofiber/Film/Membrane

One of the most significant areas of science and technology in the twenty-first century
that can be likened to the industrial revolution is nanotechnology. Soon, nanotechnology
will have a substantial impact on the global economy and industry, as well on as the
technology used by humans and their way of life. In the past, different materials such as
animal fat, plant fibres, honey, etc., have been used to cover wounds (Table 2). Polymers
have been employed in several research studies to make films for use as wound dressings.
With two external dimensions that are identical in size at the nanoscale (about 100 nm)
and a third dimension that is noticeably larger, nanofibres are one of the most fascinating
classes of nanomaterials. Depending on the medication’s solubility in the polymer solution,
a polymer solution (polymer + particular solvent) is first created, after which a predeter-
mined proportion of the drug is added, resulting in either a homogenous solution or a
suspension [126-131]. This combination is electrospun to create nanofibres that contain a
solid polymer—drug complex.

Table 2. Localised delivery systems of several drugs.

Formulation Drug Administration Outcome References
Gentamicin It promotes cell adhesion and proliferation to
Nanofibre Topical application scaffolds, and ultimately tissue regeneration [129]
sulphate (GS) .
and promotes healing process.
Topically applied Increased migration of cells to the wound site
Nanofibre Ferulic acid pevery dI:;P to fill the gap and increased proliferation [130]
yday causing rapid wound healing.
Exhibited antibacterial activity against
Gram-positive and Gram-negative bacterium.
. . . Animal studies on the STZ-induced diabetic
Nanofibre Berberine Topical treatment rats demonstrated that the CA /Gel/Beri [131]
dressing enhanced the wound
healing process.
Accelerated response and less inflammation
Nanofibre Peppermint Topical dressing and nanofibres showed potent wound healing [132]
activity for diabetic ulcers.
Nanofibre Beta-glucan (3G) Topically applies Enhanced maturation of granulation tissue [133]
once a day and better healing process.
s It was also found that composite nanofibre
Huangbai liniment membrane could reduce wound
. (compound . . . .
Nanofibre hellodendron liquid Topical treatment inflammation, down-regulate the expression [134]
p quic, of IL-1 and TNF-« inflammatory genes, and
CPL) s .
facilitate wound healing.
It has excellent antibacterial properties
. against Gram-negative E. coli, which is due to
. Gentamicin salt . . . . . .
Nanofibre Topical dressing the unique properties of silver nanoparticles [135]
(GEN) . ) o . .
for antibacterial activity, and this composite
has a good release profile for wound healing.
It significantly promoted adhesion,
. . proliferation and induced angiogenesis,
Nanofibre Poly (C(alf Cril)actone) Toplcaelvcelies(si?g onee collagen deposition, and re-epithelialisation [136]
y day in the wound sites of diabetic mice model, as
well as inhibited inflammation reaction.
Dailv topical Shorten inflammatory process, prevents
Hydrogel Curcumin treztmgn t infection and re-epithelisation and promotes [137]

wound closer.
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Table 2. Cont.

Formulation

Drug

Administration

Outcome

References

Liposome

Citicoline/chitosan

Topical treatment

Chitosan-coated liposomes containing
citicoline have emerged as a potential
approach for promoting the healing process
in diabetic rats. However, the therapeutic
effectiveness of the suggested approach in
diabetic patients needs to be investigated.

[138]

Liposome

Curcumin

Topically applied
once a day for
18 days

Curcumin-loaded liposomes in
lysine—collagen hydrogel was found to be the
most effective of the three formulations in
promoting wound healing. Hence, this
formulation can serve as a prototype for
further development and has great potential
as a smart wound dressing for the treatment
of surgical wounds.

[139]

Liposome

DangguiBuxue

Topically applied

Remarkably accelerates wound closure,
enhances hydroxyproline content in wound
granulation tissue, promotes cutaneous
wound healing by reducing the inflammatory
response and improving fresh granulation
tissue formation, and significantly increases
the density of blood vessels and
cell proliferation.

[140]

Nanoparticle

Silver

Topical treatment

Rapid healing and improved cosmetic
appearance via reduction in wound
inflammation and modulation of fibrogenic.

[141]

Nanoparticle

Zinc oxide (ZnO»)

Topical dressing

Had excellent anti-bacterial activity and rapid
wound healing.

[142]

Nanomembrane

Triphala

Triphala PCL shows good broad spectrum of
antimicrobial activity and biocompatibility
and helps control wound infection and
enhanced healing due to
antioxidants of Triphala.

[143]

Nanomembrane

Chitosan

Topical treatment

This nanomembrane serves as an excellent
microenvironment for cell adhesion,
migration, proliferation, and differentiation.
An in vivo experiment with this
nanomembrane was also conducted, showing
that it has a great capability for stem cell
delivery for skin tissue reconstruction.

[144]

Hydrogel

Glycosaminoglycan

Topical application

Promotion of tissue proliferation and
regeneration of vascular vessels.

[138]

Deformable
liposome

Curcumin

Daily topical
treatment

CDLs in hydrogel preserved hydrogel’s
bioadhesiveness to a higher degree than both
NDLs and ADLs. In addition,
CDLs-in-hydrogel enabled the most sustained
skin penetration of curcumin and hence
facilitates wound healing.

[145]

Liposomal
ointment

Retinoic acid and
growth factors

Topical application

Liposomal ointment on deep partial-thickness
burn model stimulated wound closure
(p < 0.001), promoted skin appendage
formation and increased collagen production,
thus improving healing quality.

[146]
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Table 2. Cont.

Formulation

Drug

Administration

Outcome

References

Hydrogel
nanoparticle

Copper (Cu)

Topical treatment

CuNP-comprised hydrogels exhibited a
significant decrease in bacterial activity and
promoted effective wound closure with
negligible toxicity in our
histological evolution.

[147]

Nanogel

Cerium oxide

Topical application

Showed significant antibacterial properties
even at low absorptions and is effective at
damage and scar production.

[148]

Nanoparticle

Thrombin

Topical treatment

The proportionate improvement in skin
tensile strength after treatment with bound
thrombin suggests that the novel thrombin
conjugates may lessen surgical difficulties.

[149]

Microneedle

Trichostatin A,

histone deacetylase 4

Topical

The microneedle-mediated Trichostatin A
patch has been shown to improve the healing
of diabetic wounds by reducing inflammation,
promoting tissue regeneration, and inhibiting

histone deacetylase 4.

[150]

Metal-organic
framework
microneedle
patch

Nitric oxide

Topical application

Delivering nitric oxide molecules more
precisely and deeply into the wound site may
be made possible by the integrated
microneedle’s porous shape, increased
specific surface area, and enough
mechanical strength.

[151]

Microneedle

Curcumin
nanodrugs/new
Indocyanine
Green/hyaluronic

Topical treatment

The two-layered microneedles platform has
the potential to be used as a competitive
technique for the treatment of melanoma

[152]

since it can simultaneously remove the

acid tumour and speed up wound healing.

A wide range of polymers can be used to create nanofibres. For dressing nanofibres,
there are only three types of polymers now available: natural polymers, synthetic polymers,
and mixed polymers. Natural polymers are appropriate for use in biomedical applications
due to their wide range of benefits, including biocompatibility, non-toxicity, biodegrad-
ability, antibacterial properties, and desirable mechanical structure. In the procedure, the
solvent evaporates. On the other hand, nanofibres are made of a polymeric base, which
makes up most of the fibre’s composition, and a bioactive molecule (such as a protein,
hormone, or medication), or another type of polymer, but in a lesser amount than the
base polymer. Currently, the three primary techniques for producing nanofibres are elec-
trospinning, the phase-separation method, and the self-assembly method. The method
that produces nanofibres most frequently is electrospinning. Depending on the electro-
spinning technique employed, various types of nanofibres can be produced. Today, the
commercialisation of electrospinning equipment is advancing quickly. The most popular
electrospinning methods include bubble electrospinning, melt electrospinning, coaxial
electrospinning, self-bundling electrospinning, and nano-spider electrospinning [132-144].
Fibre electrospinning processes can be used to create polymer nanofibres (50-1000 nm)
(wet or hot melt electro-spinning). Numerous excellent characteristics of nanofibres in-
clude their substantial surface area, the potential for surface functionalisation, tunable
porosity, a broad range of material options, and outstanding mechanical performance.
The advantageous characteristics of electrospun nanofibres, such as mechanical stability;,
high porosity, high surface area to volume ratio, and ability to exchange water, oxygen,
and nutrients, encourage good cell attachment, differentiation, and proliferation. They
enable the monitoring of infection and healing markers due to their capacity to mimic the
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structure and operation of ECM [145]. The nanofibres are excellent candidates for a variety
of biomedical applications, such as tissue-engineered scaffolds (such as skin, cartilage,
bone, and blood vessels), dressings for wound healing, biomedical devices, biosensors,
and drug delivery systems, because of their exceptional capabilities. Electrospun nanofibre
mats offer a native extracellular matrix-like structure with high interconnected porosity
(60-90%), great absorbencies, and a water absorbance capacity of 18-21% more than films
made of the same polymers [146]. These characteristics, along with balanced moisture and
gas permeability, create an environment that is suitable for preventing exogenous infection,
cell migration and proliferation, haemostasis, exudate absorption, and cell respiration in
wounds. Electrospun nanofibres can control the proliferation, migration, differentiation,
and synthesis of native extracellular matrix in skin cells.

Tissue engineering and wound healing are two of the most important and intriguing
biomedical uses of nanofibres. Nanofibres have been utilised in the treatment of diabetic
ulcers and wounds to aid in wound healing, haemostasis, skin regeneration, and wound
dressing. Nanofibre keeps the wound surface moist while healing because it can hold
more moisture in its structure. As a result, the nanofibres cannot adhere to the surface
of the wound. Additionally, the porous nanofibre network makes it simpler for oxygen
to diffuse into the wound area. To remove toxins from the blood of individuals with
kidney failure, wearable blood purification systems may integrate the nanofibre membrane.
Nanofibre scaffolds hold great promise for wound healing. These scaffolds are used in
the treatment of diabetic ulcers, skin rejuvenation, wound dressings to encourage healing,
and haemostasis [147,148]. Nanofibres keep the wound area moist while it heals because
of their capacity to hold more moisture within their structures. As a result, the scaffold
cannot adhere to the damaged surface. Furthermore, oxygen may easily diffuse to the
location of the wound thanks to the porous networks. Nanofibres have the power to
regulate a range of skin cell responses, including proliferative, migratory, differentiating,
and extracellular matrix accumulation. Their microstructure ideally complements the ECM
structure, which encourages cellular proliferation, adhesion, and growth. While creating a
larger surface area than bulk materials, nanofibre arrangements have increased porosity,
which is advantageous for cell activities.

The polymers used to create scaffolds for wound dressing include collagen, poly-vinyl
pyrrolidone, polyacrylic acid, polyvinyl alcohol, gelatin, chitosan, silk fibroin, polyesters,
and poly-urethane [149]. The goal of a wound dressing is to quickly achieve haemostasis,
and it should also have strong antibacterial properties to guard against bacterial infections
from the environment. The ability of electrospinning to construct nanofibrous membranes
for wound dressings that can provide a moist environment surrounding the wound region
to facilitate healing has drawn a great deal of interest. In order to create composite nanofibre
membranes that carry a reservoir of biogenic AgNPs for use as a wound dressing, Bardania
et al. used T. polium extract as a reducing agent. This method of “green synthesis”, which
does not use external stabilisers or reducing agents, produced AgNPs quickly, cheaply, and
effectively [76,82,109].

4.7. Foam Dressings

Foam dressings are permeable to both gases and water vapour and have a polyurethane
foundation. The outer layer’s hydrophobic qualities shield it from liquids while allow-
ing gaseous exchange and the passage of water vapour. Silicone-based rubber foam, or
silicone, conforms to the shape of wounds. Depending on the thickness of the wound,
foam can absorb varied amounts of wound drainage. There are foam dressings that are
both adhesive and non-adhesive. Lower leg ulcers, mild to heavily exuding wounds, and
granulating wounds can all benefit from foam dressings. They offer both thermal insulation
and excellent absorption thanks to their hydrophilic characteristics [153]. These incredibly
adaptable dressings should be used on moderate-to-heavy exudative wounds, partial- and
full-thickness wounds that are granulating, or slough-coated donor sites, ostomy sites, mild
burns, and diabetic ulcers. Due to their capacity to cause wounds to become even drier,
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they are not advised in dry or eschar-covered wounds and vascular ulcers. Due to their
high absorbency and moisture vapour permeability, they are typically utilised as main
dressings for absorption, and supplementary dressings are not necessary. The disadvantage
of foam dressings is that they need to be changed frequently and are not appropriate for
low exudating wounds, dry wounds, or dry scars since they need exudates to heal. They
can stay in place for up to 4 to 7 days, but once they become saturated with exudates,
they need to be changed. When removed, they are non-traumatic due to their makeup.
They can also be applied to infected wounds if they are changed daily [39]. Numerous
papers have examined various foam dressing forms, mostly because of their propensity
for liquid and/or permeability to moisture vapour. These characteristics may make some
foam more suitable for treating weakly exudative wounds as opposed to lesions that drain
excessively [154]. The primary limitation of this kind of dressing is that it requires a second
dressing, such as an elastic bandage or a film, to adhere to the wound. Foam dressings are
used for deep wounds that have produced a lot of exudates as well as for long-term wounds
such as venous ulcers. They may also be applied under compression bandages [149,153].

4.8. Biological Dressings

In order to restore the wound healing process and incorporate active biological agents
to assist the wound healing process, advanced biological therapies are currently emerging
in ischaemic wound therapies. The use of active biological agents, such as plant-derived
active biomolecules with antioxidant, antibacterial, or anti-inflammatory properties, may be
used in biological wound-healing therapies, which aim to aid the restoration of the body’s
natural repair mechanisms. Biological dressings stop contamination, heat loss, protein
and electrolyte loss, and evaporative water loss [15,22]. Bioactive wound dressings can be
created using naturally occurring biomaterials with endogenous activity or materials that
release bioactive chemicals. Chitin, chitosan, hydrocolloids, alginate, and derivatives of
organic biopolymers are a few examples of these biomaterials. Biological dressings made
from animal collagen are known as collagen dressings. The fibroblast-produced protein
collagen plays a part in each step of wound healing. The extracellular matrix is primarily
made up of collagen, which gives it strength [29]. This category includes dressings made
from collagen sourced from bovine, porcine, or avian sources. These products are all
intended to hasten the healing process. Protease activity is decreased by both collagen and
oxidised regenerated cellulose (ORC), which is usually coupled with collagen. Proteases
have a variety of roles in the healing of wounds, albeit their levels typically decline over
time. There is some proof that collagen dressings for venous leg ulcers are at the very least
comparable to other modern wound dressings [36].

A glycoaminoglycan component of the ECM, hyaluronic acid has distinct biological
and physical properties. Like collagen, hyaluronic acid is biocompatible, biodegradable,
and naturally immune-suppressive. During the proliferative stage of wound healing,
chitosan encourages the development of granulation tissue. Biological dressings are said to
be more effective than other forms of dressings when compared to other dressings [37,38].
Alginates and chitosan have also been used successfully in a haemostatic dressing.

In a rat full-thickness wound model, it was demonstrated that sponges based on car-
boxymethyl chitosan, alginates, and a Chinese medication could quickly induce haemosta-
sis and sustain wound closure. Lyophilisation and spray-drying procedures were used
to create multi-resorbable haemostatic dressings made of chitosan, sodium/calcium al-
ginate, and/or carboxymethyl cellulose. This kind of treatment was initially applied as
a biological dressing to cover extensive burn wounds. Additionally, it has been used to
heal chronic wounds, such as venous stasis ulcers [39]. Allografts from cadavers serve
as a substrate for the formation of granulation tissue. The cadaveric skin is attached, an
antibiotic/antimicrobial dressing is placed over the graft, and a compression dressing is
used to lessen swelling once the wound bed has been prepped as previously mentioned.
To enhance the physical and biological properties of tissue engineering products, such as
wound dressings, chemical cross-linking is frequently utilised in the manufacturing pro-
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cess. Sodium trimetaphosphate, a secure and non-toxic cross-linking agent, can be used to
improve the functional qualities of various polysaccharides, including starch, cellulose, and
xanthan [48]. In patients with an ischaemic wound, biological wound dressing or topical
agent therapy may hasten wound healing, increase limb salvage, be reasonably priced, and
offer potential safety with nontoxic low-risk therapy. Therefore, patients with ischaemic
wounds should also receive local wound care using biological dressings as an adjuvant
therapy. To support the effectiveness and long-term results of these biological dressings in
patients with ischaemic wounds, additional randomised studies are required [49].

4.9. Charcoal Dressings

By absorbing gases produced by bacteria, activated charcoal dressings serve the
primary purpose of reducing wound odour. They can absorb odour molecules due to their
huge surface area and function as a deodorising agent. Wound odour is very subjective in
nature since it is challenging to define and quantify. Leg ulcerations and diverse fungating
lesions are the wounds most frequently linked to odour generation. Numerous aerobic
bacteria as well as anaerobes including Bacteroides and Clostridium species are among the
organisms usually linked to malodorous wounds [51-53]. Eliminating the problematic
organism is the best strategy for treating wound smells. Antibiotics taken systemically may
be successful, but it may be challenging to obtain an adequate concentration of the drug at
the infection site. In numerous studies to date, topical treatments such as metronidazole,
clindamycin, honey, and sugar have demonstrated promise in this area. Activated charcoal
dressings are frequently used in malodorous wounds; however, odour control has not
received as much attention in the literature as wound healing has. According to current
clinical experiences, it is evident that these dressings can reduce wound odour, but there
are not any hard facts on just charcoal ingredients [56-58].

4.10. Three-Dimensional Skin Substitutes

Recently, several tissue engineering technologies have become available; these tech-
nologies take a fundamentally unique and new approach. Among these, three-dimensional
free-form fabrication—often referred to as three-dimensional bioprinting—offers several
benefits over traditional skin tissue engineering. An innovative method for designing
and engineering human organs and tissues is three-dimensional bioprinting, a flexible
automated on-demand platform for the free-form production of complex living construc-
tions. Here, we use human skin as a representative example to show the potential of
three-dimensional bioprinting for tissue engineering. In order to simulate the epidermis,
dermis, and dermal matrix of the skin, keratinocytes, fibroblasts, and collagen were em-
ployed as constituent cells [154]. This method has enormous potential for the creation of
three-dimensional skin tissue since it can dispense living cells, soluble components, and
phase-changing hydrogels in a desired pattern while preserving very high cell viability.

The biomimetic mechanical cues that support vascularisation, alignment of fibrous
proteins in the ECM, integration of dermal and epidermal components, and adhesion be-
tween these layers are absent from the existing skin grafts and their production techniques.
When the biomechanics of the repaired tissue at the wound site are compared to those of
the healthy tissue nearby wounds, this problem may become more difficult. Therefore,
to prevent the separation of the layers during application, a regenerative skin scaffold
should take biomimetic mechanical cues into account. By adjusting the physicomechanical
characteristics of each layer, the scaffold can offer tailored microenvironments for various
cell types [155]. The use of autologous epidermal sheets as a kind of skin replacement
has progressed into the use of more sophisticated bilayered cutaneous tissue-designed
skin substitutes. However, their regular use for restoring normal skin anatomy is con-
strained by insufficient vascularisation, rigid drug/growth factor loading, and the inability
to regenerate skin appendages such as hair follicles [156].

Recent developments in cutting-edge science from stem cell biology, nanotechnology,
and other vascularisation techniques have given researchers a huge head start in creating
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and modifying tissue-engineered skin substitutes for better skin regeneration and wound
healing. The creation of scaffolds for tissue engineering, films and membranes for wound
healing, artificial tissues, and even artificial organs, all include the use of three-dimensional
printing. Superior flexibility, regulated porosity, and reproducibility are the key benefits of
the scaffolds made using this method. One of the current synthetic alternatives imitates
the layer of skin made up of keratinocytes and fibroblasts on the collagen matrix. Only
the dermal components with fibroblasts on the collagen matrix are present in the cellular
matrix. Focused application, which stimulates wound healing and directs the healing of
severe burns without scars, yielded encouraging results.

Bioengineered organisms can adjust to their surroundings and release the growth
factors and cytokines used in dressings. Both venous leg ulcers and diabetic foot ulcers can
be treated using bioengineered dressings. The additive manufacturing method of three-
dimensional bioprinting offers a viable method for creating biocompatible artificial skins
by carefully layering growth factors, biomaterials, and living cells on top of one another.
This automated technology is a versatile tool that, in terms of accuracy and usefulness, is
ideal for therapeutic usage. Through the exact deposition of many cells and biomaterials,
the bioprinted skin analogues closely replicate the native skin’s architecture and hetero-
genicity [157]. The bioprinted skin constructions need to meet several requirements in
terms of their compositional and functional qualities. The ability to transmit nutrients
and wound exudates should be the first feature of bioprinted skin substitutes. The abil-
ity to precisely deposit various skin cells, such as keratinocytes, fibroblasts, adipocytes,
melanocytes, Langerhans cells, etc., at certain layers and places is another requirement
for bioprinted analogues. Finally, the bioprinted structure needs to be strong, biocom-
patible, biodegradable, and able to withstand the external forces and pressures that are
present under in vivo circumstances. Despite revolutionising wound treatment, skin re-
placements have several drawbacks. They necessitate lengthy cell culture processes that
extend production times. Most of the vascularisation is inadequate. Scarring occurs at
the graft margins, which exacerbates existing functional and aesthetic issues. Infection is
always a possibility. Since they only have fibroblasts and keratinocytes, they are unable
to develop differentiated structures including sweat and sebum glands, hair follicles that
cycle, pigmentation, sensory innervation, and motor innervation, as well as the epidermal
barrier and dermal-epidermal junction [39,55-155].

Porosity, degradation, and mechanical properties should closely resemble the native
skin structure. Onto a scaffold made of hyaluronic acid in three dimensions, autologous
cultured fibroblasts are sown. Apligraf, a skin substitute for venous ulcers made from
keratinocytes and fibroblast-seeded collagen, has received FDA approval [156,157]. Com-
mercially available skin substitutes include IntegraTM artificial skin, which is made of a
collagen/chondroitin-6-sulphate matrix coated with a thin silicone sheet, and AllodermTM,
which is made of normal human fibroblasts with all cellular components removed. Laser-
skinTM, BiobraneTM, BioseedTM, and Hyalograft3-DTM are a few further alternatives.

4.11. Dendrimers

Dendrimers are a class of nanoscale (1-100 nm) three-dimensional globular macro-
molecules with numerous arms branching out from a central core. They have unique
structural characteristics, including high levels of branching, multivalency, globular ar-
chitecture, and well-defined molecular weight, making them promising drug delivery
scaffolds. The distinctive structure of dendrimers makes them an ideal nanomaterial for
the administration of medications to target certain tissues or molecules with solubility
challenges. This is performed by trapping the drugs inside of their void spaces, branches, or
outside functional groups. An expanding field of research involves cross-linking collagen
with functionalised nanoparticles to produce scaffolds for use in wound healing. Due to
their spherical structure, dendrimers can engage via hydrogen bonding, lipophilicity, and
charge interactions with tiny medicines, metals, or imaging moieties that can fit within their
branches. In addition to their structure, dendrimers may be the best drug delivery vehicles
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for many therapeutic treatments because of their size and lipophilicity, which allow them
to easily permeate cell membranes. These distinguishing qualities have increased interest
in using dendrimers nanoparticles for wound healing in research [158].

In order to build an efficient nanoparticle-mediated scaffold for tissue engineering
and wound healing applications, Vedhanayagam et al. showed that nanoparticle form is
a critical component that needs to be investigated. The re-epithelialisation and collagen
deposition in damaged tissue are accelerated more quickly by the spherical shape of
zinc oxide triethoxysilane poly(amidoamine) dendrimer generation 1 nanoparticles than
by other shapes. The highly branched 3D structures known as antimicrobial peptide
dendrimers (AMPDs) have a central core and a high density of flexible surface groups
for possible molecule attachment. Their capacity to penetrate the cell membrane and
the presence of functional groups of amino acid residues are what cause them to have
bactericidal effects [159].

Mannose-decorated globular lysine dendrimers have the ability to reduce inflam-
mation by targeting and reprogramming macrophages to the M2 phenotype, which is
characterised by significant mannose receptor clustering on the cell surface and the elon-
gated shape; increased production of TGF-1, IL-4, and IL-10; decreased secretion of IL-1,
IL-6, and tumour necrosis factor (TNF); and increased ability to induce fibroblast prolifer-
ation. These results show that M2 macrophage polarisation can be directed by mannose-
decorated globular lysine dendrimers, which may be helpful in the treatment of injuries
and inflammation [160].

The development of an antisense delivery method based on dendrimers has assisted in
the development of an antisense therapy strategy to treat bacterial infections. Dendrimers
themselves might function as powerful antibacterial substances. In contrast, those with
metal cores can produce active antimicrobial agents such as metal ions and ROS, which can
kill bacteria. For example, those with positively charged surfaces typically have significant
interactions with negatively charged bacterial cell membranes. AgNPs may benefit from
the alternate template that dendrimers can offer. Dendrimers have a stronger antibacterial
action when combined with silver than silver has by itself. In computerised tomography or
immune-sensor coatings, poly-(amido-amine) dendrimers have been utilised as contrast
agents. These highly branched dendritic molecules have a restricted size range, a well-
defined globular structure, and a relatively large molecular mass [161].

Among the family of monodisperse, highly branched units with a clearly defined struc-
ture are dendrimers such as poly(amidoamine). Their surface contains a cationic primary
amine group, which enables them to participate in chemical bonding. For the treatment
of wounds, poly-(amido-amine) dendrimers are primarily used as a vector for the trans-
port of various hydrophilic or hydrophobic medicines and genes. The hesperidin-loaded
dendrimer was found to be biocompatible and suitable for use in wound healing after
a haemolysis investigation [162]. Tumour suppression applications have demonstrated
the anti-angiogenic properties of polycationic dendrimers. Angiogenesis and neovascu-
larisation, however, are important components for skin regeneration following serious
burn wounds because newly created blood vessels aid in the healing process by improving
nutrition and oxygen supply to regenerating tissues. Therefore, using polycationic antimi-
crobial peptide dendrimers could prevent angiogenesis and endanger the process of skin
regeneration [163].

Dendrimers are incorporated into gelatin nanofibres through covalent conjugation,
which not only increases the capacity of nanofibre construction for drug loading but also
offers a great deal of versatility for creating multipurpose electrospun dressing materials.
Since dendrimer—gelatin nanofibre constructs are designed to treat a variety of wounds,
including chronic wounds, burns, and skin malignancies, they can be customised to offer
cutting-edge therapies [164,165]. Dendrimers have a variety of uses in biomedicine, but
their toxicity has also been described in order to analyse the restrictions on their use. The
structure of a chemical determines its toxicity as well as all of its other characteristics. A
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dendrimer’s toxicity can either be increased or decreased depending on specific components
(core, branch, and surface groups) [158,161].

4.12. Carbon Nanotubes

The carbon nanotubes are a class of stiff, stable, hollow nanomaterials with a variety
of special physical, chemical, and mechanical properties that have been widely used
as catalyst supports, nanowires, electronic components, and more recently in the fields
of biomedical engineering and medical chemistry [166]. A needle-like structure with a
significant surface area, carbon nanotubes are an allotropic form of carbon with nanoscale
dimensions and pm lengths. The carbon atoms join to form sheets of graphite, which is
made up of six-membered carbon atom rings. Graphite then spirals into tubes. Carbon
nanotubes can be divided into single-wall and multiwall varieties based on the number of
graphite layers present. CNTs have tensile strengths up to 63 gigapascals, which is around
50 times stronger than steel, and elastic moduli between 1.0 and 1.8 terapascals. With
the goal of boosting drug delivery, regulating drug release, and improving therapeutic
activity, carbon nanotubes are now being functionalised by various pharmacologically
active compounds, with some degree of success [167]. The degradation products of carbon
nanotubes can be eliminated by the functional tissues of the human body, making them
non-toxic and safe for consumption [168]. The fibroblasts, which are crucial to the cell
renewal system and the healing process of open wounds, may come into contact with
the carbon nanotubes employed in the biomedical field and found in the environment as
they pass through the skin or open wounds [166]. Proteins and receptors found in cell
membranes can cling tightly to carbon nanotubes. Carbon nanotubes and cells must adhere
to one another [166].

The ability of organic compounds with a carbon component to improve the antibacte-
rial activity of polymers is well known. Because they can function as a conductive bridge
over the insulating bilayer, carbon nanotubes” antimicrobial activity can be increased fol-
lowing functionalisation with -OH and -COOH functional groups or hybridisation with
metallic compounds. After being incorporated into chitosan biopolymers, multiple-walled
carbon nanotubes boost cell survival and proliferation with few negative side effects. Us-
ing the solution casting technique, Liu et al. created a bio-nanocomposite film-based
wound healing dressing. The film’s ability to absorb water is crucial to preventing tissue
dehydration, limiting the growth of microorganisms, and safeguarding wound macera-
tion. It is anticipated that the multiple-walled carbon nanotubes” hydrophilic nature and
water-holding capacity will increase the bio-nanocomposite film’s ability to absorb water.
Through chemical interactions, the presence of multiple-walled carbon nanotubes increases
ROS formation [169]. The physical properties of fibrous proteins found in the ECM, such as
collagen and elastin, are approximated by the greater diameter of multiple-walled carbon
nanotubes compared to single-walled carbon nanotubes.

According to molecular research conducted by Khalid et al., bacterial cellulose func-
tionalised with multiwalled carbon nanotubes displayed a lower than control level of pro-
inflammatory cytokines IL-1 and TNF- and a higher level of VEGF expression, which may
have favoured a quicker healing process [170]. Carbon nanotubes may pass through a vari-
ety of physiological barriers and have substantial tissue penetration. Isoniazid /chitosan/carbon
nanotube nanoparticles were created by Chen et al. and have been shown to dramatically
speed up the healing of tuberculosis ulcers [171]. Experimental tests demonstrated by
Zhao et al. revealed that the antibacterial gel made of nano-silver and multiple empty
carbon nanotubes has a superior anti-infective impact on burn wounds and can signifi-
cantly lessen the frequency of dressing changes [172]. By affecting cell spreading, adhesion,
migration, and survival, exposure to carbon nanotubes causes inflammation, genotoxicity,
and inhibits dermal fibroblasts’ capacity to heal wounds. While concurrently harming the
cytoskeleton and upsetting actin stress fibres in NIH 3T3 murine fibroblasts and human
dermal fibroblasts, multiwalled carbon nanotubes reduced DNA synthesis and the levels
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of adhesion-related genes. Skin allergies are made worse, and keratinocyte cytotoxicity is
also produced, by low doses of topical multiwalled carbon nanotubes [166—-169].

4.13. Microneedle Drug Delivery Systems

The efficacy of traditional single-drug therapies is subpar, and penetration depth
limits the effectiveness of drug delivery [173]. In the realm of wound healing, microneedle
dressings with transdermal drug delivery capabilities have been crucial [174]. Additionally,
the microstructure of microneedles allows for efficient medication administration to the
target location while preventing overly strong skin and patch adherence. Additionally,
temperature-sensitive hydrogel has been used to encapsulate vascular endothelial growth
factor (VEGF) in the chitosan microneedle array micropores. As a result, the temperature
increase brought on by the inflammatory response at the site of wounds can be used to
controllably achieve the smart release of the medications [175]. The adaptable approach
of the microneedle patch has been presented and has achieved several outstanding suc-
cesses in the fields of disease therapy, biosensing, skin vaccination, and wound healing.
Microneedles can efficiently deliver the desired active pharmaceuticals due to their bet-
ter loading capacity and well-designed microstructures when compared to those used in
conventional drug delivery systems. However, the microneedle that is so frequently used
today is typically made from synthetic polymer materials that were created by difficult
chemical synthesis using harsh experimental processes and environmentally hazardous
organic reagents. This raises the danger of side effects. Additionally, the development of
microneedle-based iatrotechnics is constrained by the acquisition of loaded active pharma-
ceuticals typically through a period of brutal elimination and extremely stringent clinical
studies [176]. Wang et al. created a three-dimensional origami microneedle patch with
extremely tiny needle structures, microfluidic channels, and numerous functionalities that
was said to be able to detect biomarkers, distribute medications in a controlled manner, and
monitor motions to speed up wound healing [177]. Exosomes can only partially reach the
injury site through passive diffusion, according to Liu et al.’s explanation of the potential
of microneedle delivery of exosomes for transdermal application [178]. As a result, the
therapeutic effects and clinical applications are significantly diminished. An antibacterial
and angiogenesis-promoting double-layer microneedle patch was reported by Gao et al. for
the treatment of diabetic wounds. Tetracycline hydrochloride, an antibacterial medication
filled with hyaluronic acid, serves as the tip of the double-layer microneedle, while deferox-
amine, an angiogenic medication, serves as the substrate [179]. The transdermal route has
been used to administer bioactives using microneedles. The bioactives can pass through
the epidermis with the assistance of these microneedle devices. Microneedles are created
via in situ polymerisation utilizing a mould-based approach using biomaterials such as
chitosan, hyaluronic acid, and maltose [180]. In the realm of wound management, new indi-
vidualised and programmable microneedle wound dressings are extremely valuable. With
its straightforward, efficient, and safe qualities, the microneedle-mediated drug delivery
system can also offer a novel method for the treatment of diabetic wounds. It has a wide
range of applications in relevant biomedical sectors. The low stiffness of the microneedles
for insertion into human skin poses a challenge for the translation of this method. The
constraints and high cost of microfabrication technology have restricted the development
of microneedle-based systems utilising standard subtractive techniques [181,182].

5. Future Prospects

The alignment of fibrous proteins, cell type, ECM composition, water content, and
mechanical qualities vary between skin layers. However, the skin’s natural ability to re-
generate is constrained to treating relatively small wounds, necessitating the use of topical
medications in some or most cases. Therefore, because the healing process entails compli-
cated events to re-establish functional tissues following injury, big skin wounds present a
problem. Due to the existence of several cells and chemicals orchestrating a process, wound
healing has always been the most difficult problem. Any problem may hinder the healing
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process and cause an acute wound to become chronic. The difficulty in keeping immune
cells in their naive immune state is currently a major barrier to their incorporation in the
skin, and it is probably due to their ineffective incorporation within the skin strata as well
as the absence of other functionally significant cells. Adult stem cells have emerged as a
promising therapy for promoting scarless wound healing among the numerous techniques
that have so far been used in the treatment of skin ulcers. Mesenchymal stem cells have
drawn more attention than other adult stem cells due to their capacity for immunomodula-
tion and tissue regeneration. Intense research is still being conducted on the creation of
novel and efficient therapies for wound care. Future topical therapy for wound care can
be evaluated using comparative effectiveness research as a technique. Over the past ten
years, a number of novel techniques and items have been developed, helping to meet the
ongoing demand for advancements in wound care. Numerous other techniques, including
hyperbaric oxygen, growth hormones, biologic dressings, skin substitutes, and regenerative
materials, have also demonstrated effectiveness in speeding up the healing of wounds.
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Abstract: Neurological disorders affecting both CNS and PNS still represent one of the most critical
and challenging pathologies, therefore many researchers have been focusing on this field in recent
decades. Spinal cord injury (SCI) and peripheral nerve injury (PNI) are severely disabling diseases
leading to dramatic and, in most cases, irreversible sensory, motor, and autonomic impairments. The
challenging pathophysiologic consequences involved in SCI and PNI are demanding the development
of more effective therapeutic strategies since, as yet, a therapeutic strategy that can effectively lead to
a complete recovery from such pathologies is not available. Drug delivery systems (DDSs) based
on polysaccharides have been receiving more and more attention for a wide range of applications,
due to their outstanding physical-chemical properties. This review aims at providing an overview
of the most studied polysaccharides used for the development of DDSs intended for the repair and
regeneration of a damaged nervous system, with particular attention to spinal cord and peripheral
nerve injury treatments. In particular, DDSs based on chitosan and their association with alginate,
dextran, agarose, cellulose, and gellan were thoroughly revised.

Keywords: polysaccharides; drug delivery systems; spinal cord injury; peripheral nerve injury

1. Introduction

The nervous system is the apparatus of the human body that functions to connect the
various structures of the organism, but also to react to external stimuli [1]. It is composed of
two major regions: The central nervous system (CNS) and the peripheral nervous system
(PNS). The first is the most complex apparatus of the human body and includes the brain
and its caudal prolongation, the spinal cord [2,3]. The CNS is connected to the periphery
of the body by an extensive network of nerves composing the PNS [4]. The PNS includes
the neural tissue outside the CNS, such as paravertebral and neuro-vegetative ganglia,
peripheral nerves that extend from the brain and the spinal cord (cranial and spinal nerves,
respectively), and specific sensory organs [5]. Neurological disorders affecting both CNS
and PNS still represent one of the most critical and challenging pathologies, therefore many
researchers have been focusing on such field in the last decades [6].

Spinal cord injury (SCI) and peripheral nerve injury (PNI) are severely disabling dis-
eases leading to dramatic sensory, motor, and autonomic function impairments. Mechanical
trauma causing compression of the spinal cord is, generally, the main and most common
cause of SCI, which can be the result of motor vehicle accidents, falls, sports-related in-
juries, or violence [7]. The consequence of such compression results in a cascade of events
including cellular, biochemical, and vascular events, exacerbating the damaged area and
promoting the formation of a glial scar, responsible for the establishment of physical and
chemical barriers to whatever endeavor to stimulate axonal regeneration [6,8]. On the other
hand, PNI is defined as the loss of structure and/or function of peripheral nerves, charac-
terized by permanent disablement and severe motor function defects, which could lead to
the complete paralysis of the affected limb or the development of intractable neuropathic
pain, with a severe impact on a patient’s lifestyle [9,10]. Such pathology can be caused
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by accidents, traumatic conditions, surgery, other events such as ischemia, and chemical
or thermal causes [9,11]. Main causes and symptoms of SCI and PNI are represented
in Figure 1.
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Figure 1. Spinal cord injury and peripheral cord injury: Main causes and symptoms.

Generally, PNS injuries are more common than those of the CNS, due to the lack
of protection provided by the blood-brain barrier and the braincase [12]. Notably, in
contrast to CNS, peripheral nerve fibers exhibit a remarkable intrinsic potential for self-
regeneration. Schwann cells (SCs) are the main cells responsible for the activation of
a cell-intrinsic myelin breakdown process through autophagy. Since myelin is the first
responsible for storing substances (known as myelin-associated glycoproteins) that prevent
the regeneration of damaged axons, this mechanism is acknowledged as the primary
mechanism of the regenerative potential after PNI. [13,14]. Nevertheless, the achievement
of total regeneration is generally unsatisfactory, providing weak motor recovery and
irreversible sensory dysfunction [9]. In fact, an endogenous spontaneous repair of the
damaged peripheral nerve is possible only for small gaps (<5 mm); it is partial and, in most
cases, accompanied by a reduction in sensory and motor functions [11].

The challenging pathophysiologic consequences involved in SCI and PNI demand the
development of more effective therapeutic strategies since, as yet, a therapeutic protocol
that can effectively lead to a complete recovery from such pathologies is not available.
Nowadays, the therapeutic approach of SCI is mostly limited to providing supportive
relief to patients and is focused on the modulation of secondary complications, which
hinder SCI treatment after the damage, and the stimulation of functional recovery via
rehabilitation [15,16]. Currently, the most common treatments involve neurorrhaphy and
allo- and autologous nerve grafting, which represents gold-standard treatments for nerve
gaps smaller or higher than 1 cm, respectively [17,18]. These techniques have been, however,
overcome due to their various critical issues and limitations, namely, excessive stretching of
the nervous tissue and an impairment of nerve vascularization, in the case of neurorrhaphy;
on the other hand, nerve grafting is often compromised by the scarce availability of nerve
grafts, the morbidity of the donor site, the immunological responses, and the possible
neuroma formation [17,19].

The development of tissue-engineered grafts represents a promising strategy for
the treatment of lesions of the nervous system; in the case of PNI, such systems are
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generally named neural guide conduits (NGCs) [19]. The versatility of the geometries of
NGCs and the possibility of loading various therapeutic substances (including drugs, cells,
and/or growth factors) allow these products to be used in a combined neuroprotective and
neuroregenerative approach in order to promote neuronal recovery [20-22].

Polysaccharides are natural polymers consisting of repeated mono- or disaccharide
units linked via glycosidic bonds, which are generally isolated from several sources, such
as plants, terrestrial and marine animals, or microorganisms [23]. Drug delivery systems
(DDSs) composed of polysaccharides have been receiving more and more attention for
a wide range of applications, due to their outstanding physical-chemical properties [24].
Due to the possibility of being neutral or presenting positive or negative charges, the
linear or branched molecular structure and their wide range of molecular weights (from a
few hundred to several thousand Daltons) are some of their attractive physical-chemical
properties. Moreover, polysaccharides are recognized for their biocompatibility, bioactivity,
biodegradability, and low immunogenicity [23,25-27].

Figure 2 reports a graphical description of the main polysaccharides and their principal
sources and properties.

+ anti-inflammatory « biocompatibility

+ antioxidant « biodegradability
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Figure 2. Graphical description of main polysaccharides, their principal sources, and properties.

Due to the above-mentioned characteristics, polysaccharides can be regarded as func-
tional excipients for the setup of effective DDSs for the treatment of nervous tissue in-
juries [24,28].

This review aims to provide an overview of the most studied polysaccharides used for
the development of DDSs intended for the repair and regeneration of a damaged nervous
system, with particular attention to spinal cord and peripheral nerve injury treatments. In
particular, DDSs based on chitosan and their association with alginate and hyaluronic acid,
alginate, dextran, agarose, cellulose, and gellan were thoroughly revised.
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2. Chitosan (CS)

Chitosan (CS) is a promising polysaccharide consisting of N-acetyl-D-glucosamine and
D-glucosamine units linked by 1-4-p3-glycosidic bonds, which is generally obtained from
the deacetylation of chitin, derived from crustacean shells [29]. This polysaccharide has
the unique properties of being polycationic and is characterized by a multitude of features,
such as anti-inflammatory, antioxidant, antimicrobial, and wound-healing properties [30].
CS has been widely used for neural tissue engineering, due to its physical, chemical, and
mechanical properties, and especially for its similarity to glycosaminoglycans forming the
extracellular matrix [31].

As for SCI treatment, both hydrogels and nano-scale DDSs endowed with antioxidant
and/or anti-inflammatory properties able to fill the gap generated by the injury and control
the release of bioactive molecules were proposed in the last decade.

The first evidence of CS application for SCI treatment was reported by Skop et al., who
developed genipin-crosslinked CS-based microspheres, produced via the coaxial airflow
technique and intended for the delivery of cells and growth factors for nervous tissue regen-
eration. CS was ionically bound with heparin, a well-known anionic glycosaminoglycan
with anticoagulant and anti-inflammation properties, as well as a high affinity for growth
factors. The system was characterized by high biocompatibility towards the neural stem
cell line and easy binding to the fibroblast growth factor, which is an important factor for
neural stem cell survival [32].

Wu and coworkers developed nanoparticles (Nps) with neuroprotective potential,
based on the chemical interaction between glycol CS, a water-soluble CS derivative, and
ferulic acid (FA). Glycol CS and FA can form hydrophobically self-assembled Nps consisting
of a hydrophilic shell (glycol CS) and a hydrophobic core (FA). The neuroprotective effect
of Nps was assessed by a glutamate-induced excitotoxicity model on primary spinal cord
neuron culture. Moreover, Nps were injected in a rat spinal cord contusion injury model to
assess the bioavailability, pharmacokinetics, and functional recovery after Nps systemic
administration. Axons and neuron cells at the lesion site were greatly recovered by the
delivery of FA-glycol CS Nps, and the number of activated astrocytes and macrophages
was reduced. These neuroprotective benefits ultimately contributed to SCI functional
recovery [33].

Another CS-drug complex was investigated by Gwak et al., who prepared CS Nps
via an ionotropic gelation process, based on the amide-coupling method, to provide intra-
cellular delivery of methylprednisolone (MD), a cortico-steroid used for the treatment of
acute SCI as an anti-inflammatory agent and to reduce neurological deficits after injury.
In addition to drug delivery, the authors aimed at investigating possible gene delivery
due to the positive charges of chitosan, which can bind with the negative charges of DNA
through electrostatic interaction. Nps determined low cytotoxicity on mouse neural stem
cells, and plasmid DNA was efficiently delivered once Nps were injected in vivo in a com-
pressed spinal cord injury model, producing effective protein expression. Inflammation
and apoptosis were reduced even at a low MD dose [34].

Ni and coworkers explored the sustained delivery of chondroitinase ABC (ChABC), an
enzyme able to decompose glycosaminoglycans chains of chondroitin sulfate proteoglycans
(CSPGs), which are recognized for their negative impact on axon regeneration after SCI, and
which, therefore, are able to elicit an indirect positive effect on axonal regeneration. For this
purpose, ChABC-loaded CS microparticles were prepared via ionotropic gelation, using
tripolyphosphate (TPP) as cross-linking agent. Solid microparticles were then mixed with
polypropylene carbonate and subjected to electrospinning to obtain microfibers containing
CS-ChABC microspheres. The systems were able to assure a stable and prolonged release
of ChABC in vitro. Moreover, fibers containing microspheres were implanted in vivo in a
hemisected thoracic spinal cord with improved axonal regeneration and animal functional
recovery [35].

Wang and collaborators investigated the release of valproic acid from CS Nps. Valproic
acid was found to be neuroprotective for microglia and reduce inflammation induced by
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nervous tissue injury. After intravenous injection in a rat SCI model, Nps enhanced the
functional recovery of nervous tissue and inhibited astrocytes activity and, thus, inflamma-
tion. Furthermore, the disruption of the blood spinal cord barrier occurring after SCI was
recovered, and neuroprotection was successfully achieved [36].

Alizadeh et al. developed a thermo-sensitive hydrogel based on CS for the delivery of
the nerve growth factor (NGF). The gel consisted of CS, 3-glycerol phosphate disodium
salt pentahydrate as a gelling agent and hydroxyethylcellulose as a cross-linking agent;
the hydrogel solutions were prepared at 4 °C. The hydrogel was used as a vehicle for the
delivery of lentiviral-mediated NGF-overexpressing human adipose-derived mesenchymal
stem cells (hADSCs), which are recognized to improve neural growth and neural regen-
eration due to the secretion of neurotrophic and neurovascular factors and are able to
differentiate into Schwann-like cells. Both transduced hADSCs alone and in combination
with the CS-based hydrogel were injected in vivo in a contusive spinal cord injury model
one week after surgery, and the hydrogel effectiveness was evaluated two months after
surgery. The combination of transduced hADSCs and the hydrogel was more effective than
transduced hADSCs alone in both repairing SCI and providing the functional recovery
of animals [37].

A CS-collagen-based hydrogel loaded with a serine protease inhibitor, serpine (Serp-1),
which is an immune-modulating biologic drug, was developed for the treatment of crush-
induced SCI by Kwiecien and collaborators. Both low (10 pug) and high doses (100 pg) of
Serp-1 were loaded into CS-collagen hydrogels, which were then injected in a dorsal column
crush SCI rat model. Locomotor functionality was assessed and histopathologic analysis
was performed; the authors proved that hydrogel loaded with the highest Serp-1 dose
reduced the damaged area, resulting in better and faster motor recovery and diminished
neurological deficits, in comparison with the low-dose-loaded and pristine hydrogel. Fur-
thermore, a reduction of neural injury was observed with the high-dose-loaded hydrogel,
which was attributed to a Serp-1-induced reduction of apoptosis [38].

Wang and coworkers designed stearic acid (SA)-CS nanomicelles loaded with sesamol,
a polyphenol with strong antioxidant properties but low cellular uptake and biocompat-
ibility and, therefore, requiring a drug carrier system for suitable administration. CS
nanomicelles conjugated with SA were developed via centrifugation followed by freeze-
drying to obtain a solid product. Nanomicelles proved to be stable in phosphate buffer
solution (PBS) for 15 days and able to provide a sustained release of sesamol, reaching
almost 100% after 50 h from the beginning of the in vitro release experiment. In vitro tests
were performed on NSC-34 cells, a hybrid motoneuron-like cell line; cells were treated with
lipopolysaccharide (LPS) before being incubated with the samples (nanomicelles or free
sesamol), in order to investigate nanomicelles” protective effect. Other in vitro tests were
carried out on the same cell line (MTT, LDH, and intracellular ROS assay). The best results
were always observed for loaded nanomicelles, confirming their neuroprotective potential
and antioxidant properties. Moreover, loaded nanomicelles were also able to modulate the
levels of apoptotic genes and reduce the expression of inflammation-related genes [39].

A CS-based hydrogel was prepared by Javdani et al. by adding a sodium hydrox-
ide solution to a CS solution; the hydrogel was then loaded with Selenium-loaded Nps.
Selenium was selected for its relevance as a nutrient for humans and animals and for its
fundamental role in many metabolic pathways, namely for its beneficial effect on acute
SCI. In vivo studies were performed on rat models: Animals were subjected to aneurysm
clamping at the level of the thoracic vertebrae to induce SCI, and the effect of both free
and loaded hydrogels was compared with that of the control group (no drug interven-
tion). Histological evaluation of the group treated with the loaded hydrogel highlighted
a reduction in the severity of bleeding and the number of inflammatory cells, as well as
the occurrence of new nerve fibers. The presence of selenium within the hydrogel was
responsible for the inhibition of the cellular pathways related to inflammation and was
demonstrated to provide neuronal recovery and protection. Hence, the selenium-loaded CS
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hydrogel showed potential antioxidant and anti-inflammatory properties for the treatment
of SCI [40].

Song and collaborators developed a CS scaffold intended for the SCI treatment. A
sandwich-structured composite system for long-lasting controlled release of NGF (2 months,
required by the healing process of SCI) was prepared via electrospray and electrospinning
techniques. A poly(lactic acid) (PLA) film was used as a sealing layer to impair drug
diffusion outside the system and provide mechanical support; the sandwich layer consisted
of poly(lactic-co-glycolic acid) PLGA microspheres loaded with NGF, and a CS film consti-
tuted the lower layer to host bone marrow mesenchymal stem cells (BMSCs). The PLA and
CS films were prepared by electrospinning whilst the NGF-loaded PLGA microspheres
were obtained via ultrasonication. In detail, the final composite system was obtained by
electrospraying NGF-loaded PLGA microspheres above the PLA fibrous membrane and
subsequently electrospinning the CS solution above the previous two layers. A schematic
representation of the composite scaffold is displayed in Figure 3.

PLA sealing layer
(electrospinning)

NGF-loaded PLGA
microspheres
(ultrasonication and

electrosprayin
CS lower layer praying)

(electrospinning)

Figure 3. Schematic representation of the sandwich-structured drug delivery composite scaffold
developed by Song and coworkers [41].

In vitro drug release measurements demonstrated that the composite system enables
a prolonged release of NGF for more than 2 months. The biocompatibility of the system
was tested in vitro on a PC-12 cell line for 7 days; neurite outgrowth from PC-12 cells was
promoted by the composite system. BMSCs were then seeded onto the CS film. When
implanted in a rat model, the final system was found to promote and improve neuroregen-
eration and locomotor functional recovery of SCI within 8 weeks of evaluation [41].

In addition to the treatment of SCI, researchers have focused their efforts on developing
CS-based DDSs for the treatment of PNI. In this context, CS employment as an NGC
component seemed particularly promising, due to the physical and chemical structure
similarity of these systems with the multi-layer 3D architecture of peripheral nerves. CS is
also capable of supporting axonal regrowth, ameliorating functional recovery after injury,
healing, and reducing scar formation [31,42].

Regarding PNI, a variety of systems of various types, including NGCs, hydrogels, and
Nps loaded with various active molecules with immunosuppressant, neuroprotective, and
nerve regeneration enhancement properties, were developed during the last decade.

Li and collaborators developed a CS guide loaded with FK506, an FDA-approved
immunosuppressant agent generally used to avoid allograft rejection after transplantation
and considered for its neuroprotective and neurotrophic potential. A tubular scaffold was
obtained by solvent casting into a specific mold presenting an inner stainless-steel tube and
an outer tube, and subsequent soaking in a NaOH solution to obtain a tubular gel. These
guides were implanted in vivo on a sciatic nerve injury rat model, and after 6-8 weeks,
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electrophysiological and histological analyses were performed. The FK506 loaded-CS guide
decreased the inflammatory reaction and allowed faster reinnervation, in comparison with
the groups treated with a silica guide or CS guide without FK506 [43].

A CS conduit was designed by Farahpour and Ghayour. It was loaded with Acetyl-L-
carnitine (ALC), a natural amino acid derivative with both neuroprotective and antinoci-
ceptive effects recognized for its potential in improving nerve regeneration after PNI. A
CS solution was prepared at 50 °C, and the addition of glycerol was exploited to improve
CS mechanical properties, excluding fragility. The CS conduit was prepared by injecting
a CS/glycerol solution in a homemade mold with an internal diameter of 1.8 mm and
an external one of 2 mm. As for in vivo efficacy studies, animals (rats) were divided into
four groups: (i) The transected control group, (ii) the sham-surgery group, (iii) the group
treated with CS alone, and (iv) the group treated with ALC-loaded CS conduit. The last
group demonstrated improved functional recovery of the transected sciatic nerve, with the
promotion of both motor and sensory regeneration and reinnervation of the injury [44].

CS Nps were employed to obtain a sustained gene release for peripheral nerve regen-
eration after intramuscular administration, which is clinically relevant and not considered
invasive. In detail, a thiolated trimethyl CS (TMCSH) was in contact with pDNA encoding
for the brain-derived neurotrophic factor (BDNF) for 15 min, which is well-known for its
protective action towards neuron survival after injury. BDNF-loaded Nps were prepared
according to the method reported in Figure 4; a plasmid encoding for tetanus neurotoxin
(HC), which can modulate nanoparticle retrograde transport after peripheral administra-
tion, was added as the HC-PEG solution to the TMCSH solution to obtain TMSCH-HC
Nps. For in vivo studies, rats were injected with Nps 8 days before nerve crush injury to
investigate the effect of a therapeutic agent on the prevention of axon degeneration and/or
nerve regeneration. After in vivo administration, Nps proved to stimulate injury recovery,
avoid nerve degeneration, and improve nerve regeneration [45].

/ Sterile water
TMCSH solution \\
TMCSH
nanoparticles

Stabilization and
lyophilization

HC-PEG

/ solution

pDNA solution %

TMCSH-HC
nanoparticles

Figure 4. Schematic representation of TMCSH-based nanoparticle preparation, inspired by Lopes
and collaborators [45].

A CS-based guide conduit was conceived by Manoukian et al. for the sustained
release of 4-Aminopyridine (4AP), a potassium-channel blocker able to accelerate nerve
innervation. The nerve guidance conduit was characterized by the presence of aligned
microchannels obtained through unidirectional freezing, achieved by pouring a CS solution
into a homemade mold that was then submersed in liquid Nj; subsequent freeze-drying
of the CS solution allowed the attainment of a highly porous scaffold with a foam-like
structure. Halloysite nanotubes (HNTs) loaded with 4AP were also added to the CS
solution to improve the strength of the final system and provide a prolonged release of
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the drug, controlling the initial burst effect. The final porous system was cross-linked
using alkaline epichlorohydrin. The authors observed an in vitro drug release from the
4AP-HNTs-loaded CS conduit of almost 98% within 7 days, differently from the 4AP-HNTs
and 4AP- load CS matrix, which both showed faster release. The cross-linked 4AP-HNTs-
loaded CS conduit displayed the longest sustained release profile (almost 30% at 7 days).
In vitro studies carried out on SCs proved the positive effect of 4AP as an enhancer of the
upregulation of NGF or BDNEF, which are key trophic factors for axon regeneration and
nerve remyelination after injury. A sciatic nerve defect rat model was exploited for in vivo
preliminary assessment, which corroborated the biocompatibility of the scaffold and the
infiltration of SCs within the lumen of the scaffold, following the organized structure of the
aligned channels [22].

CS Nps loaded with curcumin and containing SCs cells were developed by Jahromi et al.
and loaded into poly-L-lactide acid (PLLA)-based multi-wall carbon nanotube conduits.
Curcumin has been demonstrated to decrease SCs apoptosis and enhance the number
of myelinated axons inside the injury. Therefore, the authors investigated curcumin as-
sociation with SCs with the purpose of improving axons regeneration. Specifically, a
hollow PLLA /multi-wall carbon nanotube conduit (prepared by electrospinning apparatus
equipped with a rotating rod) was filled with a fibrin-based hydrogel containing curcumin-
encapsulated CS Nps and SCs. The final scaffold showed good biocompatibility and the
ability to promote SCs adhesion, mostly when the PLLA /multi-wall carbon nanotube
conduit was at the lowest concentration. A sciatic nerve injury rat model was employed
to evaluate the scaffold ability of damage recovery; in particular, the composite system
was demonstrated to boost nerve regeneration and improve locomotor functionality when
compared to the autograft used as control [46].

Zeng et al. developed CS/PLGA microspheres for the delivery of NGF; microspheres
were prepared by a re-emulsification TPP ionic cross-linking method. The release of NGF
from microspheres was between 65 and 45% on the 49th day, depending on the TPP
concentration used to cross-link the microspheres; upon increasing TPP concentration, a
higher reduction in drug release rate in comparison with lower TPP concentration was
observed. Microspheres demonstrated their ability to promote neurite formation when
tested on PC12 cells thanks to NGF binding to the tyrosine kinase receptor, which activates
intracellular pathways that induce neurite extension. In vivo experiments on the sciatic
nerve rat model highlighted the ability of axons to regenerate the loaded microspheres [47].

2.1. CS Associations

Chitosan has also been employed in association with other polysaccharides to develop
DDSs useful for both SCI and PNI repair and regeneration. Chitosan’s association with
other polysaccharides is linked to its cation charges, which enable ionic interaction with
anionic polysaccharides, such as hyaluronic acid (HA) and alginate (ALG) [48-51]. The
association with other polysaccharides can be useful not only to enhance mechanical and
biomimetic properties of the systems developed, but also to better control the drug release
from these systems [48,52].

2.1.1. CS/HA Association

In the context of SCI regeneration, HA and glycol CS were employed in association to
develop a hydrogel loaded with tauroursodeoxycholic acid (TUDCA), a bile acid with cyto-
protective activity and anti-neuroinflammatory properties. In detail, oxidized hyaluronate
and glycol CS solutions were mixed in different ratios and then cross-linked with TUDCA.
The gel obtained was subjected to freeze-drying, and a porous lyophilized product with
regular pore size was obtained. The cross-linked gel was tested in vivo in a mechanical SCI
model on rats and demonstrated its ability to promote functional recovery by reducing
the expression of pro-inflammatory cytokines and thus inhibiting inflammatory pathways
involved in SCI [50].
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As for PNI treatment, the complementary advantages of CS and HA hydrogel were
investigated by Zhang and collaborators, who developed an injectable hydrogel for the
prolonged delivery of NGF for peripheral nerve regeneration. An injectable CS/HA 1:1 hy-
drogel was prepared at 37 °C, using ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
and N-hydroxysuccinimide (NHS) to promote an amide reaction between components.
The gelation time, measured by a tilt test, was very fast (3 min) at pH 7.4. The freeze-dried
hydrogel was characterized by a highly porous interconnected structure with macropores,
with the cross-section desirable to enhance axon and nerve cell growth and the absorption
of bioactive substances for nerve regeneration. NGF release in PBS shows an initial rapid
release due to the diffusion of NGF and the swelling of the hydrogel in an aqueous medium;
then a slower release was observed, reaching approximately 80% of the loaded drug in
56 days. The loaded hydrogel demonstrated the highest biocompatibility towards Bone
Marrow Mesenchymal Stromal Cells (BMMSCs) when compared to the controls (blank
group without NGF, pure components, and NGF-free hydrogel). Moreover, freeze-dried
loaded hydrogel determined high cell adhesion and promoted their differentiation [48].

2.1.2. CS/ALG Association

Chitosan has also been used in association with ALG by Vigani and coworkers for
the delivery of a sigma 1 receptor agonist, named RC-33, intended for the treatment of
SCL RC-33 is a promising active molecule able to promote neurite outgrowth in PC12 cells
induced by the nerve growth factor. Thus, the study was carried out to develop a scaffold
characterized by both neuroregenerative potential due to the natural polysaccharide-based
scaffold and neuroprotective action due to the presence of the loaded active molecule.
RC-33 was incorporated into ALG electrospun nanofibers due to ionic bonds formed
between the anionic polysaccharide and the cationic drug candidate; loaded fibers were
then subjected to cross-linking with calcium chloride to obtain a water-insoluble product.
Cross-linked nanofibers were subsequently loaded into a CS film produced via solvent
casting to obtain a flexible and easy-to-handle final product. Good cell biocompatibility of
the scaffold was evidenced in human neuroblastoma SH-SY5Y cells [51].

The association of CS with ALG was also investigated by Rahmati and collaborators
to develop a hydrogel for the delivery of berberine (Ber) for the treatment of PNI, espe-
cially for sciatic nerve regeneration. Ber was employed because of its ability to improve
peripheral nerve damage thanks to its antibacterial, immunostimulant, anticancer, and
antimotility properties and beneficial effect on neurological disorders. An ALG solution
was cross-linked with CaCl, and added dropwise to a CS solution containing 3-glycerol
phosphate as a cross-linking agent. Different concentrations (0.1, 1, and 10% w/w) of Ber
were then added to the ALG/CS solution. Loaded freeze-dried hydrogels displayed a
highly interconnected porous structure, capable of providing a constant Ber release for
24 days. Hemocompatibility of the hydrogels was demonstrated on human anticoagulated
blood collected from volunteers, and their biocompatibility was confirmed on PC12 cells.
In vivo studies on a crush-induced sciatic nerve rat model demonstrated a positive effect,
especially for the 1% Ber loaded-hydrogel, indicating that Ber has potential activity in nerve
regeneration [52].

Table 1 presents a summary of all the CS-based DDSs discussed in the text.

Table 1. Summary of CS- and CS-association-based DDSs for SCI and PNI application. DDS descrip-
tion, production technique, therapeutic agent delivered, and in vitro and in vivo models exploited
for efficacy assessment are reported.

Production . c In Vitro .
DDS Technique Therapeutic Agent Application Model In Vivo Model = Reference
Genepin-cross- Neural stem
CS microspheres  linking and coaxial Heparin SCI - [32]

cell line

airflow technique
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Table 1. Cont.

Production . C In Vitro .
DDS Technique Therapeutic Agent Application Model In Vivo Model = Reference
Primary spinal ~ Rat spinal cord
Glycol/CS Nps Self-assembling Ferulic acid SCI cord neurons contusion [33]
culture injury model
Compressed
. . . Mouse neural spinal cord
CS Nps Ionotropic gelation =~ Methylprednisolone SCI stem cells injury rat [34]
model
Microfibers con- Tonotropic gelation Hemisected
taininigChABC- (withpTPg)an d Chondroitinase e ) thoracic rad 35]
loaded CS L ABC spinal cord
. . electrospinning
microparticles model
conjugating by
coupling carboxyl to
ominogrop i e
CS Nps presence. Valproic acid SCI - contusion rat [36]
modification o
injury model
reagents and
dyalization to isolate
the conjugates
Hydroxyethylcellulose
as cross-linking . .
CS-based agent, 3-glycerol Lent1v11r\a11é;rlr:1_ed1ated Contusive rat
thermo-sensitive  phosphate disodium . SCI - spinal cord [37]
hvd 1 It pentahvdrat overexpressing e del
ydroge salt pentahydrate as injury mode
! hADSCs
gelling agent for CS
solution
CS-collagen
based hydrogel . . Dorsal column
loaded with Lyophilization Serpine (Serp-1) SCI - crush rat model [38]
Serp-1
CS-stearic acid
conjugated Centrifugation :
nanomicelles followed by Sesamol SCI NS(iirSé cell - [39]
loaded with freeze-drying
sesamol
Aneurysm
CS Hydrogel Addition of sodium . clamping at the
loaded with Nps hydroxide Selenium SCl i level of thoracic (401
vertebrae
Sandwich Electrospinning
system: PLA (PLA fibers and CS
fibers; fibers), ;
NGF-loaded ultrasonication and NGF SCI PC-12 cell line Allen’s SCI [41]
. models on rats
PLGA- electrospraying
microspheres-CS (PLGA
fibers microspheres)
Solvent casting in Sciatic nerve
(6] tubu.lar tubular mold and FK506 PNI ) injury rat [43]
conduit subsequent model
immersion in NaOH ode
Left sciatic
CS/glycerol Home-made tubular - nerve
tubular conduit mold Acetyl-L-carnitine PNI i transection on [44]
rats
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Table 1. Cont.

DDS 1;2(2‘111:11?:113: Therapeutic Agent Application IICIZ:;Z;) In Vivo Model  Reference
Mixing of TMCSH injection of
TMCSH-HC and pDNA, pDNA encoding nanoparie e
o PNI - before nerve
Nps lyophilization and for BDNF crush infur
addition of HC. ST IULY
induction
CS Nerve guide
conduit with Unidirectional
aligned freezing in N and Schwann cell Sciatic nerve
microchannels freeze-drying, Aminopyridine PNI line defect rat [22]
loaded with cross-linking with model
halloysite epichlorohydrin
nanotubes
PLLA nanotubes
containing fibrin i
hydrogel loaded Electrospinning . Sc.la.tlc nerve
with eurcumin (PLLA nanotubes) Curcumin PNI Schwann cells mr];lrz rlat [46]
encapsulated CS ode
Nps and SCs
Re-emulsification Sciatic nerve
CS/PLGA IPP ionic NGF PNI PC12 cells injury rat [47]
microspheres cross-linking model
method
Associations
Oxidized Crosslinkingand ¢ deoxycholi Mechanical SCI
HA/glycol CS ross-linking an auroursodeoxycholic e ) echanica [50]
hydrogel freeze-drying acid rat model
Prepared at 37 °C,
using ethyl-3-(3-
fcs el
injectable e N NGF PNI BMMSCs - [48]
hydrogel hydroxysuccinimide
(NHS) and
freeze-drying
RC-33
loaded-ALG Electrospinning
nanofibers (nanofibers), solvent RC-33 SCI SH-SY5Y cells - [51]
embedded in CS casting (film)
film
CaCl;, cross-linked
Berberine- d;ALS.adctlecéS crush-induced
loaded solu?ign foent(;inin berberine PNI PC12 cells sciatic nerve [52]
ALG/CShydrogel & rat model
[3-glycerol
phosphate
3. ALGINATE

ALG is a natural linear anionic polysaccharide, generally extracted from brown algae
seaweed, consisting of repeated units of (1-4)-f3-d-mannuronic acid and an o-I-guluronic
acid building block [53]. ALG possesses several fruitful features, encompassing high
biocompatibility, low toxicity, and good gelation properties, which make it an ideal polymer
for the development of a scaffold intended for tissue engineering and drug delivery, due
to its interaction with bivalent cations. Namely, ALG has been widely used in the field of
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nervous tissue engineering to develop various novel DDSs: Injectable or non-injectable
hydrogels, microfibers, and more complex composite systems with both neuroprotective
and neuroregenerative potential [13,54].

ALG was exploited by Downing and coworkers in 2012 to produce a microfibrous
drug delivery system containing rolipram, an anti-inflammatory drug with many positive
properties for the treatment of nerve damage and, in particular, SCI. The system devel-
oped was a poly(L-lactide)-based microfibrous platform produced via the electrospinning
technique and coated with a CaCly- cross-linked ALG hydrogel layer employed for the
controlled and local delivery of rolipram. The developed platform confirmed its ability to
control drug delivery, showing a burst release of approximately 40% rolipram within the
first 18 h and a controlled release even after 1.5 days. The efficacy of low drug content in the
platforms was pointed out after the treatment of rats subjected to a C5 hemisection lesion,
with improvements in axon regeneration and functional and anatomical recovery [55].

Ansorena et al. developed an injectable ALG hydrogel embedded with microspheres
loaded with the glial-derived neurotrophic factor (GDNF), a growth factor able to stim-
ulate functional recovery by promoting survival and neurite growth. GDNF was en-
capsulated into polylactic-co-glycolic acid (PLGA) microspheres prepared via solvent
extraction/evaporation by means of Total Recirculation One-Machine System (TROMS)
technology to obtain a homogeneous product with a high encapsulation efficiency. ALG
was mixed with fibrinogen to improve biocompatibility and cross-linked with calcium
chloride (CaCl,) to obtain a hydrogel; prior to gelation, GNDF microspheres or free GNFD
were added to the ALG:fibrinogen solution. The system was able to control the release of
GNDF when encapsulated in PLGA microspheres and when in free form, but the release
was slower in the presence of microspheres. A bioactivity assay of the released GNDE,
performed on rat pheochromocytoma PC-12 cells, demonstrated the ability to promote
cell differentiation in the presence of the growth factor, thanks to the development of
neurites from cells. The performance of the ALG:fibrinogen hydrogel containing GNDF
microspheres or free GNDF was tested in vivo on a rat model (the hydrogel was formed in
situ via the direct injection of the components on hemisected spinal cords of rats); the ability
of the GNDF-microsphere-loaded hydrogel to promote neurite formation around the lesion
was proven; in contrast, the free GNDF-loaded hydrogel promoted neurite ingrowth at the
lesion site. Finally, the functional recovery of the rats was then assessed, which showed the
best overall recovery when treated with the free GNDF-loaded hydrogel, in comparison
with non-treated animals and the GNDF-microspheres-loaded hydrogel; these results can
be conceivably attributed to the different release profile of GNDF at the site of injury [56].

A similar injectable CaCl, cross-linked ALG:-fibrinogen-based hydrogel was employed
by des Rieux and coworkers as a carrier for the vascular endothelial growth factor (VEGF)
for its neuroprotective properties in the spinal cord regeneration process. VEGF was
used in its free form and encapsulated in CS—dextran sulfate (CS/Dx) Nps or in PLGA
microspheres. The free VEGF loaded-hydrogel showed modest proliferation on human
neuronal-like cells (SH-SY5Y cells) but not on mouse fibroblast-like cells (NIH-3T3 cells),
even when supplemented with fibrinogen. Therefore, the free VEGF-loaded hydrogel
stimulated neurite growth in ex vivo dorsal root ganglia cultures, but not when tested in a
rat spinal cord hemisection model. VEGF Nps or microspheres were first characterized for
the growth factor release profile; both systems provided a slower release when compared
to the free VEGF-loaded hydrogel, which was too slow in the case of VEGF microspheres.
Both free VEGF and VEGF Nps were then incorporated into the ALG:fibrinogen hydrogel
to combine fast and sustained release, and the system was injected into a rat spinal cord
hemisection model. VEGF was always demonstrated to stimulate angiogenesis in the lesion
site and promote neurite growth in and around the lesion. However, the VEGF-loaded
hydrogel was not able to improve the functional recovery of rats [57].

A drug delivery system intended to provide both neuroprotective and neuroregen-
erative effects was developed by Nazemi and collaborators; minocycline hydrochloride
(MH) and paclitaxel (PCX) were chosen for their neuroprotective and neuro-regeneration
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activity, respectively. A dual system was prepared, composed of PLGA-based microspheres
embedded in an ALG hydrogel; ALG sulfate (ALG-S) was also considered for its bioaffinity,
due to electrostatic interactions. The synergistic effect of a formulation containing both
MH and PCX-loaded PLGA microspheres was investigated. Regarding MH, an antibiotic
and anti-inflammatory drug with potent neuroprotective activities, a complex with ALG
or ALG-S was prepared, achieved via the formation of an electrostatic interaction and
metal-ion chelation, by using CaCl, or MgCl, as cross-linking agents. The complex was
obtained by mixing equal volumes of the drug solution with ALG or ALG-S solutions
(drug and polymer at the same concentrations) and the drug—polymer interaction products
were recovered after centrifugation and lyophilization. After UV-Vis spectroscopy analysis
of the supernatants deriving from centrifugation, the MH ALG-S complex cross-linked
with MgCl, resulted in being the complex with the highest encapsulation efficiency. Three
different hydrogel formulations were prepared by embedding either the free drug directly
into the hydrogel or by its indirect incorporation when entrapped into the complex. In
detail, two hydrogel formulations were obtained by directly mixing the free drug solution
with either an ALG solution or an ALG:ALG-S solution at a ratio of 9:1, and a third hydrogel
formulation was prepared via the indirect incorporation of the drug by embedding the MH
ALG-S complex within an ALG solution. In all formulations, calcium D-gluconate mono-
hydrate was used as a cross-linking agent to allow the formation of hydrogels. PCX was
encapsulated in PLGA microspheres prepared via the single (oil/water) emulsion/solvent
evaporation method. Loaded PLGA microspheres were added to the ALG:ALG-S solution
and the hydrogel was obtained following the same protocol as for MH. An ALG: ALG-S
hydrogel containing either PCX-loaded PLGA microspheres and MH was finally prepared.
The final formulation containing both the drugs proved to be able to reduce the activity
of inflammatory cells, thanks to the activity of MH, and to decrease the formation of fi-
brotic scars, as a result of the presence of PCX, when tested on a left lateral hemisection
animal (rat) model of SCI. Moreover, an improvement in the functional recovery of ani-
mals was observed for the dual-drug delivery system, thus demonstrating its promising
regeneration-enhancing properties toward nervous injuries [58].

Recently, in a paper of ours, ALG was cross-linked with Spermidine (SP) to obtain
nanogels as innovative tools for peripheral nerve repair. SP is a naturally occurring
bioamine endowed with neuroprotective activity and a cationic nature, which allows
its interaction with the anionic ALG. ALG at high and medium viscosity was cross-linked
via the ionotropic gelation process with SP at different concentrations, and nano/microgels
dispersions were obtained (Figure 5). A DoE approach was exploited in order to find the
best combination of the two components in terms of the mean hydrodynamic diameter.
Viscosity measurements and the solid-state characterization (FT-IR analysis) allowed us
to confirm the occurrence of interactions between ALG and SP. The addition of trehalose
as a cryoprotecting agent was also considered for the freeze-drying process, which was
exploited to obtain a stable solid product. In vitro studies on SCs demonstrated the high
biocompatibility of nanogels; antioxidant and anti-inflammatory properties of SP remained
even after cross-linking with ALG, meaning that its incorporation in nanogels did not
impair its bioactivity [59].

A summary of all the ALG-based DDSs is reported in Table 2.

Table 2. Summary of ALG-based DDSs for SCI and PNI application. DDS description, production
technique, therapeutic agent delivered, in vitro and in vivo models exploited for efficacy assessment
are reported.

DDS Produ?tlon Therapeutic Application In Vitro Model In Vivo Model Reference
Technique Agent
PLA-basec.l microfibers Elec‘trosp'mmng Rats subjected to
coated with a CaCl,- (microfibers), Rolipram e ) C5 hemisection [55]
cross-linked ALG cross-linking P lesion
hydrogel layer (hydrogel)
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Table 2. Cont.

DDS Produc‘:tlon Therapeutic Application In Vitro Model In Vivo Model Reference
Technique Agent
Caf%ii;r: gs:;ll}r‘l}lfgs)[g\ellﬂ- Solvent extrac- Rat spinal cord
embedded with PLGA tlon/ evaporation GDNF SCI PC-12 cells hemisection [56]
. (microspheres) model
microspheres

CaCl; cross-linked ALG:

fibrinogen-based CaCl, cross-linking

. (hydrogel); not Rat spinal cord
hydrogel containing SH-SY5Y and o
B reported for VEGF SCI ~ hemisection [57]
stlﬁ::tsz(;)ss (c)l:;tEaGnA microspheres and NIF-3T3 cells model
microspheres Nps
Lyophilization for
MH ALG or ALG-S Hydrogel; single Left lateral
complex; PLGA-based R R R
microspheres embedded (il /water) MH and PCX SCI - hemisection [58]
inan ALG or ALG-S emulsion/solvent animal (rats)
hvdrogel evaporation method model
ydroge for microspheres
ALG-spermidine Ionotropic gelation Lo _
cross-linked hydrogel and freeze-drying Spermidine PNI Schwann cells (591
ALGINATE-SPERMIDINE STABLE
INTERCTION FREEZE-DRIED
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=
.+ ~ ::: > . ol 'c\'. =
6 £ n . ﬁ ‘ . Fﬁ‘;y. ﬁb" d
& ® ® @ . T
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Figure 5. Graphical description of the development of SP-ALG cross-linked nanogels modified by
Valentino et al. [59].

4. DEXTRAN

Dextran (Dx) is a complex branched glucan characterized by «-1,6 glycosidic bonds
between glucose monomers; it is generally obtained by several Gram-positive, facultatively
anaerobe cocci such as Leuconostoc and Streptococcus strains [60]. It is a biocompatible,
biodegradable, nontoxic, and highly hydrophilic polysaccharide that is extensively em-
ployed in medicinal products for its peripheral blood-flow-enhancing properties, namely
the reduction of blood viscosity and the avoidance of blood clot formation, which prompt
Dx use as antithrombolytic agent. Moreover, Dx has been widely used in nanomedicine
and for drug delivery; its neutral charge makes it an ideal candidate for Nps synthesis, as it
improves nonspecific cellular uptake [61].
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As for the employment in nervous system injuries, Dx was used for the synthesis of
DDSs intended for spinal cord damage repair by intravenous injection; Nps consisted of an
association of ibuprofen and Dx for the delivery of methylprednisolone (MP). Ibuprofen
and Dx were combined via esterification between the hydroxyl groups of Dx and the
carboxylic acid groups of ibuprofen, activated with N, N-carbonyldiimidazole. System
biocompatibility was demonstrated in vitro on BV-12 microglial cells. The blood plasma
concentration of MP was further evaluated after intraperitoneal injection in an SCI rat model
comparing MP-loaded NPs with a reference solution of MP; for all the times considered, the
MP concentration from loaded NPs was higher than that of the reference solution, indicating
NPs potential for longer drug circulation and better drug bioavailability. Locomotor
functionality recovery and the rehabilitation of neurological deficits and nerve functions
after SCI were also improved by ibuprofen-loaded NPs. These Nps were, moreover, found
to be successful in the prevention of and the slowdown of neuronal regeneration, due to
their anti-inflammatory effect [62].

Dx-loaded Nps were synthesized by Liu and collaborators for the delivery of PCX.
Acetalated-Dx Nps were prepared for their reported neuroprotective activity by the micro-
precipitation method, finding a 1:5 PCX: acetalated-Dx ratio as the best for encapsulation
efficiency, loading degree, and PCX release profile. Loaded Nps provided continuous
PCX release for 7 days after injection at the site of injury, promoting neural regeneration,
neuroprotection, and enhanced locomotor recovery in rats [63].

Acetalated-Dx was also employed by Li and coworkers to obtain microspheres loading
Nps, intended for MP sustained release in the case of SCI. Nano-in-micro structured
microspheres were prepared by means of a microfluidic flow-focusing device, to exploit
a controlled in-droplet precipitation and thus ensure a high drug loading. The nano-in-
micro particles obtained allowed a gradual release and higher stability of the loaded drug.
Interestingly, the authors succeeded in preparing a system with a high mass fraction of
MP, which is particularly desired after intrathecal administration in rats, thanks to the
limited volume that can be administered. Such microspheres were injected in vivo after
weight drop injury of the spinal cord and provided constant drug release, reduction of the
damaged area, and the recovery of motor functionality 28 days after injury [64].

The three Dx DDSs are grouped in Table 3.

Table 3. Summary of Dx-based DDSs for SCI and PNI application. DDS description, production tech-
nique, therapeutic agent delivered, and in vitro and in vivo models exploited for efficacy assessment
are reported.

DDS Production Technique Therapeutic Agent Application In Vitro Model In Vivo Model Reference
Esterification between the
hydroxyl groups of Dx .
Ibuprofen-Dx and the carboxylic acid . BV-12 microglial I.n t.rap'erlt.oneal
N . Methylprednisolone SCI injection in an [62]
ps groups of ibuprofen, cells
: : SCI rat model
activated with N,
N-carbonyldiimidazole.
Acetalated-Dx Microprecipitation Mechanical SCI
Nps method PCX SCI . rat model [63]
Acetalated-Dx
Nps Microfluidic Mechanical SCI
nano-in-micro . . Methylprednisolone SCI - [64]
flow-focusing device rat model
structured
microspheres

5. AGAROSE (AG)

AG is a water-soluble natural biocompatible polysaccharide extracted from marine
red algae, consisting of repeating units of the disaccharide agarobiose, which, in turn, is
composed of D-galactose and 3,6-anhydro-L-galactopyranose [65]. AG is characterized by
the unique property of self-gelation at 37 °C, without the need for cross-linking agents, thus
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avoiding their eventual toxicity; such a polymer is also recognized for its high water-uptake
capacity, which can promote cell growth, differentiation, and proliferation [66]. In addition,
this marine polysaccharide exhibits switchable chemical reactivity for functionalization,
strong bioactivity, remarkable mechanical properties, and strict similarity with the natural
extracellular matrix (ECM). For these reasons, AG has gained special attention as a bio-
material for the setup of complex carriers for controlled DDSs. In particular, AG’s ease of
cross-linking through physical interactions has encouraged its application in DDSs [67].

Hence, AG has been widely used for tissue engineering and drug delivery systems
intended for several applications, such as cartilage and bone regeneration, brain and
nervous defects, cardiovascular diseases, and skin wounds [65]. In the context of SCI
and PNI, different systems have been investigated, especially in situ gelling systems or
hydrogels with complex geometries, used as platforms to hold and host various other
systems such as Nps and microtubes loaded with an active ingredient.

In situ gelling hydrogels for the repair of SCI and local delivery of BDNF were devel-
oped by Jain et al. in 2006. The ability of AG regarding in situ gelling and adapting to the
shape of the nervous tissue injury was investigated. Since the optimal gelling temperature
of AGis 17 °C, the authors developed a cooling system to cool AG in a few seconds when
applied at the site of injury and assured its maintenance within the lesion without leaking
the defect. BDNF was selected due to the need for neurotrophic factors for neuronal sur-
vival and axonal growth after trauma. Lipid microtubes loaded with BDNF were embedded
within the AG scaffold. The formulation was able to determine a diffusive-based sustained
release of the growth factors in 5-7 weeks and improve the ability of restored nervous fibers
to enter the hydrogel thanks to BDNF chemo-attractive action. The scaffold was implanted
in vivo in a dorsal over-hemisection rat model and proved to reduce the reactivity of the
astrocytes and the production of chondroitin sulfate proteoglycans (CSPGs) due to the
presence of BDNE Moreover, 6 weeks after implantation, a minimal inflammatory response
was observed [68].

In 2011, the same authors investigated the release of different bioactive molecules from
the AG hydrogel scaffold embedded with lipid microtubes. The scaffold was loaded with,
in addition to BDNE, the constitutively active (CA) cell division control protein 42 homolog
(CA-Cdc42) and CA Rac Family Small GTPase 1 (CA-Racl), namely Rho GTPases, which
are responsible for the filopodial and lamellipodial extension of axonal growth cones after
SCI. The study proved the sustained release of the loaded molecules for at least 2 weeks
and the efficacy in vivo of the scaffold in terms of a reduction of astrocytes and CSPG
deposition [69].

An AG hydrogel was also developed by Chvatal and coworkers to achieve a localized
release of MD. In detail, MD was encapsulated in PLGA Nps produced via the double-
emulsion method, and the loaded Nps were mixed with the AG hydrogel. The hydrogel-
nanoparticle system was able to determine a slow release of the drug over 6 days. Moreover,
such a system, once topically delivered in vivo in a spinal cord injury rat model, proved to
promote the reduction of the injury volume and the decrease in secondary injury-related
inflammation events within 7 days [70].

Lee and colleagues exploited AG for the preparation of lipid microtubes embedded in
an AG-based hydrogel for the delivery of chondroitinase ABC (chABC), an enzyme able
to digest CSPGs, which is responsible for the inhibition of axon growth after SCI. Before
incorporation into lipid microtubes, chABC was stabilized with trehalose due to its thermal
instability at 37 °C. The system was then injected in vivo in a spinal cord lesion rat model,
where it determined a sustained delivery of chABC, which, in turn, maintained its ability
to digest CSPGs for 2 weeks after injury. Axonal growth and functional recovery of the rat
model employed, due to the action of thermally stabilized chABC, was also observed [71].

A complex AG scaffold consisting of microchannels organized in a honeycomb ar-
rangement was developed by Gao and coworkers. In detail, the scaffold consisted of an AG
platform characterized by inner micro (166 um) multi-channel guides, deriving from fiber
bundles consisting of hexagonally packed (honeycomb architecture) polystyrene fibers in a
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linear orientation. The system was loaded with syngeneic marrow stromal cells expressing
BDNEF, produced via a retroviral vector coding for full-length human BNDEF. The authors
proved that their bioengineered scaffold could support and guide axonal growth in a
clinically relevant in vivo model, namely, the complete transection of a severe rat spinal
cord injury [72].

Cox and coworkers developed PLGA Nps loaded with estrogen (E2), which is known
for its anti-inflammatory, antioxidant, anti-apoptotic, and neurotrophic properties and its
potential for neuroprotection in SCI. E2-loaded PLGA Nps, obtained via the nanoprecip-
itation method, were dispersed in an AG hydrogel and the efficacy of the scaffold was
assessed in a moderate to severe SCI rat model. The E2 concentration in plasma was
found to be twice that of the physiological one, and a wide cytokine profiling range was
observed [73].

Shultz and collaborators developed an AG hydrogel for the local controlled delivery
of physiological doses of thyroid hormone 3,3’ 5-triiodothyronine (T3). The rationale is
that the loss of oligodendrocytes occurring after SCI results in demyelination and a spared
axons formation, which impair healing. Various molecules were compared in vitro, and the
authors found that T3 was the most effective to promote oligodendrocytes differentiation.
T3 must be necessarily delivered in situ due to its potential systemic side effects, therefore it
was loaded onto an AG hydrogel as insoluble particles. A clinically appropriate unilateral
cervical spinal cord contusion injury rat model was exploited and exhibited the ability of
the scaffold to release a T3 dose consistent with safe doses for humans, the enhancement of
oligodendrocytes differentiation, and remyelination after injury [74].

Wang et al. studied the neuroprotective activity of MH, which can target the secondary
mechanism after injury, for the treatment of SCI. The drug was complexed with Dx sulfate
by the metal ion-assisted interaction to achieve a sustained release; the complex was then
loaded onto an injectable AG hydrogel in order to assure the localization of the system in
the intrathecal space of the injury. The efficacy of the scaffold was assessed using a clinically
relevant unilateral cervical contusion injury model in which the spinal cords of adult rats
were impacted at the C5 level. The authors demonstrated that a high concentration of MH
requested for SCI repair, not achievable through systemic administration but, however, safe
for humans, can be employed if locally delivered [75].

Another research group explored the local delivery of BDNF from an AG hydrogel
with the aim of solving the diaphragmatic respiratory impairment attributed to cervical
SCI. AG hydrogel was used as a host scaffold for Dx-CS-BDNF particles, self-assembled by
electrostatic interactions. The final complex, once injected into the intrathecal space at the
injury site in a unilateral cervical contusion rat model, demonstrated its potential efficacy
for the effective restoration of respiratory functions [76].

Similarly, Gao and coworkers developed a multi-channel guidance scaffold for the
regeneration of PNI. The developed system loaded with BDNF was the same as the previous
work reported [72], but in this case, the microchannels had a diameter of 200 um. After
implantation in 15 mm long rat sciatic nerve gaps, the scaffold successfully guided linear
axons regeneration over long distances, due to the system architecture and BDNF release at
the distal and proximal nerve ending [77].

Table 4 reports all the DDSs based on AG for SCI applications.

Table 4. Summary of Dx-based DDSs for SCI. DDS description, production technique, therapeutic
agent delivered, and in vitro and in vivo models exploited for efficacy assessment are reported.

. . Therapeutic c In Vitro .
DDS Production Technique Agent Application Model In Vivo Model = Reference
. Loaded-lipid Self-assembling of lipid Dorsal over-
microtubes embedded . s
within AG iniectable microtubes, then BNDF SCI - hemisection rat [68]
J added to AG solution. model

hydrogel
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Table 4. Cont.

DDS Production Technique Thi;s:irhc Application I&Z;t;) In Vivo Model  Reference
_Loaded-lipid Self-assembling of lipid BNDF, Modified
microtubes embedded . dorsal-over
within AG injectable microtubes, then CA-Cded2 and SCl hemisection rat (6]
added to AG solution CA-Racl
hydrogel model
i(;n}gidnriongel Double emulsion PCX SCT Mechanical SCI [70]
loaded-PLG Angs method (Nps) rat model
. Loaded-lipid Thermal stabilization - Dorsal-over-
microtubes embedded I, Chondroitinase L
in an AG-based of chondroitinase ABC ABC SCI hemisection [71]
hydrogel with trehalose injury
. Multi-component fiber Syngeneic Complete
heAxca; s:;lg?ld va\;llilel d bundle templates marrow stromal e transection of [72]
mul tiigchann);F dides (channels diameter: cells expressing rat severe injury
8 166 m) BDNF model
AG hydrogel Nanoprecipitation Moderate to
dispersed with loaded method and Estrogen (E2) SCI severe SCI rat [73]
PLGA Nps lyophilization (Nps) model
AG prepared in .
artificial cerebrospinal Thyroid cegl?égaltse;?ial
fluid and then added ~ hormone 3,3',5- .
Loaded-AG hydrogel with T3 as insoluble triiodothyronine SCl corii.(;ornt;l:;on [74]
particles (obtained (T3). ) z )
neutralizing) mode
Unilateral
AG containing . . cervical spinal
loaded-Dx sulfate Met.a ! 10n—a§s1sted MH SCI cord contusion [75]
interaction ..
complex injury rat
model
Unilateral
AG embedded with Self-assembling by cervical spinal
loaded- Dx-CS- electrostatic BNDF SCI cord contusion [76]
particles interactions (particles) injury rat
model
AG scaffold with Multi-component fiber
hexagonally packed bundle templates BNDF e Sciatic nerve (7]

multi-channel guides

(channels diameter of
200 pm)

gaps rat model

6. CELLULOSE (CL)

Cellulose (CL) is the most abundant biopolymer found in the cell walls of plants
or produced by animals, fungi, and bacteria. Structurally, it is primarily composed of
D-glucopyranose ring units linked by (3-1, 4-glycosidic linkages and organized in chains
forming fibrillary units, which are, in turn, assembled in microfibrils [78]. CL has been
widely employed for many pharmaceutical purposes due to its tunable properties, in terms
of chemical, physical, and mechanical cues; moreover, it is characterized by biocompat-
ibility and bioactivity, although it is not biodegradable [79]. This last feature could be
useful for long-term applications, such as the case of nerve tissue recovery after injuries.
Bacterial CL has been widely used for nervous tissue damage regeneration, as reported
by Jabbari et al., 2022 [80]. For instance, biosynthesized cellulose (BC) obtained from
Gluconacetobacter hansenii was employed by Stumpf and coworkers to prepare nerve guides
able to enhance nerve regeneration after SCI. Authors prepared BC tubes (BCTs) containing

149



Pharmaceutics 2023, 15, 400

various BC amounts depending on G. hansenii cells’ cultivation at different times (3, 6, 9, 12,
16, 18, and 22 days). BCTs were characterized by an inner diameter of 3.53 mm, a length
of 5 cm, and mechanical properties similar to those of native neuronal tissue. BCTs were
loaded with NGF as a neurite stimulation agent. NGF-loaded BCTs demonstrated good
mechanical properties; in particular, BCTs after 22 days of cultivation (BCTs22) showed
Young’s Modulus similar to that of the spinal cord. BCTs22 enabled an NGF-controlled
release for 7 days, with an initial (8 h) burst release, due to the release of NGF molecules
from the outer tube surface. Furthermore, NGF maintained its bioactivity on PC12 cells
after release from BC tubes [81].

CL in association with a soy protein isolate was employed by Luo et al. for the de-
velopment of tubes with an inner diameter of 1.5 mm and an outer diameter of 1.8 mm,
intended for the repair of PNI. The soy protein isolate was used for its high biocompatibil-
ity, biodegradability, and processability. Tubes were seeded with SCs and pyrroloquino-
linequinone (PQQ), a neurotrophic factor able to enhance SCs proliferation and migration.
In vivo studies on a rat model were carried out. An autograft nerve, retained as the ‘gold
standard’, was employed as a positive control. It highlighted the ability of the scaffold,
especially when seeded with both cells and PQQ, to enhance nerve regeneration, even if to
a minor extent in comparison with the control [82].

Table 5 summarizes all the DDSs based on CL described here.

Table 5. Summary of CL-based DDSs for SCI. DDS description, production technique, therapeutic
agent delivered, and in vitro and in vivo models exploited for efficacy assessment are reported.

DDS I_}Ztﬁﬁ:gﬁ: Therapeutic Agent Application 111\1/[(\)’(11terlo I;/[Xc;‘e,;) Reference
Biosynthesized Custom-designed
cellulose (BC) bioreactor with NGF SCI PC12 cells - [81]
tubes silicon tube as mold
CL-soy protein Pyrroloquinoli . Sciatic nerve
tubes seeded with Tubular mold yro oq111)1n0 nequinone SCI - injury rat [82]
SC cells (PQQ) model

7. GELLAN GUM (GG)

Gellan gum (GG) is a linear anionic exopolysaccharide, produced by microbial fer-
mentation of Sphingomonas paucimobilis, composed of tetrasaccharide (1,3-3-D-glucose,
1,4-B-D-glucuronic acid, 1,4-B3-D-glucose, and 1,4-x-1-thamnose (Rha) repeating units with
one carboxyl lateral group [83]. More specifically, the structure of GG is characterized
by repeating tetramers of L-rhamnose, D-glucuronic acid, and two D-glucose subunits.
GG is ductile, thermo-responsive, and can withstand acid and heat stress [84]. The most
appealing properties of GG that qualify it as a suitable material for tissue engineering and
DDS development are the lack of cytotoxicity, biocompatibility, structural resemblance to
native glycosaminoglycans, and mechanical properties comparable to the elastic moduli
of common tissues [85]. These properties make it an interesting material for the setup of
various DDSs, including particles, films, fibers, and hydrogels. The pH-dependent swelling
and stability of GG are desirable properties for DDS formulation, as well as its anionic
nature that enables its gelation when combined with monovalent or divalent cations [86].

GG has been widely exploited for nerve tissue regeneration and, as reported in this
section, both nanofibers and hydrogels were prepared and loaded with active molecules
with positive charges for the treatment of both SCI and PNIL

As for SCI treatment, GG was employed by Vigani and coworkers to develop a
composite system for the delivery of RC-33, a drug candidate already used by the same
authors, which cross-links with anionic polymers due to its positive charge, as illustrated
in Figure 6 [51]. CaCl,-cross-linked GG nanofibers were prepared by the electrospinning
process via the addition of two grades of poly (ethylene oxide) (PEO) (high (h-PEO) and
low (I-PEO) molecular weight) and poloxamer (P407) to enhance GG electrospinnability.
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Electrospun nanofibers were embedded within an outer freeze-dried matrix, composed of
an RC-33/GG interaction product and glycine as a cryoprotectant agent, where different
concentrations of the drug candidate were loaded. The RC-33/GG interaction product
was investigated by dialysis equilibrium, and the maximum binding capacity of GG for
RC-33 was found. Four different loaded matrices, which provided the outer structure of
the composite system, were obtained varying the concentration of RC-33, based on the
results of dialysis equilibrium analysis. It was found that the matrix loaded with the highest
amount of RC-33 (interacting with 40% of GG binding sites) was the optimal candidate
in terms of mechanical and hydration properties. Finally, cross-linked nanofibers were
immersed in a 40%RC-33/GG solution and freeze-dried to obtain the final composite
system, characterized by improved mechanical properties [87].
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Figure 6. Illustration of the composite scaffold composed of GG electrospun fibers embedded within
a GG porous matrix containing RC-33 drug candidate [87].

The same authors used GG to prepare nanofibers loaded with SP and gelatin (GL),
intended for both SCI and PNI treatment. Due to its positive charges, SP was used both as
a cross-linking agent and as the active component to be released with a positive effect in
the treatment of peripheral nerve regeneration. Mixtures containing GG and increasing
SP concentrations (0-0.125% w/w) were prepared to investigate GG/SP interaction. The
addition of GL was found to enhance system biomimetic properties. The best mixture of
GG/SP/GL was electrospun to obtain cross-linked nanofibers (Figure 7). These fibers were
characterized for mechanical properties and morphology after soaking in water for 24 h,
thus confirming the formation of an interaction product since nanofibers were insoluble in
an aqueous medium. Nanofiber biocompatibility was evaluated on SCs, showing that the
presence of GL was mandatory to enhance nanofibers” compatibility with cells [88].

Regarding PNI treatment, porous neurodurable hydrogel conduits made of GG and
xanthan gum intercalated with polymethyl methacrylate (PMMA) particles were developed
by Ramburrun and collaborators, for the controlled release of two model compounds:
Bovine serum albumin (BSA) and diclofenac sodium. Hydrogel conduits were synthesized
via a thermal-ionic cross-linking mechanism with direct addition via the intercalation of
PMMA. Fifteen different formulations, chosen on the basis of a Box-Behnken experimental
design, were evaluated for drug release, swelling, degradation, and textural properties. All
the formulations gave an almost zero-order release of BSA and diclofenac sodium over the

151



Pharmaceutics 2023, 15, 400

\‘\/\} GG chains
® sp
A GL

course of 20 and 30 days, respectively. This result was obtained due to the combination
of a pH-responsive (pH 7.4) dissolution of the PMMA particles and the distinct gelling
and degradation properties due to the presence of xanthan gum. The variation of the
gellan—xanthan ratio and the pore-inducing properties of intercalated PMMA enabled
fine-tuning of the mechanical properties of the hydrogel matrices, particularly the matrix
rigidity and flexibility [89].
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Figure 7. Representative scheme of preparation of GG-based nanofibers containing gelatin and SP
developed by Vigani and coworkers for nervous tissue injuries [88].

Li and coworkers developed a GG hydrogel loaded with laminin and NGF to promote
neuronal stem cells’ proliferation and differentiation. Laminin is recognized as one of
the most important elements of ECM of peripheral nerve cells and is responsible for the
enhancement of neurite outgrowth. In detail, thiolated GG hydrogel was obtained by
dissolving GG at 60 °C and, and after cooling at room temperature, the gel was mixed with
a cell suspension containing laminin and NGF. NGF release was studied by immersing
the hydrogel in PBS at 37 °C and analyzing the collected solution with a Sandwich ELISA
test. The release was rather fast (approximately 60% in 20 h) and the release profile of
NGF corresponded to a Fickian diffusion-controlled mechanism. In vitro experiments were
carried out with neural stem cells harvested by the cerebral cortex of rats; cell viability
after contact with the loaded GG hydrogel was manually determined after 72 h via a
cell-counting kit (CCK-8), and cell proliferation was measured by fluorescence microscopy.
Neural stem cells were found to be highly interconnected to the hydrogel, creating a whole
network with an oval or triangular architecture [90].

Table 6 summarizes all the GG DDSs developed during recent years of research.
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Table 6. Summary of GG-based DDSs for SCI. DDS description, production technique, therapeutic
agent delivered, and in vitro and in vivo models exploited for efficacy assessment are reported.

Therapeutic In Vitro In Vivo

DDS Production Technique Agent Application Model Model Reference
CaCl,-cross-linked ..
GG nanofibers Electrosfpmmng
embedded with (nanofibers), RC-33 sCl - . [87]
loaded-GG freeze—drym.g
freeze-dried matrix, (porous matrix)
hydrogel conduits
of GG and xanthan Thermal-ionic Bovine serum
gum intercalated . albumin (BSA)
. cross-linking . PNI - - [89]
with polymethyl mechanism and diclofenac
methacrylate sodium
particles
thiolated GG Prepared at 60. Cand Laminin and Rat neural
then poured into a PNI - [90]
hydrogel . NGF stem cell
mold to form in situ gel
GG/GL nanofibers Electrospinning Spermidine SCI/PNI Schwann cells [88]

8. Conclusions

The success of DDSs in SCI and PNI treatment depends on different factors: The
bioactive properties of the constituent polymers; the architecture and mechanical properties
of the DDS that should mimic the natural extracellular matrix to support cell growth and
assembly; and the efficacy of the loaded drug and the kinetics of drug release from the DDS.

Polysaccharides are the first choice of polymers since they are characterized by excel-
lent biocompatibility with intrinsic biological cues and excellent intrinsic properties that
facilitate their use in the fabrication of 3D structures able to mimic ECM and control the
release of the loaded drug.

Moreover, since these polymers are generally derived from renewable sources or are
byproducts of industrial processes, their use is to be considered collaborative in waste
management and promising for an improved sustainable circular economy.

The revision of the literature reported here demonstrated how active the research in
this field is. In recent years, many polysaccharide-based DDSs have been developed and
have been proven effective in the treatment of nerve tissue injuries in animal models. Most
of them are complex systems obtained by the assembly of different architectures (such
as nanoparticles, fibers, films, and hydrogels) that require the employment of different
techniques and, thus, a multistep process for their fabrication. Making the manufacturing
process as simple as feasible, removing the crucial processes, and favoring its scalability
are issues that will need to be addressed in the upcoming years.

Therefore, future research should be focused on the development of bioactive
polysaccharide-based DDSs able to control the release of the loaded drug according to
the therapeutic needs and characterized by a simple and scalable manufacturing process.
Among the formulations reported, micro/nanofibers and micro/nanoparticles obtained by
electrospinning and spray-drying, respectively, that are simple, versatile, highly efficient,
and easily scalable using continuous manufacturing technologies are those that fulfill this
requirement. Another issue of concern is the sterilization process employed. In many of
the papers reviewed, no mention of this aspect is reported. The complexity of the systems
developed could make it difficult to find a suitable method. Moreover, it must be under-
lined that no information about the translatability in humans of the DDSs reviewed here is
present in the literature. The lack of in vivo tests on humans could arise as a problem, as
mentioned above.
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Abstract: Triple-negative breast cancer (TNBC) is a life-threatening form of breast cancer which has
been found to account for 15% of all the subtypes of breast cancer. Currently available treatments are
significantly less effective in TNBC management because of several factors such as poor bioavailability,
low specificity, multidrug resistance, poor cellular uptake, and unwanted side effects being the major
ones. As a rapidly growing field, nano-therapeutics offers promising alternatives for breast cancer
treatment. This platform provides a suitable pathway for crossing biological barriers and allowing
sustained systemic circulation time and an improved pharmacokinetic profile of the drug. Apart
from this, it also provides an optimized target-specific drug delivery system and improves drug
accumulation in tumor cells. This review provides insights into the molecular mechanisms associated
with the pathogenesis of TNBC, along with summarizing the conventional therapy and recent
advances of different nano-carriers for the management of TNBC.

Keywords: triple-negative breast cancer; biological barriers; tumor microenvironment; nano-therapeutics;
inorganic nanoparticles; organic nanoparticles; organic-inorganic hybrid nanoparticle

1. Introduction

Triple-negative breast cancer (TNBC) is an aggressive type of heterogenous breast can-
cer that tests negative for the expression of estrogen, progesterone, and human epidermal
growth factor 2 receptors (HER2). These tumors have an aggressive nature, with a tendency
for early relapse and metastatic spreading toward the lungs, liver, and central nervous sys-
tem, as well as a poor prognosis [1,2]. The risk of TNBC is higher in certain ethnic groups,
such as Latin, African, and African-American women, as well as women with breast cancer
1 (BRCA1) gene mutations. This subtype is most prevalent in young women, and it ac-
counts for 15-20% of all breast cancers diagnosed [3,4]. According to current molecular and
morphological studies, invasive ductal carcinomas account for around 90% of TNBC cases,
while lobular, apocrine, adenoid cystic, and metaplastic carcinomas account for the rest.
Despite sharing the triple negative phenotype, the prognosis of every class is distinct [5].
Further, TNBC is classified into six subtypes (Basal-like 1 & 2, Inmunomodulatory, Luminal
androgen receptor, Mesenchymal, and Mesenchymal stem-like) based on gene expression
profiles [6]. Similarly, Burstein et al. proposed a classification for TNBC that included four
subtypes: basal-like immune-suppressed, basal-like immune-activated, luminal androgen
receptor, and mesenchymal [7]. In the same study, the basal-like immune-activated subtype
was found to be associated with a better prognosis, which is consistent with the findings of
other studies showing that TNBC with lymphocytic infiltration had a better prognosis [7].
Recently, TNBC'’s diversity in terms of gene expression and the variety of genetic events
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has been studied. The diverse nature of TNBC, which usually results in distinct responses
to therapy, implies that it should further be subdivided from a therapeutic perspective.
The discovery of specific molecular markers for TNBC subtypes would surely enhance the
diagnosis process, as well as aid the development of predictive biomarkers and targeted
therapeutics [8,9].

As there is still no ideal treatment option available for TNBC, this review focuses on
discussing the pathophysiological aspects of TNBC and the receptors involved, which helps
in achieving target-specific drug delivery using a variety of nanotechnologies. The current
treatment approach for TNBC is either individual use of anticancer drugs or along with
surgery or radiotherapy. The chemotherapeutic approach involves the use of anticancer
agents belonging to classes such as anthracyclines, platinum compounds, and taxanes.
Although there is an unmet need in the therapeutic field against TNBC, developing a novel
drug is a relatively expensive process. Hence, the scientific community has recently become
more interested in studying new drug delivery systems in order to enhance the therapeutic
potential of currently available drug molecules [10]. Thus, various nanotechnological
approaches involving the use of various organic and inorganic nanoparticles are being
explored with essential modifications in order to be effective against TNBC. Herein, we
give a comprehensive review focusing on novel drug delivery approaches for TNBC.
Furthermore, this review also discusses several distinct approaches for treating TNBC,
including gene therapy, photodynamic (PDT), and photothermal therapies (PTT). As it
is important to understand the pathophysiology of TNBC to develop new therapeutic
approaches, this review also includes a detailed discussion of the molecular mechanisms
involved in TNBC pathogenesis.

2. Pathogenesis of Triple Negative Breast Cancer

TNBC is the most fatal type amongst all breast cancer. It shows the lack of expression
on estrogen receptors (ER), progesterone receptors (PR), and HER2 receptor amplification.
ER and PR present on the myoepithelial cells and HER2 on the epithelial cells of the breasts
are absent in TNBC. The definition of absence here is “less than 1% stain of ER or PR
detected by immunohistochemistry and the IHC (immunohistochemistry) score of HER2 to
be 0/+1 or +2 with FISH negative” [11,12]. One of the significant causes of the development
of ER, PR, and HER? negative cells is the BRCA gene mutation. The BRCA1 gene regulates
the DNA damage checkpoints and has a significant role in the DNA repair process. It can
convert ER-negative cells to ER-positive cells and is required for the normal development
of mammary glands. BRCA1 and BRCA2 repair the double-stranded break in DNA by a
process known as homologous recombination. Homologous recombination is the process,
which is governed by ATM, BRCA1, and BRCA2. When DNA is damaged, ATM is activated,
which phosphorylates BRCA1, and the homologous recombination process begins with
the help of BRCA2 and RADS51 [13]. The BRCA gene mutation causes the repair of DNA
double-strand breaks by mutagenic mechanisms rather than homologous recombination, re-
sulting in genetic instability. This genetic instability leads to the development of cancer [12].
Another reason for the occurrence of TNBC is the transformation of the mammalian target
of rapamycin (nTOR) pathway. This transformation makes the disease aggressive and
invasive. In TNBC, the phosphoinositide 3 kinase (PI3K)/Akt/mTOR (PAM) is activated,
which causes cancer angiogenesis, cell growth, and cell proliferation. Activation of mTOR
results in the generation of two complexes, namely mTORC1 and mTORC2. mTORC1 is
responsible for stimulating the growth of cells, and mTORC2 mediates AKT phosphoryla-
tion [14,15]. Additionally, in tumor cells, there is no control over the cell cycle progression,
which permits the cells having faults in DNA to move forward to the subsequent step of
the cycle, or alternatively, it causes more genetic diversity. TNBC cells undergo repeated
genetic alterations in the tumor suppressor protein (p53) and Rb pathway inactivation,
while c-Myc pathways mutations are infrequent. In the cell cycle control process, the
Rb pathway in the G1/S checkpoint is triggered by phosphorylation of retinoblastoma
through cyclin/CDK complex activation, which leads to the instigation of transcription
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factor E2F via Myc activation. In contrast, inhibition of CDK2 activity via up-regulation of
CDNK?2 encourages the inactivation of suppressor gene p53, which blocks the senescence in
apoptosis pathways. The amplified expression of CDNK2A and related CDNK2's complex
permits evading the cell-cycle regulatory checks in the Rb pathways and allows progression
into the G1/S phase. Hence, it leads to high expression of cellular proliferation and growth.
This recurrent genetic alteration causes TNBC [16,17]. The representative pathology has
shown in Figure 1.
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Figure 1. Pathogenesis of TNBC.

Earlier, scientists considered basal-like breast cancer and TNBC as the same because
they have similar pathological features. With the advancement in genetics, it was discovered
that most basal-like cancers are triple-negative, but not all of them possess a triple-negative
phenotype. Breast cancers are basal-like if the tumor cells express the genes that are
generally expressed by myoepithelial or basal cells, such as CK, CK 5/6, CK14, CK17,
fascin, p-cadherin, vimentin, «3 crystallin, and caveolins 1 and 2. Basal-like breast cancers
show negative ER, PR, and HER?2 receptor expression and express epidermal growth
factor receptor (EGFR). According to this concept, all basal-like breast cancers should be
categorized as triple-negative. However, TNBCs differ from basal-like cancers with respect
to their prognostic characteristics. TNBCs show short disease-free survival as compared
to triple-negative non-basal-like cancers. The metastatic spread of triple-negative basal-
like cancer appears to be different than that of non-basal-like phenotype. The basal-like
phenotype of TNBC metastasizes to the brain and lungs and is less likely to spread to
bones and axillary nodes [18,19]. Some of the basal cancers have shown the presence of
ER and HER?2 receptors. Some TNBCs were tested to be negative for basal-like markers
such as CK5/6, CK14, and EGFR. Hence, we can conclude that not all basal-like cancers are
triple-negative, nor all TNBCs are basal-like [20].

3. Conventional Approaches for TNBC

In the current era, the medical field is engrossed with TNBC due to its aggressive-
ness [21]. The treatment of tumors has progressed from surgery to the use of X-rays. The
selection of the treatment for TNBC and its advancement depends on the origin of cancer
development, cancer type, and molecular site, as well as the stage of progression [9]. In
the late twentieth century, for the management of TNBC, various conventional therapeutic
options, including cytotoxic agents and chemotherapy emerged. Also, research work on
targeted cancer therapy, which is based on specific molecular targets in neoplastic processes
for the betterment of TNBC, is going on. On the other hand, the biotechnology field and
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PDT have also offered their contributions as innovative developments in clinical oncol-
ogy [3]. The most commonly used treatment approaches such as chemotherapy, surgery,
and radiotherapy are discussed in detail below.

3.1. Chemotherapy

Chemotherapeutic drugs are well-established therapeutic approaches for various can-
cer treatments. It works biologically by interfering with cellular pathways, stopping tumor
progression by impairing tumor cells” ability to proliferate, resulting in apoptosis. This
therapy includes alkylating agents, antimetabolites, mitotic inhibitors, and topoisomerase
inhibitors [22,23]. Surprisingly, it has been found that TNBC had an excellent response to
chemotherapy as compared to other breast cancer subtypes. It was reported that only one-
third of patients who had undergone anthracycline or a combination of anthracyclines and
taxane chemotherapy showed a complete pathological response due to chemoresistance [24].
Anthracycline and taxanes were found to be substrates of the multidrug resistance 1 trans-
porter, which is the Pgp transporter. This transporter is majorly involved in the efflux of
these drugs, decreasing their effectiveness [22]. Further, non-specific targeting, toxicity,
poor solubility, and low bioavailability of anti-cancer drugs restrict the use of conventional
therapies. Chemotherapy causes several unwanted side effects, such as nausea, alopecia,
vomiting, myelosuppression, and fatigue [25]. Chemotherapy causes a number of other
side effects that are both stressful and can be fatal for patients. Furthermore, there are
high chances of the development of oral and or gastrointestinal mucositis, leading to ul-
cerations pain anorexia, weight loss, anemia, fatigue, and chances of sepsis formation. In
another retrospective study, individual patient data from four different randomized clinical
trials were studied for the presence of hematological non-hematological side effects of
anthracycline involving chemotherapy. It was observed that hematological toxicities were
common, but the incidence increased with age. It was also observed that taxane involving
chemotherapy showed increased incidences of sensory neuropathy of grades 3—4. Mucositis
grades 3-4 was more common in the case of elderly patients. The study concluded that the
dose-intensified regimes showcased increased toxicities and the incidence of hematological
toxicities was high in elderly patients after the use of neoadjuvant chemotherapy regimes
against breast cancer.

Additionally, chemotherapy is primarily utilized in combination with surgery to treat
different cancer types. Chemotherapy-based drugs are often administered to patients before
or after surgery to improve the therapeutic effectiveness. Based on the therapeutic utiliza-
tion, it is classified into two types i.e., Adjuvant therapy, after surgery and Neoadjuvant
therapy i.e., before surgery [26]. A brief discussion related to adjuvant and neoadjuvant
chemotherapy has been mentioned below.

3.1.1. Adjuvant Chemotherapy

Adjuvant therapies enhance both overall and disease-free survival. It prevents the
risk of metastasis and tumor recurrence activity. Several research findings have reported
that taxanes at various doses have shown good efficacy against metastatic breast cancer
(MBC). On the other hand, treatment with taxane has not shown significant results for
TNBC. Thus, combination based therapy has gained attention towards the management
of TNBC. But, it has also found that women with TNBC mostly do not show any im-
provement after undergoing this therapy as combination approaches of anthracyclines
and taxanes show drug resistance [27]. Further, based on combining anthracyclines and
taxane, many clinical trials have been conducted with various chemotherapeutic drugs,
such as capecitabine plus taxotere, ixabepilone plus capecitabine [15]. It was observed
that the efficacy of the ixabepilone and capecitabine combination showed improvement in
progression-free survival. Similarly, a pivotal trial of capecitabine plus taxotere showed that
capecitabine improves survival when combined with docetaxel, but there is no significant
evidence against TNBC [15,27]. Another trial report on anthracyclines showed the benefit
of adjuvant anthracyclines. Patients with more than nine affected lymph nodes were as-
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signed either dose-dense conventional chemotherapy or a rapidly cycled tandem high-dose
regimen. The results indicated that young TNBC patients benefited from a quickly cycled
tandem approach. It resulted in a 5-year event-free survival rate of 71% in TNBC patients,
compared to 26% in TNBC patients receiving dose-dense conventional therapy [22]. Thus,
it is essential to conduct more clinical trials on different chemotherapy regimens for the
advancement of TNBC treatment.

3.1.2. Neoadjuvant Chemotherapy

Neoadjuvant therapy is cytotoxic chemotherapy that is given before surgery and
offers a higher pathological complete response rate in TNBC compared to other types of
breast cancer. It is useful in the treatment of tumors >2 cm [28]. Individuals who have
TNBC responded initially to neoadjuvant therapy. It was estimated that the possibility of
relapse was greater in the first 5 years compared to other types of cancer. Its individual-
ization is needed as BRCA1 mutations are basal, but not all basal cancers exhibit BRCA1
mutations [15]. It was found that neoadjuvant therapy with taxanes and anthracyclines
exhibited a pathologic complete response (pCR) rate of 30%. Several limitations have also
been reported, including changes in the stage of cancer, remains of a residual intraduc-
tal component after breast-conserving surgery, and overtreatment [29,30]. Furthermore,
Telli et al. conducted a phase II study of neoadjuvant therapy of gemcitabine, carboplatin,
and iniparib for tumor management, and this approach was found to be effective against
TNBC-affected patients [29]. Another study conducted by Gerber et al. reported that the
addition of bevacizumab to anthracyclines and taxane enhanced the complete pathological
response from 27.9% to 39.3% in TNBC patients [31]. Wu et al. evaluated the response and
prognosis of taxanes and anthracyclines as neoadjuvant therapies in TNBC patients. The
results indicated that patients suffering from TNBC were more sensitive to neoadjuvant
docetaxel and epirubicin chemotherapy [32]. Neoadjuvant therapy with anthracycline and
cyclophosphamide was found to show efficacy, but drug resistance remained to be a prob-
lem [15]. Another study conducted by Fisher et al. compared neoadjuvant and adjuvant
chemotherapy, they selected 385 patients suffering from stage I-IIl TNBC. Patients were
segregated as neoadjuvant with pCR, neoadjuvant without pCR, and adjuvant settings.
Fisher’s exact test and analysis of variance were used to compare the data. 17% of patients
receiving neoadjuvant therapy reported a pathological complete response. The study
suggested neoadjuvant therapy to be more beneficial as compared to adjuvant therapy [33].

3.2. Surgery

Surgery is a well-established traditional technique used to treat cancer without any
preventable tissue damage. Surgery offers minimal damage to the surrounding tissues
over radiation therapy and chemotherapy [21]. There are two types of surgical processes
involved in TNBC, i.e., lumpectomy and mastectomy. In the case of lumpectomy, only the
part of the breast having cancer along with the surrounding normal tissue was removed.
While in mastectomy the entire breast is removed. Studies have shown lumpectomy to
give better loco-regional recurrence-free survival (LRRFS), disease-free survival (DFS),
and overall survival (OS) compared to mastectomy [34]. It has been reported that the
combination of breast-conserving surgery with postoperative radiotherapy improves the
overall survival and breast cancer-specific survival (BCSS) compared to total mastectomy
TNBC patients [35]. Although surgery is a better option, it also has certain limitations,
including post-operative pain, side effects due to heavy medications, and nosocomial
infections along with influencing the lifestyle of the patient [21].

3.3. Radiation Therapy

Generally, after mastectomy or conservation breast surgery (CBS), radiotherapy is
given as it can improve loco-regional control in breast cancer [36,37]. In addition to this,
reports exhibit BRCAI mutation leading to high sensitivity to radiation. It has been reported
that removal of occult BRCA1 deficient tumor foci from the breast and surrounding tissue
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can occur if CBS is followed by radiotherapy, leading to a decreased locoregional recur-
rence [22,38]. The associated toxicities and the lack of treatment guides for radiotherapy
in TNBC have restricted its use [39,40]. One major limitation of this radiotherapy is the
cost involved due to the use of complex machinery and technology. Furthermore, it is also
associated with some major off-target side effects.

4. Challenges towards Management of TNBC
4.1. Biological Barrier

Despite the several advantages offered by nanocarriers, overcoming the physicochem-
ical and biological barriers has remained a concern for researchers. In a meta-analysis
study conducted, it was estimated that less than 1% of the nanocarriers are targeted to the
high enhanced permeability and retention (EPR) region of the tumor. This is attributed
to physiological barriers such as endothelial barriers, cellular barriers, clearance by the
mononuclear phagocyte system (MPS), and endosomal escape [41]. These barriers are part
of the defense system of our body, which offers protection against foreign substances [42].
The electrostatic interactions, steric interactions, hydrophobic interactions, biological inter-
actions, and solvent interactions with the cell membrane depend on the physicochemical
properties of nanoparticles, including size, elasticity, surface charge, shape, pKa, and chem-
istry of ligand. This, in turn, affects the accumulation of nanocarriers in tumor cells [41,43].
Scale-up, approval by regulatory agencies, and efflux by transporters are other hurdles
for nanoparticulate drug delivery. The MPS consists of tissue macrophages, bone marrow
progenitors, blood monocytes, and dendritic cells. They play a role in the clearance of
the nanocarriers and hence affect their pharmacokinetics and tissue distribution. It affects
the efficacy and biological half-life of the nanocarrier. After entering the blood, plasma
proteins, apolipoproteins, and immunoglobulins get adsorbed on the nanocarrier, forming
protein corona. The process is termed as opsonization. The phagocytes take up these
nanocarriers attached to the protein corona, thereby clearing them from the body. It mainly
occurs in the liver, lymph nodes, and spleen [44]. PEGylation has been found to be one
of the approaches for avoiding the nanocarrier’s uptake by phagocytes. It induces the
formation of a hydrating layer composed of ethylene glycol units and water molecules. This
prevents its recognition by phagocytes and thereby its uptake. It enhances the circulating
life of nanocarriers [45]. In order to reach the tumor site, the nanocarrier has to cross the
endothelial layer of blood vessels. The endothelial layer is composed of a glycocalyx and
proteoglycan layer, which guides the entry of solutes and macromolecules. The continuous,
fenestrated, and discontinuous endothelium acts as a barrier for nanocarrier [42,46].

The endothelial gaps present in tumor blood vessels are not uniform throughout the
tissue. This results in the uneven distribution of the nanocarrier in tumor tissue. Perfusion
also guides the accumulation of nanocarriers in the tumor tissue. Heterogeneous perfusion
also results in the uneven distribution of nanocarriers in tumor tissue. The interstitial
tumor matrix forms a barrier for the nanocarriers that do not extravasate into tumor
tissue. Decreasing the particle size can be one of the approaches to enhance penetration
in the interstitial matrix [41]. Extravasation has also been found to be dependent on the
hemodynamics of nanocarriers. However, its effect needs to be investigated further. The
next barrier is the tumor microenvironment (TME). Collagen and elastic fibers of proteins
and glycosaminoglycans form the interstitial space. In tumor tissues, the collagen content
is more as compared to the normal tissues. This makes the ECM extremely rigid and limits
the entry of nanocarriers in tumor cells [42]. Interstitial fluid pressure and hypoxic core
are some other factors that affect the distribution of nanocarriers in tumor tissue. Further,
for the nanocarrier to enter the nucleus and exert their effect, they have to cross the cell
membrane. Nanoparticle internalization takes place through the process of endocytosis.
Nanocarriers reach the lysosomes if taken up by endosomes and phagosomes related to the
phagocytotic and clathrin-mediated endocytotic pathway. Caveolin mediated endocytosis
has been found to bypass lysosomes in some instances. Several approaches have been
investigated to escape the endosomes, including the coating of polymers or membrane-
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stabilizing peptides. Caveolin mediated endocytosis is seen in nanocarriers when their
surface is functionalized by cholesterol, folic acid, or albumin [45,46].

Several studies have revealed that particles of size less than 20 nm significantly bind to
lipoproteins, whereas particles above 100 nm were found to have an affinity for complement-
related proteins. Particles having a size of more than 200 nm were found to be taken up
by the liver and spleen because of complement activation. Further, smaller particles were
found to exhibit longer circulation half-life. Further, the shape of the nanocarrier determines
cycling time, uptake by macrophages, ability to overcome biological barriers, and targeting
effects. Solubility, stability, cytotoxicity, and cellular uptake are determined by surface
charge. Elasticity has been found to affect tumor uptake and blood circulation.

4.2. Tumor Microenvironment

The tumor cells have several other cells in the neighborhood including immune
cells, fibroblasts, lymphocytes, tumor cells, signaling factors, dendritic cells, adipocytes,
macrophages, growth factors, tumor vasculature, and proteins that are secreted by these
cells. These cells form the tumor microenvironment (TME). The tumor cells alter the
components of the TME in such a way that it promotes the growth of the tumor. The
cross-talk between the stromal cells and the tumor cells also contribute to the growth and
sustenance of the tumor [47]. The TME has been found to govern carcinogenesis, impact
the growth and the malignant behavior of mammary cancer cells, and also re-program the
surrounding cells [48].

Several mechanisms of tumorigenesis and disease progression are being investigated
based on the TME. Biomarkers in the stromal environment have been identified and studied
to develop new therapies for the treatment of TNBC. The quick progression and poor
prognosis of TNBC can be explained by the unique features observed in its TME [48]. Cancer
associated fibroblasts (CAF) secrete cytokine and inflammatory mediators which promote
the growth and invasiveness of tumor cells. They are also involved in cancer pathogenesis
as they promote angiogenesis, extracellular matrix (ECM) remodeling, cause inflammation,
and govern differential events in epithelial cells. It has been found that CAF help in TNBC
progression by activating TGF-3 [47]. It is believed that they originate from bone marrow
derived cells in TME, normal fibroblasts which respond to cancer cell signals, and TME
of epithelial cells. It is also found to be involved in brain metastases [49]. They produce
metalloproteinases which are involved in metastasis and invasion [47]. Tumor-infiltrating
lymphocytes mainly consist of T-cells. It includes CD8+ cytotoxic T cells, CD4+ cytotoxic
helper cells, and CD4+ regulatory T cells. It is observed that TNBC is characterized by a
large amount of tumor-infiltrating lymphocytes (TIL) due to somatic mutations. High TIL
has been considered as an indication of complete pathological response in TNBC patients.
Cancers exhibiting high TILs are generally ER negative. T-cells regulate the immune
response in tumors in the initial stages of cancer. However, their interaction with tumor
cells forming Tregs promotes cancer progression, aggressiveness, and development [47,48].
These Treg cells secret TGF-3, and IL-10, suppressing immune function. They were found
to suppress contact with cells by expressing cytotoxic T lymphocyte associated antigen
4(CTLA-4), preventing its recognition by tumor cells. Tumor macrophages are involved
in metastases, invasion, migration, and poor prognosis. They secrete TGF-f3 and IL-10
which suppress the immune response. Cancer associated adipocytes have the capability
to produce cytokines, hormones, growth factors, and adipokines. It was found that they
are involved in promoting tumorigenesis and enhancing the aggressiveness of cancer
cells. The extracellular matrix is mainly composed of proteins such as structural proteins,
glycoproteins, and proteoglycans. It has been found to be involved in the migration,
invasion, and growth of tumor tissue [48]. The major constituent of ECM, that is collagen IV
plays an important role in cancer invasion by its degradation [49]. Given the characteristic
changes that are associated with the TME of TNBC, exploring its nuances and developing
strategies for modulating the same makes TME a promising therapeutic target for treating
TNBC whilst ensuring that the challenges associated with are addressed as well.
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5. Newly Developed Therapeutic Approaches against TNBC

The management of TNBC is based on its severity and its molecular site. Although
various conventional therapeutic approaches are already established for TNBC, there is
still an unmet need pertaining to the treatment to be taken as they have several limitations,
including non-selective targeting, side effects, and chronic toxicities such as mucositis,
thrombocytopenia, and alopecia. Further, the efflux transporters pose a hurdle for anti-
cancer drugs. Mainly the ATP binding cassette transporter glycoprotein, which is a P-
gp efflux transporter, acts as a significant barrier to several drugs, including taxanes
and anthracyclines [50]. The poor prognosis and poor targeting and drug resistance of
conventional medicine against TNBC have promoted the interest of scientists in developing
new targets and therapies. Since then, newer therapies, such as PDT, vascular endothelial
growth factor (VEGF) inhibitors, Gene therapy, PTT, EGRE, etc., have been developed and
utilized for effective treatment. These therapies are briefly detailed below, and a pictorial
representation of different novel therapies is shown in Figure 2.
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Figure 2. Newly developed therapeutic approaches for TNBC. CRISPR: Clustered Regularly In-
terspaced Short Palindromic Repeats; EGFR: Epidermal growth factor receptor; miRNA: Micro
RNA; mTOR: Mammalian target of rapamycin; NM: Nanomaterials; NPs: Nanoparticles; PARP:
Poly (ADP-ribose) polymerases; PD-1/PD-L1: Programmed death ligand 1; PS: Photosensitizer;
RNA: Ribonucleic acid; siRNA: Small interfering RNA; SS: Sonodynamic sensitizers; VEGF: Vascular
endothelial growth factor.

5.1. VEGF Inhibitor

Vascular endothelial growth factor-A (VEGF) promotes vascular development and an-
giogenesis in 30-60% of triple-negative breast cancers after binding to VEGF receptor family
member 2 (VEGFR) [51,52]. One study reported that mutant p53 along with SWI/SNF,
stimulates the expression of VEGFR-2. Thus, mutant p53 can be targeted for breast cancer
treatment. Also, JAK2/STAT3 can be targeted, which is recruited by VEGFR-2 to inactivate
MYC and SOX2 in breast cancer stem cells [51]. In a recent study, a biocompatible copoly-
mer nanocomplex was developed to deliver VEGF siRNA for TNBC, which inhibited serum
degradation, exhibited negligible toxicity, high tumor penetration, high cellular uptake,
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and high transfection efficiency. In addition, it has significantly inhibited the migration and
invasion of TNBC cells [53]. From a recent study, it is found that DEAE (Diethylamino ethyl
cellulose)—Dextran coated paclitaxel nanoparticles developed by the solvent evaporation
provided the maximum cellular uptake by MDA-MB-231 cells after 1 h. Further, the siRNA
prepared by the self-assembly method enhanced the cellular uptake and endosomal escape
of nanoparticles and downregulated the intratumoral VEGF protein levels. Also, the strong
anti-tumor activity in A-549 xenografts, significant rise in receptor gene expression, and
efficiently targeted gene silencing were observed [54]. A study demonstrated that using
Bevacizumab monoclonal antibody as a neoadjuvant increased (pCR) while having no
effect on DFS or OS in the adjuvant scenario was seen [52].

5.2. EGFR Inhibitors

The epidermal growth factor receptor (EGFR) is a tyrosine kinase receptor belonging
to the ErbB family that plays a major role in cell proliferation, differentiation, angiogenesis,
metastasis, and protection against cell death pathways as well as inhibition of apopto-
sis [52,55]. Tyrosine kinase inhibitors such as gefitinib and monoclonal antibodies such
as cetuximab have been found to target EGFR. The synergistic effect was observed when
a combination of gefitinib, docetaxel, and carboplatin was used. Several monoclonal
antibodies target these EGFRs by different mechanisms, including ligand-receptor block-
ade, inhibiting dimerization, and cell survival signaling pathways [56]. The anti-EGFR
antibody-drug conjugate for TNBC is more advantageous than the antibody-only and
chemotherapy-only treatments. It targets tumor cell proliferation and inhibits DNA repair
via cell membrane or nuclear membrane modulation. It is desirable as it does not affect
normal tissues, reduces undesirable effects, and delivers small molecules [57]. Another
approach is PEGylated nanomedicine like PEG-liposomal doxorubicin, which displays a
conditional internalization by PEG engager as it remains in surface contact with TNBC
and shows 100-fold more anti-proliferative activity to EGFR+ TNBC [58]. Furthermore,
docetaxel-loaded PEG-poly(epsilon-caprolactone) (PCL) nanoparticles exhibit prolonged
drug release for up to 30 days, improved dispersibility, and strong anti-proliferative activity
against animal models of TNBC and MDA-MB-231 [59].

5.3. PARP Inhibitors

PARP is an initiation and damage recognition repair protein for single-strand breaks
(SSB) in DNA. Its inhibition results in the accumulation of SSBs, leading to double-strand
break (DSB) formation. PARP inhibitors are novel oral anticancer drugs that show promis-
ing results in TNBC treatment in BRCA-mutated breast cancer [60]. There are many
PARP inhibitors available for use, like Olaparib, veliparib, niraparib, rucaparib, and tal-
izumab [61]. Studies have shown that PARP inhibitors” benefits are transient in patients
with BRCA-associated TNBC. Further, several research studies have reported that the
high-dimensional single-cell profiling of human TNBC showed that macrophages are the
most prevalent immune cell type invading BRCA susceptibility associated TNBC. PARP
inhibitors have been shown to improve both anti- and pro-tumor features of macrophages
by reprogramming glucose and lipid metabolism via the sterol regulatory element-binding
protein 1 (SREBF1, SREBP1) pathway. Thus, PARP inhibitors combined with antibodies
that target the colony-stimulating factor 1 receptor (CSF1R) significantly increased innate
and adaptive immune responses [62].

5.4. mTOR Inhibitors

As explained in the pathophysiology of TNBC, activation of mTOR is responsible
for several functions that promote carcinogenesis. This pathway involves targeting PI3K,
AKT, or both PI3K and mTOR [63]. Targeting both mTOR and PI3K results in increased
efficacy as well as toxicity. Significant functions of PAM pathways include cell proliferation,
survival, metabolism, and migration. Its role in malignant cell transformation has also been
investigated. Ipatasertib is a pan-AKT inhibitor targeting a phosphorylated form of AKT. In
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the preclinical studies, synergy is observed when ipatasertib and paclitaxel were combined.
Another small molecular AKT inhibitor capivasertib’s preclinical evaluation has shown
activity even in models with alterations in PIK3CA, AKT, and PTEN [64]. Further, Cretella
et al. proved the enhanced anti-tumor efficacy of CDK4/6 inhibitors by combining mTOR
inhibitors with impaired glucose metabolism. The results indicated superior efficacy in
combining palbociclib and mTOR inhibitors. However, preclinical and clinical studies have
to be performed to confirm these results [65]. Kim et al. studied the effects of combining
ipatasertib and paclitaxel. They conducted a randomized, double-blind, placebo-controlled,
phase 2 trial. The results indicated that the combination showed enhanced progression-free
survival. The adverse effects observed were manageable. Further clinical trials have to be
performed to confirm its safe and effective use in patients with TNBC [66].

5.5. Immunotherapy

The aggressive nature of TNBC has led to the development of targeted immunothera-
pies. Unlike other breast cancer subtypes, TNBC was found to be immunogenic. Hence,
researchers started investigating approaches to boost the host’s immune system. The
characteristics that make TNBC immunogenic include higher mutational burden, higher
quantities of tumor-infiltrating lymphocytes, and higher programmed death-ligand 1 (PD-
L1) expression. Higher immunogenic mutations cause tumor cells to produce new antigens.
Present immunotherapy approaches for the destruction of tumor cells include cancer vac-
cines, immune checkpoint blockades such as PD-1/PD-L1 inhibitors, CTLA-4 inhibitors,
induction of cytotoxic T-lymphocytes, adoptive cell transfer-based therapy, and modulation
of the TME to increase CTL activity [67,68].

A novel class of bispecific antibodies targeting CD3-Trop2 (trophoblast cell-surface
antigen 2) or CD3-CEACAMS (carcinoembryonic antigen-related cell adhesion molecule 5)
significantly inhibited TNBC cell growth when combined with human PBMCs (peripheral
blood mononuclear cells). TNBC cells express bispecific antibodies-Fc fusion proteins that
target EGFR, human epidermal growth factor receptor 3 (HER3), receptor tyrosine kinase,
human epidermal growth factor receptor 3 (HER3), and Notch. Several targets, such as
Trop2, CEACAMS5, EphA10, P-cadherin, EpCAM, EGFR, and mesothelin, have also been
included in immune cell-redirecting bispecific antibodies, and combination therapy with
immune checkpoint inhibitors has been studied. Also, TNBC cells overexpress two receptor
tyrosine kinases, Axl and cMet, and blocking both of them with bispecific antibodies helps
to target TNBC cells [69]. A study was published that used nanomicelles to target the
CD44 mediated apoptosis pathway using a hyaluronic acid (HA) coated biocompatible
oligomer containing vitamin E and Styrene Maleic Anhydride (SMA) (HA-SMA-TPGS).
The HA-SMA-TPGS was self-assembled and encapsulated with a poorly soluble and potent
curcumin analogue (CDF) to produce nanomicelles (NM) with excellent parenteral delivery
properties [70].

Moreover, Immune Checkpoint Inhibitors (ICI) is another promising immunotherapy:.
These are the cell surface membrane proteins such as the programmed cell death-1 (PD-1)
receptor that are expressed on T-cells. It belongs to the B7 family of checkpoints. Tumor
cells express PD-L1, which attaches to the PD-1 receptor present on T-cells. This inactivates
T-cells and hinders tumor destruction caused by T-cells. Researchers have developed
several anti-PD-1 antibodies and anti-PDL-1 therapeutic antibodies that disturb the im-
mune regulatory checkpoints and activate anti-tumor immune responses by blocking these
receptors and avoiding the inactivation of T-cells [71,72]. The ICIs have provided a new
horizon in TNBC treatment. Various ICIs are under clinical trials. For example, anti-CTLA-4
mAbs (Ipilimumab), anti-PD-1 mAbs (atezolizumab, durvalumab, avelumab) have shown
excellent initial results. But larger clinical trials are required to establish response rate and
determine long term efficiency of ICIs [73]. J.A. Kagihara et al. successfully developed
Nab-paclitaxel and atezolizumab for the treatment of PDL-1 positive metastatic TNBC.
Food and Drug Administration (FDA) has given approval for this combination, which
enhanced the progression-free survival in TNBC patients. However, it was observed that it
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causes some adverse events, including hypothyroidism and rash. Further investigations
confirmed that these adverse events were infrequent and consistent as compared to other
atezolizumab trials [74].

CTLA-4, also known as CD152, is widely expressed in CD4+, CD8+, NK, and FOXP3+
cells and regulates the T-cell mediated immune response. B7-1 (CD80) and B7-2 (CD-86) lig-
ands are present on antigen-presenting cells with which CTLA-4 associates and negatively
regulates T-cell activation. This suppresses the T-cell dependent immune response. Hence,
scientists have developed agents that block CTLA-4 and activate the T-cell-dependent
immune response. But it was reported that CTLA-4 inhibitors have more side effects as
compared to PD-1 inhibitors. For melanoma, Ipilimumab was the first CTLA-4 inhibitor
used, whereas, for breast cancer, Tremelimumab and Ipilimumab are being investigated.
Other immune checkpoint targets have also been investigated by researchers, including
BTLA, VISTA, TIM3, LAG3, and CD47 [72,75].

5.6. Gene Therapy

Silencing of genes using microRNAs (miRNAs) and small interfering RNAs (siRNAs)
is a rapidly growing approach in cancer treatment [76]. This therapy is used for both
diagnostic and therapeutic purposes (theranostics). The gene silencing by siRNAs regulates
gene expression through RNA interference, which can be used to treat cancer. The siRNA
delivery system can be labeled with imaging agents (for example, dextran-coated super-
paramagnetic nanosized particles) for non-invasive real-time imaging of siRNA delivery to
the tumor using magnetic resonance imaging (MRI). The siRNA-labelled mediated delivery
may also help in monitoring and predicting the therapeutic outcome [77]. The delivery
of siRNA is a major problem since it is easily broken down by nucleases and its negative
charge makes it difficult to localize in cells [76]. Liu et al. formulated siRNA in cationic
lipid-assisted PEG-PLA nanoparticles, targeting cyclin-dependent kinase 1 for TNBC treat-
ment. They showed that these nanoparticles promote cell death in c-myc overexpressed
TNBC cells by inhibiting CDK-1 expression [78]. Alshaer et al. formulated aptamer guided
siRNA nanoparticles targeting CD-44 in triple-negative breast cancer. The core was made
up of a siRNA-protamine complex, and the shell had an aptamer ligand for targeting
CD-44 cells. The results indicated that the formulation exhibited anti-tumor activity [79].
Tang et al. loaded siRNA into lipid-coated calcium phosphate nanoparticles, which in-
creased the delivery of siRNA to TNBC cells. It was observed that the nanoparticles
accumulated in cancer cells because of enhanced permeability and retention effect and the
ability of the formulation to target cancer cells [80].

MicroRNAs (miRNAs) play a key role in the genesis and progression of TNBC. Hence,
they have the potential to serve as diagnostic biomarkers [81]. Generally, there is a downreg-
ulation of miRNAs in tumor cells, but some miRNAs are upregulated [82]. The miRNA558
is overexpressed and the cluster miR-17/92, miR-106b, miR-200 family (miR-200a, miR-
200b, and miR-200c), miR-155 and miR-21 are also the highly expressed ones. TNBC with
the metastasis to lymph node revealed that six miRNAs, namely iR-125a-5P, miR-579, miR-
627, miR-424, miR-101, and let-7g, were expressed in lymph node tissues [15]. One reported
study demonstrated that combining Orlistat-loaded nanoparticles with doxorubicin or
antisense-miR-21-loaded NPs significantly increased the apoptotic impact when compared
to single doxorubicin, antisense-miR-21-loaded NPs, orlistat-loaded NPs, or free orlistat
treatment [83].

5.7. Photodynamic Therapy

This therapy involves photosensitizers, light activatable molecules, the light of wave-
length (near IR light), and oxygen. The therapy consists of two stages: photosensitizer
administration and illumination with light. Between these two stages lies the incubation
period, which decides the location where the photosensitizer will be released, thereby
affecting the efficacy of therapy [84,85] After the administration of the photosensitizer, it is
distributed in healthy cells as well as tumor cells. Normal cells eliminate the photosensi-
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tizer, whereas the tumor cells accumulate it due to morphological differences between the
cells since the tumor cells have impaired vasculature and lymphatic drainage [86]. As a
result, it does not allow photosensitizers” elimination. This therapy causes the destruction
of tumor cells by the excited-state photosensitizer’s reaction with triplet-state molecular
oxygen present in the body to produce reactive oxygen species (ROS) [87,88]. As the near
IR illuminates the photosensitizer, the photon gets absorbed, leading to the formation of
an excited singlet stage which is unstable. This unstable state is again stabilized when
the photosensitizer returns to the ground state by emitting florescence or through internal
conversion by radiating heat. This helps to study the pharmacokinetic distribution of pho-
tosensitizers in the body. The excited singlet state of the photosensitizer can also undergo
intersystem crossing and destroy tumor tissue by type 1 or type 2 reaction. In a type 1
reaction, electrons or hydrogen are directly abstracted from amino acids or guanine in
nucleic acid or NADPH. This leads to the formation of a radical anion of a photosensitizer,
which donates its electron to oxygen and produces a superoxide anion radical, restoring
the photosensitizer. Type 2 reactions include the transfer of energy to molecular oxygen,
resulting in the formation of singlet oxygen, a ROS. The type of reaction that will take place
depends on oxygen, substrate concentration, and the type of photosensitizer. However,
type 2 reaction is more prevalent as energy transfer occurs at a higher rate than electron
abstraction. The superoxide anion radical produced by the type 1 reaction is less reactive
than the singlet oxygen produced by the type 2 reaction [89,90].

PDT is a promising therapy for TNBC because of its minimally invasive nature, high
accuracy, and precise controllability. Cancers that can be easily assessed by light are treated
with photodynamic therapy. They include breast cancer, head and neck cancer, lung cancer,
oesophageal, oral, and laryngeal cancer. PDT has been proven to kill tumor cells through
three mechanisms. The mechanism that will be followed depends on the localization of
the photosensitizer, PS type, and concentration. Direct cell death mechanisms include
apoptosis, necrosis, and autophagy, and the other two mechanisms include targeting
vascular effects and immune reactions. Apoptosis occurs when the photosensitizer targets
the mitochondria. Light-induced damage to mitochondria increases the permeability of the
mitochondrial membrane; this, in turn, releases cytochrome c in the cytoplasm, which is
necessary to activate the caspase-mediated apoptotic pathway. Cathepsins released after
PDT damage to mitochondria causes cleavage of proapoptotic protein Bid to tBid. This
then interacts with mitochondria, releasing cytochrome c in the cytoplasm and activating
intrinsic apoptosis. This mechanism has been found to be exhibited by NPe6. When the
damage caused to the cell is quite high that the apoptotic pathways are destroyed, and the
photosensitizer is localized in the plasma membrane, necrosis predominates. This results
in the release of intracellular materials outside the cell, inducing inflammation [89,91-93].

Autophagy is induced with low PDT damage to the cell. Autophagy is normally a
protective mechanism, however when the lysosome is damaged, autophagy’s protective
ability is exceeded, and cell death occurs. Negatively charged porphyrins such as phe-
nothiazinium methylene blue and NPe6 were found to localize in the lysosome. Lysosome
damage was found to activate apoptosis as well as necrosis. Necroptosis is also induced in
some PDT damaged cells due to the imbalance of extracellular and intracellular homeosta-
sis, which depends on the mixed lineage kinase domain like-protein and kinase activities
of RIPK 3 and RIPK 1. Blood vessel formation is essential for providing nutrition to cancer
cells. Hematoporphyrin has been found to obstruct blood flow. Damage to the tumor
vasculature damages the endothelial and subendothelial cells. This causes them to round
up, increasing the inter-endothelial cell junctions. These damaged cells release clotting
factors such as the von Willebrand factor, resulting in the activation of platelets. Thrombus
formation, platelet aggregation, and vessel occlusion are induced by platelet interaction
and the released sub-endothelium. They also cause vasoconstriction, decreasing blood flow.
This reduced blood flow resulted in hypoxia and decreased nutrition, thereby resulting
in tumor destruction. PDT causes damage to cells and induces apoptosis and necrosis;
these damaged cells release DAMPs (damage associated membrane proteins). DAMPs
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include HSP70, calreticulin, ATP, and arachidonic acid. PDT-induced damage also causes
the release of inflammatory factors, transcription factors, and heat shock proteins. Tumor
antigens bind to the heat shock proteins and interact with toll-like receptors, thereby acti-
vating antigen-presenting cells. These antigen-receding cells present the antigens to CD4
helper T-cells, activating cytotoxic CD8+ cells and causing the destruction of tumor cells.
The main advantage of PDT induced tumor destruction is that it bypasses the resistance
mechanism displayed by the tumor cells [90,93].

Shemesh et al. studied the potential of PDT to kill TNBC cells by using thermosensitive
liposomes of indocyanine green (ICG). ICG produces ROS on exposure to a near-IR laser
of 808 nm. They concluded that it successfully accumulated in tumor cells. Formulating
ICG in thermosensitive liposomes offered several advantages, including stability at physio-
logical temperatures and enhanced permeation [94]. Sun et al. designed a multifunctional
cationic porphyrin grafted microbubble loaded with HIF 1 alpha siRNA and delivered by
ultrasound targeted PDT to treat TNBC. The siHIF cationic porphyrins were converted
to nanoparticles inside the body, which resulted in the targeted accumulation of siRNA
and porphyrin in cancer tissue. They concluded that this therapy is effective in TNBC
treatment [95].

5.8. Photothermal Therapies

PTT is an emerging and highly effective non-invasive treatment therapy for cancer
that utilizes the photothermal effect of photothermal agents (PTAs) to destroy cancer cells
without causing harm to normal cells. This therapy causes thermal burns or thermal abla-
tions on the tumor upon exposure as it produces heat from absorbed light [96]. The thermal
damage caused disrupts the cell membrane and denatures the protein, thereby killing
the cancer cells. PTT needs a bio-compatible photothermal agent capable of absorbing
near-infrared light that is a NIR source. Several nanoparticles with the ability to absorb
NIR light are used in photothermal therapy [97]. PTT has high research value as it exhibits
rapid recovery in short treatment time without including a complex operation [96].

In the study reported by Valcourt et al. formulated Polylactic-co-glycolic acid (PLGA)
nanoparticles loaded with IR820 for the treatment of TNBC using photothermal therapy
which developed biodegradable and polymeric nano particles inducing cell death primarily
through apoptosis [98]. A study by Zhao et al. formulated HA-coated gold nanobipyramids
to treat TNBC through PTT. They coated the nanoparticles with high and low molecu-
lar weight hyaluronic acid, 380 kDa and 102 kDa, respectively. Upon irradiation with
808 nm, it was found that high molecular weight hyaluronic acid showed superior efficacy
in targeting overexpressed CD44 cells in TNBC cells [70,99]. Zhang et al. formulated gold
nanoparticles targeting the epidermal growth factor receptor for enhancing autophagic cell
death in TNBC patients on treatment with photothermal therapy. On treatment with this
therapy, there was an increase in autophagic proteins such as beclin-1, p62, and autophagic
vesicles [100]. Another study by Wang et al. selectively sensitized malignant cancer cells
to PTT by targeting CD44 and reducing HSP72 (heat shock protein 72). They formulated
gold nanostar and siRNA to reduce HSP72. This selectively sensitized TNBC cells to hyper-
thermia. Some of the other advantages shown by the formulation were endosome escape,
robust siRNA loading capacity, high hemocompatibility, easy RNA synthesis, and high
biocompatibility [101]. Tian et al. developed polydopamine nanoparticles that are loaded
with JQ1 to inhibit c-myc and PD-L1 to increase photothermal therapy for the treatment of
TNBC. JQ1 was found to decrease the expression of PD-L1 and inhibit the BRD4-c-MYC axis.
The synergistic treatment induces the activation of cytotoxic T-lymphocytes, enhancing the
immune response [102].

5.9. Sonodynamic Therapy

Sonodynamic therapy (SDT) represents use of ultrasound waves to enhance the activ-
ity of chemotherapeutic agents [103]. Ultrasound is a mechanical wave which has frequency
equal to or higher than 20 kHz [104]. These high frequency waves are used for improving
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the efficacy of chemotherapeutic agents. Anticancer drugs like nitrogen mustard, cyclophos-
phamide, bleomycin, adriamycin, etc. can serve as sonosensitizer. SDT is a method based on
the synergistic interaction between ultrasound and a substance known as a “sonosensitizer”.
Traditional sonosensitizers have very limited clinical applications due to their low efficiency,
low retention in cancer cells, and low tumor selectivity. XiaoHan et al. have developed
PEG-IR780@Ce6 for SDT, a new sonosensitizer that inhibits cancer cells as well as suppress-
ing their migration and invasion [105]. The increased efficacy of chemotherapeutic agent by
SDT is due to its ability to porate (sonoporation) cell membrane for effective penetration of
chemotherapeutic agents [106] or its ability to disperse chemotherapeutic drugs in poorly
vascularised tissues in solid tumors [107]. This therapy has been widely used to combat
TNBC as the tumor cells of this subtype multiply and progress very fast. Xiaolan Feng et al.,
proposed a deep-penetrating sonochemistry nanoplatform (Pp18-lipos@SRA737&DOX,
PSDL) composed of Pp18 liposomes (Plipo), SRA737 (a CHK1 inhibitor), and doxorubicin
(DOX) for the controlled production of reactive oxygen species (ROS) upon ultrasound
activation and the resulting intercalation of DOX into the nucleus DNA and induction of
cell death [108]. By enclosing manganese-protoporphyrin (MnP) in folic acid-liposomes,
Huaging Chen et al. developed a multifunctional nanosonosensitizer system (FA-MnPs).
The nanoparticles of FA-MnPs are characterized by strong depth-responsive SDT as well as
a strong immunological response that is mediated by SDT. In the presence of ultrasound
radiation, FA-MnPs show great acoustic intensity in mimic tissue up to 8 cm deep, and they
also produce significant amounts of singlet oxygen (10,). The good depth-responsive SDT
of FA-MnPs efficiently slackens the growth of both the surface tumors and the deep lesion
in TNBC mouse models [109].

6. Emerging Nanotechnology Based Delivery Approaches toward TNBC Treatment

Nanotechnology is one of the finest tools that has emerged in the past couple of
decades, having the potential to fight against severe, difficult-to-manage diseases like
cancer. Biomedical sciences have seen the evolution of nanotechnology in targeting cancer,
via various approaches in order to have a robust and targeted delivery of diagnostics and
therapeutics [110]. Researchers are considering the option of nanomedicine for combi-
national therapy or as a multidrug delivering system, in case of cancer so as to employ
several advantages such as improving the pharmacokinetic profile, decreasing the free drug
toxicity, and having a synergistic pharmacological effect of the drugs employed [111]. Other
advantages offered by the nano systems are improved therapeutic index, with an increase
in localization of the drug in the blood, decreased off-target secondary pharmacological
effects, with increased localized targeted action in tumor cells [112,113]. The employment of
nanoparticles with primary purpose targeted delivery is based on the characteristic features
of the nanoparticles including, average nanoparticulate size, uniformity, surface potential
as well as drug loading capacity [112]. The specific advantages offered by nanoparticles
can be attributed to the increased large surface area to volume ratio of nanocarriers. Fur-
thermore, the entrapment or loading of drugs in or onto the nanocarriers, has increased the
chances of efficient targeting of the tumor cells via the use of single drug molecules or via
combination therapy. The nanomedicines are required to be explored more, in targeting
the TNBC, as it’s already known that TNBC lacks ER, PR, and HER?2 receptors on their
membrane. The absence of these receptors makes it difficult for conventional drug systems
to target the tumor cells. As a consequence, nanotherapeutics is looked upon as an emerg-
ing non-conventional approach in targeting TNBC [114]. One of the basic requirements in
the formulation of any nanoparticles is its size, which is desired to be in the range of 1 to
200 nm, modifications in this may alter the dynamical pathway of the particle [115]. The
adoption of nano systems in targeting cancer is increased, as it increases the permeation and
localization of the drug. Various nanoparticle systems consisting of Liposomes, Micelles,
Dendrimers, Solid-lipid Nanoparticles, Polymeric Nanoparticles, Gold Nanoparticles etc.
and their details are shown Figure 3.
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Figure 3. Nanotechnology-based approaches for TNBC treatment.

6.1. Organic Nanoparticles

Organic nanoparticles (NPs) are obtained from natural or synthetic organic molecules.
The advantage of this nanoparticle includes tailorable synthesis, facile processability, excel-
lent biocompatibility, and low cytotoxicity, revealing outstanding potential in drug delivery,
bioimaging, phototherapy, and biomedical application [116,117]. These nanoparticles also
offer better advancement including improved drug encapsulation, triggered release, and
site-specific targeting. Also, These nanoparticles deliver distinct benefits for toxic drugs
such as chemotherapeutics, where off-target toxicity is a key hurdle [118]. These organic
nanoparticles are Lipidic nanocarriers, Biological nanocarriers, Polymeric nanocarriers, etc.

6.1.1. Lipidic Nanocarriers

Lipidic nanocarriers have pronounced advanatages such as they deliver greater availi-
bilty of drug in TME, enhance the biomimetic delivery, achieve reduced side effects, and
avoid the development of multidrug resistance (MDR). These nanocarriers can be fabricated
from numerous biomaterials including lipid moieties such as fatty acid, phospholipids,
lipids etc. These materials can provide several benefits such as being biomimetic, being
biodegradable, being more biocompatible, achieving targeted action and improved penetra-
tion. These materials are utilised for the development of nanoplatforms such as liposomes,
nanostructured lipid carriers (NLCs), Solid lipid nanoparticle (SLNs), and self-micro/nano
emulsified drug delivery systems (SMEDDS/SNEDDS), etc. [119].

e  Liposomes

Liposomes are the nanoconstructs that can deliver both hydrophobic and hydrophilic
drugs. Liposomes were the very first class of nanotherapeutics that got approval for cancer
treatment. Liposomes still cover a larger share of nanoparticles in clinical stages [120,121].
These liposomes provide the benefit of biodegradability, biocompatibility, and non-toxic
and non-immunogenic nature. On the other hand, the properties of liposomes can be altered
considerably by altering the lipid composition, size, and charge on the surface. Liposomes
are small spherical-shaped vesicles, which are formulated using cholesterol and natural
non-toxic phospholipids. In the case of chemotherapeutics, liposomal formulations enable
enhanced efficacy as well as site-specificity in tumor tissues [122,123]. Due to the presence
of a phospholipid bilayer, which is amphiphilic in nature, it resembles the mammalian cell
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membrane, this in return increases the cellular uptake of the same [124]. The liposomal
formulations are comparatively low in toxicity parameters as that of drugs alone, and thus
improve the drug delivery to the site effectively [125]. Liposomes are being utilized to
conjugate many ligands in order to target tumor cells, such as peptides, oligonucleotides,
monoclonal antibodies in the case of immunotherapy, and antigen-binding fragments [126].
mAB liposomes which are established and synthesized with optimized procedures offer
advantages like cancer specific targeting, high packaging capacity, and prolonged half-life
with attached PEG. Y. Si et al. proved that combined standard Gemcitabine and Mertansine
which is a polymerization inhibitor led to the formation of mAb-Liposomes against TNBC
cells. The inhibition of TNBC cell growth by this combination was observed in cell line
xenograft models as well as the patient [127].

e  Self-emulsified drug delivery system (SNEDDS/SMEDDS based nanocarrier)

Self-emulsified drug delivery systems serve to make provision for loading a high
payload to highly lipophilic drugs via improving its solubility by multiple folds compared
to free drug [128,129]. For instance, Guru et al. developed a lipid based self emulsifying
system of docetaxol for the management of solid tumors. It has been observed that the
carrier provides better retention of drug in biological environment. Also, this study showed
greater oral availibilty against marketed formulation (taxotere) [130]. Likewise, Nupur
et al. fabricated co-loaded tamoxifen and resveratrol in a SNEDD based nanocarrier for
breast cancer treatment. They found that the developed nanocarrier showed enhanced
oral bioavailability and improved cytotoxicvity against MCF-7 cell line [131]. In another
research report, co-delivery of DOX and LyP-1 in SMEDDS was prepared which reduced
the tumor growth and metastasis as well. Also, in-vitro cytotoxicity assays were conducted
in p32-expressing BC cells, 4T1 and MDA-MB-231 (TNBC) cell lines and resulted in pro-
found cell killing. LyP-1 is a specific peptide towards the p32 receptor, highly expressed
in malignant BC cells [132]. Therefore, self emulsified delivery system is a promising
therapeutic approach for the delivery of drug for the management of cancer.

e  Solid Lipid Nanoparticle (SLN) and Nanostructured Lipid Carrier (NLC)

Solid lipid nanoparticles (SLNs) and Nanostructured liquid carrier (NLC) are colloidal
nanoparticles consisting of an mixture of both liquid lipids and solid lipids which are
stabilized by aqueous solution of surfactants or a mixture of surfactants. The lipids utilised
for the fabrication of these nanocarriers are many, including triglycerides, fatty acids,
steroids, and waxes [119].

Several findings suggest that SLNs can not only uniformly solubilize the hydrophobic
drug in lipid matrix system but also provide a drug-enriched shell surrounding the lipidic
core. Furthermore, the depostion of drug in the matrix i.e., core type or shell type also
plays a crucial role in drug release. For example, drug-enriched SLNs reveal a biphasic
drug-release profile; intially nanocarrier show a burst release from the outer shell followed
by slow type release pattern release from the lipidic core On the other hand, drug enriched
core type provide a long acting sustained release pattern due to enhanced drug diffusional
distance from the lipidic core [133].

Kothari et al., developed SLN for the delivery of docetaxel —alpha-lipoic acid using
various lipids such as GMS, SA, and Compritol ATO 888 for the treatment of TNBC. The
finding suggested that the developed carrier exihibited improved cytotoxicity against DTX-
SLNs, ALA-SLNSs, and free drugs. Additionally, this carrier revealed enhanced apoptosis
i.e., 32% with free drug [134]. In another study that was conducted by Pindiprolu et al.,
they fabricated SLN for the delivery of niclosamine to treat TNBC As per the results, it
was found that the drug loaded carrier displayed improved cytotoxicity with enhanced
cellular internalization against free drug Furthermore, these SLNs also exhibited increased
cellular transfection due to their ability to avoid the efflux pump and hence improve
the bioavailability of drugs within the tumor cells [135]. Although, SLN have several
advantages over conventional approaches, nonetheless, they have some limitaions as well
chances of leakage, less-loading capacity etc. Thus, second generation lipidic nanoparticle
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i.e.,, NLC came into existence which offer high drug loading capacity, have decreased
risk of gelation, and restricted leakage of the drug upon storage in ccomparison to SLN.
Moreover, NLCs also provide a long term exposure of drug towards cancer cell and
ultimately, they can enhance the therapeutic efficacy of drug at the tumor site [136]. Sun
et al. fabricated NLC based formulation of qurecetin to enhance the oral bioavailability by
using soy lecithin, glyceryl tridecanate, glyceryl tripalmitate, Kolliphor HS15. Also, it was
shown the improved entrapment efficiency with the prolong -release pattern of quercetin
which enhanced cell killing potential against MCF-7 and MDA-MB-231 cells [137]. In
another research work by Andey et al., wherein the authors developed lipidic nanocarrier
such as liposome, SLN and NLC for the delivery of estrogenic derivative (ESC8). It was
observed that lipidic carrier showed good cytotoxicity against standard drug cisplatin.
Moreover, SLN showed greater oral bioavailability of ESC8 in comparision with free ESC8
and also showed reduced tumor growth on the xenograft TNBC model [138]. These lipidic
nanocarrier showed good pharmacokinetic profile, better therapeutic effectiveness and
improved site specific targeting. Therefore, these lipid should fall under GRAS (Generally
Recognized as Safe) regulations during the the formrulation development [119].

6.1.2. Micelles

Polymeric micelles are considered an advanced drug delivery system for various ther-
apeutic compounds. Polymeric micelles are advantageous specifically in cases, wherein a
poorly water-soluble drug with increased potency as well as toxicity is to be delivered to its
targeted site. Polymeric micelles drug delivery technology provides various opportunities
for its appropriate use in delivery of the therapeutics. One of the applications is the use of
amphiphilic block copolymers as carriers for poorly soluble drugs with the intention of
improving the specific targeting as well as the therapeutic potential of the drug. Because of
all such advantages, micelles are considered a potential drug delivery system. In one such
study, wherein Cetuximab was conjugated with vitamin E forming micelles were used for
targeted delivery of docetaxel against TNBC. The formulation of these micelles enhanced
the therapeutics effects of docetaxel with the employment of the formulation of Cetuximab
conjugated micelles [139]. Iruthayapandi et al. improved the loading efficiency, sustained
release, and biocompatibility via the use of protein-based polymeric micelles. Furthermore,
in the treatment of TNBC, gelatin-based polymeric micelles hold much importance. Thus,
to increase the bioavailability, biodegradability, cellular uptake, increased drug loading,
and targeted delivery of poorly soluble drugs, micelles are considered the ideal choice
of nano-carriers [140]. Not just the micelles alone, but micelles when combined with the
quantum dots along with anti-EGFR and aminoflavone were also employed against TNBC.
The conjugated aminoflavone demonstrated enhanced accumulation of the drug at targeted
sites of the tumor as compared to encapsulated but non-conjugated aminoflavone. Thus,
this resulted in the regression of tumor size in the TNBC xenograft mouse model. The
use of such conjugation facilitated hardly any form of systemic toxicity during the treat-
ment period [141]. On the other hand, a few researchers, also designed activated platelets
targeting micelles for treating primary and metastatic TNBC. The study included modi-
fication of redox-responsive paclitaxel loaded micelles with P-selectin targeting peptide,
thus adhering to the surface of the activated platelets and thus targeting circulating tumor
cells in the blood, as a result preventing metastasis. Thus, it can also be concluded that the
treatment outcomes are improved, as the micelles target tumor-infiltrating platelets against
TNBC [142].

6.1.3. Dendrimers

Dendrimers are synthetic, three-dimensional, highly branched macromolecules having
one of the dimensions in nanometers. Dendrimers comprise a central core and various
functionalities at the periphery [143]. In a detailed manner, the dendrimer has three differ-
ent parts, namely, a focal core, and building blocks which are repeated units of dendrimers
and has multiple functional groups at the peripheral end [144]. Dendrimers are the ideal

174



Pharmaceutics 2023, 15, 246

choice of nanoformulations in case of drugs that have poor solubility in the body’s aqueous
environment. Dendrimers as drug delivery vehicles provide characteristic advantages of
monodispersity and multivalency [145]. The dendrimers are not only considered for the
option of gene delivery but also are associated with gene delivery in the case of TNBC [146].
For instance, Ghosh et al. developed carbon quantum dots from the sweet lemon peel,
and conjugated the same with varied generations of polymers including polyamidoamine
(PAMAM) in order to form carbon quantum dots-PAMAM conjugates. They have been
exploiting these multi-utility dendrimers for diagnostic purposes as well as gene delivery
purposes [147]. Dendrimers are garnering a lot of interest due to their use against Polo-like
kinase (PLK-1) in TNBC. Dendrimers are modified and complexed in order to deliver the
PLK1 siRNA. The dendriplexes formed ultimately lead to an increase in cellular uptake of
siPLK1 in MCF-7 and MDA-MB-231 cells. Furthermore, these dendriplexes also enhanced
the cell cycle arrest in the sub-G1 phase. Thus, concluding the potential use of phosphorous
as well as PAMAM dendrimers in delivering the siPLK1 against TNBC [148]. In another
attempt to utilize dendrimers, a doxorubicin-loaded dual-functional drug delivery system
was developed by conjugating PAMAM dendrimer, EBP-1, and the cell-penetrating peptide
derived from trans-activating transcriptional activator (TAT). This modified drug delivery
system was successful in enhancing the anti-proliferative effect of anticancer drugs against
MDA-MB-23 cells in vitro, compared to that of the free Doxorubicin effect and convention
nano-carrier system. This modification of the drug delivery system not only improved
the anti-proliferative activity but also enhanced the drug accumulation at the cancer site
in vivo [149]. In another approach for gene delivery through dendrimers, formulations
of PAMAM dendrimers were functionalized for delivering the siRNA for TWIST1 gene
in TNBC. This silencing was proven efficient because of reduced tumor invasion as well
as metastasis [150]. Several other studies substantiate the effectiveness of dendrimers for
utilization in cancer therapeutics [151].

6.1.4. Polymeric Nanoparticles

Polymeric nanoparticles have gained tremendous attention over the last decades in
terms of their applications in the fields of biology and medicine [152]. Polymeric nanoparti-
cles are mainly colloidal drug delivery systems comprising either natural or synthetic poly-
mers. These have additional advantages over other conventional nanocarriers, in terms of
scale-up and manufacturing of the same. Furthermore, these provide the required stability
to the systems in the biological fluids [153]. Also because of the absolute pharmacokinetic
properties of polymeric nanoparticles, they are considered efficient nanocarriers. [154]. To
enhance drug delivery, polymeric engineering of the nanoparticles is one of the highly
efficient ways of targeting strategies for anticancer drugs. Silica nanoparticles, loaded with
doxorubicin were modified with a polymer, polyethyleneimine, this modified drug delivery
system, induced endosomal rupture, and the formulation included HA, binding to CD44
receptors on the cells that are largely expressed in cancer cells. These engineered modifica-
tions of the drug delivery system, involving a polymer increased the therapeutic outcome
of the delivery system, with a lower dose requirement of the chemotherapeutic agent, thus
decreasing the chances of systemic toxicity [155]. In an attempt in using polymersomes,
in TNBC, Doxorubicin was encapsulated in the polymersomes which were targeted with
hypoxia-responsive peptides, which results in the formation of targeted polymersomes. It
was observed that the targeted polymersomes decreased the TNBC cell viability, as well as
proved the anti-tumor activity in animal models of TNBC [156]. Furthermore, the therapeu-
tic efficacy of quercetin, a plant-derived flavonoid was enhanced by the development of a
nanoparticulate system from D-x-tocopherol polyethylene glycol 1000 succinate (TPGS)
and PLGA and was further evaluated in vitro and in vivo against TNBC. Thus, the study
concluded that the use of Quercetin nanoparticles formed via the use of the polymer im-
proved the antitumor and repressed the metastatic effect via inhibiting uPA, thus enabling
a newer approach against targeting TNBC [157]. The Polymeric Nanoparticles can also be
exploited not only to deliver drugs but also in delivering miRNA and siRNA in association
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with the chemotherapeutic drug, which would ultimately lead to a reduction in tumor
volume and thus its growth. PLGA-b-PEG polymer Nanoparticles delivered both antisense-
miR-10b and antisense-miR-21 with a dose 0.15 mg/kg drug dose but when siRNA and
Doxorubicin loaded nanoparticles were delivered, the overall tumor size reduction in terms
of growth and volume was 8 fold more [158,159]. To form a nanoparticle, a protein polymer,
called as elastin-like polypeptide was employed and its surface was coated with FK506
binding protein 12, a cognate receptor for the drug Rapamycin which is a potent drug but
having poor solubility. The modification and delivery of the drug through the nanoparticle
formed from the polymer enhanced the anti-tumor effect in the TNBC xenograft mouse
model [160].

6.1.5. Biological Nanocarrier

Biological nanocarriers are bicompartible and biomimetic type of carrier which consist
of various biological cells and its components such as exsosome, platelet, RBCs, nucleic
acids, peptides, aptamers, antibodies genes etc. These carriers provide the benefits of
mediating better site specific tumor targeting actions and triggering detrimental effects on
the tumor cells [161]. Some biological nanocarriers have been discussed below:

e  Erythrocyte based nanoparticles

Erythrocytes nanoparticles have risen as one of efficient biocarriers due to its easy
method of preparation and high drug loading, biodegradability, and ability to provide
a long circulation half-life in the biological environment [162]. Cheng yet al. developed
a biotinyl modified cRGD conjugated-RBCs nanoparticle of doxrubucin to treat cancer,
wherein, they found accurate targeting, high drug loading, and controlled drug release
pattern against free drug. Also, these carriers exhibit better cytotoxicity against MCF-7 cell
in comparison to free doxrubucin [163].

e  CRISPR nanoparticles

The major drawback in the treatment of breast cancer therapy is drug resistance.
The leading reasons for the development of drug resistance are transporter efflux and
specific modification in tumor cell genetic composition. Due to this concern, CRISPR
based therapy is rising attention towards cancer treatment [164]. Clustered regularly
interspaced short palindromic repeats abbreviated as CRISPR is the latest genetic editing
tool which upon combination with nanotechnology stands to be a promising therapeutic
approach for treating cancers [165]. Zhang et al. fabricated PEG phospholipid-modified
cationic lipid nanoparticles (PLNP) for CRISPR/Cas9 to enhance its transfection into the
cellular site. In this work, they loaded the Cas9/sgRNA plasmid to obtain core-shell
component (PLNP/DNA) which helps in effective transfection of Cas9/sgPLK-1 plasmid
into tumor cells. Also the result have shown a subsequent reduction in tumor growth after
administration of Cas9/sgPLK-1 plasmid to mouse [166]. Thus, this approach delivers
greater efficacy both in-vivo and in-vitro which could be useful for clinical translation
against various cancers.

° Exosomes

Exosomes are surface membrane vesicles; chemically they consist of protein and lipid
in the body, which are in association with numerous pathological and biological processes.
Now a days, exosomes are utilized for the drug delivery as it is a body component which
provides benefits such as non-immunogenicity and enhanced circulation time [161]. Tian
etal. developed DOX loaded exosomes for effective targeting and site specific delivery to av
integrin-positive BC cells. After administration of DOX loaded exosomes, it was reported
that the carrier demonstrated low toxicity with reduced the tumor growth., moreover,
this exosome can further undergo surface modification to develop other delivery systems
like polymeric, lipidic nanoparticles etc. to obtain site specific targeting [167]. Singh et al.
reported that miR-10b (microRNA) loaded exosome could treat metastatic BC cells (MDA-
MB-231). These carriers enhance the uptake of miR-10b which help in the reduction of
protein expression of associated target genes such as KLF4 and HOXD10 [168]. Several
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findings suggest that exosomes can modulate the TME and provide a platform for drug
delivery to various tumors.

6.1.6. Carbon Nanotubes

The carbon nanotubes can be used in the delivery and development of therapeutic
agents such as peptides, proteins, nucleic acids, genes, vaccines, etc. Carbon Nanotubes
can be combined with bioactive peptides, proteins, nucleic acids, and drugs, and thus
functionalized for delivering their cargo to cells and organs [169]. Carbon nanotubes are
looked upon as the ideal nanocarriers because the functionalization leads to a decrease
in systemic toxicity of the nanotubes as well as a decrease in its immunogenic effect. The
functionalization also helps in enabling as well as enhancing the dispersion of carbon
nanotubes in the biological aqueous based fluids. To enhance the delivering effect of
nanotubes, an attempt was made to develop multiwalled carbon nanotubes for carrying
and delivering platinum against TNBC. Thus, the results indicated that the functionalized
multiwalled carbon nanotubes decreased the cell viability by 40% based on 48 h. exposure.
Although, they decreased the caspase-3 and p53 expression, indicating failure to overcome
TNBC resistance [170]. Another approach in targeting TNBC is the use of platinum based
acridine loaded in carbon nanotubes. With the help of noncovalent mstacking, the platinum
acridines are adsorbed over the surface of carbon nanotubes. This bonding and interaction
between the carbon nanotubes and platinum acridines ensure the controlled release of high
doses of platinum in the TME, thus limiting dose-proportional toxicities. It was observed
that these platinum-acridine carbon nanotubes were effective against various models of
TNBC, including SUM159, BT20, MDA-MB-468, and MDA-MB-231 [171]. In another study,
the researchers combined the multi-walled carbon nanotubes with Hyaluronic acid, and
«-Tocopherol succinate was loaded with the cytotoxic drug, Doxorubicin against TNBC
cells. Specifically, these TNBC cells were overexpressing the CD44 receptors. The study
resulted in significant growth repression and increased apoptotic effect when compared
with other formulations [172]. Thus, it is observed that carbon nanotubes are being greatly
utilized in the chemotherapeutic field.

6.2. Inorganic Nanoparticles

Inorganic nanoparticles (NPs) are those nano-carriers that are developed using various
metals (e.g., copper, silver, iron), semiconductors, and carbon dots. They are being explored
quite extensively recently for theranostics purposes in cancer research [173,174]. Nowadays,
it has gained attention due to exclusive features such as good biocompatibility, hydrophilic
nature, high stability, and wide surface conjugation chemistry over organic nanoparticles
for better imaging and drug delivery [173,174]. Although, it has numerous advantages for
cancer treatment a few inorganic NPs have been successfully transformed for clinical use
due to photo-induced tissue damage, non-specific toxicity, and immunogenicity related
challenges. Thus, complete research on safety, synthesis, pharmacokinetics, and bio distri-
bution is required in the case of inorganic NPs [173,174]. Some brief details pertaining to
different inorganic nanoparticles are mentioned below.

6.2.1. Silica Nanoparticles

The silica nanoparticles are generally spherical. The natural silica itself is the crystalline
base material in these nanoparticles. The nanoparticles can be modified into varied sizes
and could be furthermore surface modified in order to target specifically. The nonporous
form of these nanoparticles can be absorbent and abrasive in nature, on the other hand,
mesoporous form is the one that is currently being used in drug delivery applications. The
two types of silica base materials include Colloidal Silica and Colloidal Mesoporous Silica.
Colloidal silicas are used to prepare nano drug carriers. These are synthesized specifically
in basic environment (pH 7-10), whereas mesoporous silica is mainly silica precursors
arranged into mesophases which are crystalline in nature. Further, these nanoparticles if
surface modified using polymers, lipid bilayers are thus designed to load, retain, protect
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and release the drugs. Periodic mesoporous nanoparticles are synthesized from a sol-gel
procedure [175]. Cheng and colleagues designed and applied the silica nanoparticles
in a very unique manner against TNBC. The study included the designing of dendritic
large pore mesoporous silica nanoparticles which were deposited with copper sulphide
nanoparticles, and the immune adjuvant Resiquimod drug was also loaded in a controlled
manner. These were further coated with the homogenous cancer cell membrane and thus
conjugated with anti-PD1 peptide AUNP-12 by using a PEG linker, forming an acid-labile
benzoic-imine bond. The final formulation was evaluated on metastatic TNBC in vitro
as well as in vivo. It was observed that the designed nanoparticles were having high
potential of targeting TNBC and also inducing photothermal ablation over primary TNBC
tumors. This study thus enabled the pathway of using intelligent biomimetic nanoplatform
in the treatment of metastatic TNBC [176]. In another study, the large pore mesoporous
silica nanoparticles were deposited with a leukocyte/platelet hybrid and were also co-
loaded with Doxorubicin. These silica-based nanoparticles were observed to showcase
excellent TNBC-targeting ability as well as increased photothermal activity in vitro and
in vivo. Thus, even this approach could be employed for the treatment of metastases [177].
The mesoporous silica nanoparticles could further be modified with RGD peptides and
deposited with arsenic trioxide (ATO) in the treatment of MDA-MB-231 TNBC in vivo.
The modified nanoparticles, mesoporous silica-RGD peptide-Arsenic trioxide, showcased
a better therapeutic effect as compared to nonmodified silica nanoparticles, free arsenic
trioxide, and arsenic trioxide combined with silica nanoparticles [178].

6.2.2. Silver Nanoparticles

Although silver metal is being used for several years, silver nanoparticles are a re-
cent development and are being considered for delivering therapeutics for the past few
decades. Silver nanoparticles are being used in medicine as well as the agricultural field as
antibacterial, antifungal, and antioxidant. In a broader sense, silver nanoparticles have var-
ied applications as biomedical devices, nano drug carriers, imaging probes, etc. [179,180].
The silver nanoparticles were coated with albumin and were evaluated on MDA-MB-231,
the TNBC cell line. The formulation ultimately demonstrated cell-based apoptosis, and
reduction of gland tumor sizes in mice. Furthermore, it was observed from this study that
LD50 of albumin coated Silver Nanoparticles was found to be 30 times more compared to
that of normal white blood cells [181]. The systematically dosed silver nanoparticles were
found to be effective even at non-toxic doses in repressing the growth of TNBC xenografts
in mice [182]. It has been observed that the silver nanoparticles showed selective toxicity in
TNBC cell lines even at particular concentrations which are non-lethal to non-cancerous
cells. Silver nanoparticles hold the potential for inducing selective toxicity in and sensitiz-
ing the TNBC cells to ionizing radiation and also have the potential of PTT heat transducer.
Thus, the results indicated that the developed silver nanoparticle plates were effective as
selective cytotoxic multimodal therapy against TNBC cell lines and thus to decrease the
viability of TNBC cell lines, the combination of silver nanoparticles, PTT as well as ionizing
radiations as compared to individualized treatment [183].

6.2.3. Gold Nanoparticles

Recent trends have seen an exploration of the therapeutic and cytotoxic potential of
gold nanoparticles. Gold nanoparticles can be developed and synthesized in varied shapes
and configurations such as Gold nanoshells, gold nanorods, gold nanocages for delivering
cytotoxic drugs [110]. One of the studies conducted explored the mechanism behind the
cytotoxicity against TNBC cells induced by differentially charged gold nanoparticles. The
mechanism involved induction of oxidative stress, modification of WNT signaling pathway
as well as epigenetic modifications, specifically histone H3 modifications at serine 10 and
lysine 9/14 residues respectively. The presence of the type of charge also modified the du-
ration for induction of cell death. The postive charges induced cell death abruptly whereas
the negative charges slowly induced cell death in MDA-MB-231 cells [184]. Another way

178



Pharmaceutics 2023, 15, 246

of harboring the cytotoxic properties of gold nanoparticles is the use of negatively charged
gold NPs which bind to the cell-cell junction which is charged positively charged, thus
inducing the formation of a leaky effect owing to the charge of the nanoparticles and thus
enabling the access to cancer cells [110]. The gold nanoparticles also sensitize the TNBC
cell line, MDA-MB-231 to cytotoxic drug 5-Fluorouracil via the mechanism of reducing
the expression of thymidylatesynthetase [184]. In order to develop a treatment modal-
ity against TNBC, 21 nm gold nanoparticles were functionalized with Chlorine e6 and
Epidermal Growth Factor (EGF). This bifunctionalization helped the specific targeting of
TNBC cells mediated via PDT as well [185]. Thus, these gold nanoparticles can be explored
furthermore as a nano vehicle as well as therapeutic agents against TNBC.

6.3. Organic-Inorganic Hybrid Nanocarriers

Organic/inorganic hybrid nanocarriers are established to offer the combinatorial bene-
fits of both organic and inorganic nanoparticles. This includes good loading capacity, better
release profile, biomimetic system, improved selectivity along with providing better thera-
peutic efficacy over the parent nanocarriers [186]. For example, surface fuctionalisation of
Mesoporous Silica Nanoparticle (MSN) with polyethyleneimine (PEI) provides a contempo-
raneous benefit of improved cellular uptake of MSNs and also offers efficient nucleic acid
delivery as PEl is a cationic polymer which imparts cationicity to the nanoparticle [187].
Manisha et al. developed a surface functionalized CD44 conjugated MSN for miRNA
delivery using HA-PLGA for treating TNBC. It was reported that these surface coated
MSN nanocarriers provide a better stability to the nanoparticle, have improved effective
internalistion into the cellular environment, representing a stable and sustained release of
microRNAs from the nanoparticle which further helps to kill the cancer cells [188]. In an
another study, folic acid decorated metal organic framework nanocarriers were developed
by Laha et al. for the treatment of TNBC [189]. This carrier provided greater uptake
and sustained intracellular delivery of curcumion and also enhanced the the therapeutic
effectiveness at the tumor site.

7. Stimuli Based Targeting Approaches in Nano Drug Delivery System for TNBC

Stimuli-sensitive systems are the systems that are being explored for the benefit they
provide, that is controlled and sustained drug delivery. The stimuli-sensitive systems
release the drug based on the internal or external stimuli which can be encompassed under
environmental stimuli. These stimuli-sensitive systems can be delivered through various
routes, including parenteral, ocular, rectal, vaginal, and dermal as well as transdermal
delivery systems [190]. The use of these stimuli-based release systems is currently being
worked on for specific targeting and release against TNBC [59]. The stimulus for these
stimuli-sensitive release systems can be of two forms, either internal (endogenous) or
external (exogenous). The internal stimuli involve pH, GSH, and enzymes whereas the ex-
ternal stimuli involve light (laser beams), temperature, magnetic field, and ultrasound [191].
Among these, the utilization of high temperature is considered one of the best approaches as
many medical researchers have found the beneficial uses of hyperthermia in the treatment
of solid tumors [192]. A pictorial representation of different stimuli-based nanoparticles is
shown in Figure 4. The employment of stimuli-sensitive nanocarriers enables the nanocar-
riers to actively participate in drug and gene delivery compared to the conventional use
of nanocarriers just as vehicles. In order to get the desired stimuli-sensitive nanocarriers,
the composition of the nanocarrier assemblies could be modified accordingly. Another
advantage of using the stimuli-sensitive nanocarriers is that the stimuli which can be
harnessed for the release of the drug are specific to that tumor or disease pathology itself.
This allows the modified stimuli-sensitive nanocarrier to release the drug over specific
pathological triggers only [193]. Furthermore, if the TME is explored and understood in a
detailed manner, it will enable the development and clinical use of the stimuli-sensitive
systems, responding to abnormal conditions of the tumor tissues.
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Figure 4. Different stimuli-responsive nanoparticles.

Overexposure to the specific stimulus, would convert these stimuli-responsive systems
into controlled drug-releasing systems or would also enhance the uptake or penetration of
the drug in the tumor microenvironment. The engineering of the stimuli-sensitive drug
delivery systems, mainly relies on the specific biochemical contents of the affected areas
and thus leads to specific temporal and spatial drug delivery [194-196]. Some recently
reported stimuli-based nanoformulations and their outcome are displayed in Table 1.
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7.1. pH Responsive Delivery System

pH responsive drug delivery system works to protect the drug in blood at pH 7.3-7.4
whereas this system releases the drug or expresses other functions as enhancement of cell
penetration potential in the TME with pH 6.8-7.2. This pH-sensitive modified system can
also release the loaded drug in response to changes in pH in the cytoplasm (pH greater
than 7), endosomes (pH 5-6), and lysosomes (pH 4.5-5.5). If a higher concentration of the
drug is localized in the tumor cell cytoplasm, this would enable the increased cytotoxic
property of the drug and thus overcome the Pgp efflux capacity and ultimately have a
cytotoxic effect on tumor cells [210,211]. Hence, the pH-responsive drug delivery systems
exploit the difference in the pH of the cancer tissues and that of the normal tissues, and the
acidic pH in endosomal and lysosomal regions for the release of chemotherapeutic drugs.

The strategy used for these pH-responsive drug delivery systems is that upon being
triggered by an altered pH (stimuli), they result in modifications in the polymer of nanocar-
rier in terms of its physical properties like shape, size, or its nature of hydrophobicity [211].
There are two approaches that are being explored in order to achieve pH-responsive release
in the TME. One of the approaches is the use of pH labile chemical bonds while conjugation
of the drugs with polymers for example use of pH-sensitive polymer-drug conjugates.
Examples of such linkages are hydrazone linkage, cis acotinyl linkage as well as acetal
linkages. These acid-labile linkages are stable at the physiological pH, neutral pH, or
alkaline pH but would break in the acidic pH (of the TME) [193,194,212].

In one such attempt of the application of hydrazone linkages, Patil et al. designed
Doxorubicin conjugated PEG nanoparticles via pH-sensitive hydrazone linkages to a
nanoconjugate platform of Poly (—-L-malic acid). It was observed that the pH sensitive
conjugates were stable in physiological pH whereas released the loaded drug and inhibits
in vitro cancer cell growth of MDA-MB-468 and MDA-MB-231 cell lines [197]. Furthermore,
another application is the use of self-healable, injectables, which are pH responsive in
nature and are the hybrid hydrogels formed via the formation of hydrazone linkages
between hydrazide functionalized gelatin (Gel-ADH) and Aldehyde functionalized PEG
polymers. The researchers investigated this modified pH-responsive hydrogel against
cell lines MDA-MB-231 and observed the potential use of the modified hydrogel in the
same [198].

Another approach is the use of copolymers involving titratable groups such as car-
boxylic acids, amines, which have the potential to get protonated and thus regulate the
micelle formation based on the alteration of pH. The change in pH induces micelle forma-
tion and thus induces dissociation or alteration in the internal structure of the formulation.
As the pH varies, this causes protonation of the pH-sensitive polymers which at normal
physiological pH forms a hydrophobic core. As the pH lowers, with lower pKa protonat-
able groups get charged which result in destabilization and separation of the polymeric
chain from the micellar chain. Examples of such protonatable polymers are poly(histidine),
poly(acrylicacid), polysulfonamides [211]. Various researchers explore the use of poly
(histidine) in the formulation of pH-sensitive systems against the tumor cells. In one such
attempt, Hwang et al. explored the use of copolymer dextran-b-poly (histidine) in the
formulation of Doxorubicin loaded nanoparticles via the nanoprecipitation method. From
the study, it was observed that the nanoparticle releases the drug in the acidic tumor pH, in
a pH-dependent controlled release manner [199]. Furthermore, Ko and colleagues designed
Camptothecin and Tetramethylrhodamine (TRiTC) in MPEG Poly micelles. This formu-
lation showcased micelle formation and destabilization at pH 6.8, with a pH-dependent
drug release. These Camptothecin loaded micelles were evaluated for their cytotoxicity on
MDA-MB-231 cell lines. In vivo, the tetramethylrhodamine loaded MPEG micelles were
observed to be 11 times more accumulative compared to Tetramethylrhodamine conjugated
Camptothecin without pH-sensitive micelles [200].
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7.2. Temperature-Sensitive Delivery System

One of the characteristics of the tumor pathological tissues is local hyperthermia. This
difference in temperature of normal healthy tissues and the tumor tissues can be harnessed
and thus exploited for triggering the release from temperature-sensitive drug delivery sys-
tem. Furthermore, so as to regulate the temperature for specific locations for the release of
the drug, external heat sources could be used. These external heat sources include dielectric
heating using microwave induction, ultrasound application, heating using an electrode
with higher frequencies, heating using fiberoptics, laser photocoagulation as well as water
bath heating [213,214]. The heating of the tumor location results in an increase in the size of
the endothelial pore as well as there is an increase in the blood flow to that site, leading to
enhanced extravasation of the nanocarriers [196]. The usage of certain lipids with a specific
gel-to-liquid transition temperature is one of the approaches used for temperature-sensitive
drug delivery. At that specific transition temperature, the liposomal membrane destabi-
lizes, and the drug releases at temperatures of 4042 °C in clinical hyperthermia protocols.
One such good example of the liposomal composition is use of DPPC/MSPC/DSPE-
PEG2000 in the ratio of 90:10:4 mole ratio [215,216]. Another most studied lipid for this
temperature-sensitive drug delivery systems is dipalmitoylphosphatidylcholine (DPPC),
having the transition temperature gel to liquid form of 41 °C [217,218]. In an attempt to
use this temperature-sensitive drug delivery system, a solution was developed over the
nanoplatform of thermo-sensitive poly (N-vinylcaprolactam)-chitosan nanoparticles. This
was altered by the addition of cell-penetrating peptide and loading of the cytotoxic drug
Doxorubicin. At the increased temperature of the TME, the base copolymer would lead
to phase change, resulting in drug release and thus localization of the cytotoxic drug in
the tumor tissues. This modified formulation resulted in decreased off-target cytotoxicity
compared to the free drug form of Doxorubicin. It was observed in vivo that this formu-
lation was effective in significantly reducing the tumor volume with decreased systemic
side effects [201,219]. In a similar type another study, YC. Ou et al. developed a PTT based
gold nanoparticle against the TNBC cells. In this work, a multi-branched gold antenna
facilitates elevated temperature via the conversion of NIR light to heat and thus, delivers
doxorubicin effectively to the cancer tissue. The modified combination therapy designed in
this study, showcased enhanced cytotoxicity in TNBC cell lines compared to the free drug
Doxorubicin, with decreased off-target cytotoxicity [220].

7.3. ROS Responsive

ROS responsive nanocarriers are those nanocarriers, which alter their properties
based on the presence of ROS. Exposure to in vivo ROS leads to change (physical or
chemical) in the ROS-responsive nanocarriers. These ROS-responsive nanocarriers have
certain specific advantages compared to conventional nanocarriers. Such ROS-responsive
agents can have varied applications including, imaging agents, and site-specific delivery
of cytotoxic drugs. These ROS-responsive agents could also modify the tissue
microenvironment [221-223]. So as to achieve increased drug localization in tumor tis-
sues, Xi et al. developed redox-responsive diselenide containing dipeptide and further
co-precipitated them with amphiphilic co-polymers, which has the potential to selectively
target TNBC. This modified formulation exhibited increased localization of the drug in
TNBC cells with decreased systemic toxicity in both in vitro and in vivo experiments [202].
In another study, the authors investigated a unique form of nanoparticles, which activate
over the Fenton reaction. These nanoparticles contain polymers that are ROS responsive
and thus also activate the cascade biological reaction of ROS in tumor cells, The significant
increase in the elevated level of ROS resulted in an evident antitumor effect in vitro via
expression of cytochrome ¢, caspase-9, and caspase-3 as well as inhibition of Matrix Metallo
Protein-9, thus promoting apoptosis and inhibiting metastasis [203].
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7.4. Enzyme-Responsive Drug Delivery System

The enzyme-responsive drug delivery system, in presence of an enzyme, undergoes
various structural/physical changes via biocatalytic actions of the specific enzymes. The
TME has the presence of certain specific upregulated enzymes, which enhances the potential
use of enzymes responsive drug delivery system. The enzyme-responsive drug delivery
systems, has unique properties including, sensitivity, selectivity, catalytic efficacy, and
biorecognition [224]. The polymeric content of the formulation degrades and releases the
drug upon the action of a specific enzyme.

Proteases are the enzymes, which are gaining attention in order to develop the enzyme-
responsive drug delivery system. This is because the proteases are often overexpressed
in terminal diseases like cancer [225]. In one such attempt of targeting tumor cells, Rad-
hakrishnan et al. designed dual enzyme-responsive nanocapsules loaded with anticancer
drugs for their intracellular delivery. The enzyme trypsin or hyaluronidase, causes the
capsule wall of polymer to degrade, leading to intracellular delivery of anticancer drug
in the tumor tissue [204]. A representative diagram for enzyme responsive drug deliv-
ery system has shown in Figure 5. Moreover, in another study that was conducted by
Liu et. al., they fabricated an enzyme responsive liposome for co-delivery of tariquidar and
doxurubicin to eradicate TNBC using mmp-2 enzyme. This targeted nanocarrier provided
potential therapeutics to control tumor growth in drug-resistant TNBC via EGFR targeting
and also exhibited controlled release, and prevent transporter efflux which helps the drug
to be bioavailable at the tumor site. This study suggested that enzyme stimuli based tar-
geted nanoplatform has the potential to treat drug-resistant TNBC and also enhanced the
penetration of drug into the TME [226].

Enzyme sensitive layer

Drug molecule

Drug release

Figure 5. Enzyme responsive drug delivery system.

7.5. Magnetic Responsive Drug Delivery Systems

The magnetic rays have the potential to penetrate into the body and thus are used
for body imaging in MRI [227]. These magnetic-responsive drug delivery systems are
used for the controlled release of drug targeting the tumor sites. The peculiar character-
istics of these systems include biocompatibility, biodegradability, easy synthesis as well
as modification [228]. These are potential drug delivery systems as they have a smaller
size and thus could easily target the tumor cells. In general, the mechanism involves the
generation of heat by the magnetic responsive drug delivery systems, using alternating
magnetic frequency. The magnetic drug delivery systems, are being utilized in the ther-
apeutic area, on the basis of two different mechanisms, involving magnetic field-guided
drug targeting and magnetic field-induced hyperthermia [206,229]. The hyperthermia-
based mechanism has been widely applied to deliver drugs to cancer cells. Furthermore,
the resulting hyperthermia via magnetic response also leads to inhibition of the tumor
cells as well as provides an opportunity for imaging scans. In an attempt to explore the
application of magnetic-responsive drug delivery systems [230]. Wang et al. developed
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an implantable magnetic chitosan hydrogel which was loaded with the drug Rifampicin,
a hydrophobic drug, and Adriamycin, a hydrophilic. The external stimuli applied here
was a very low frequency alternating magnetic field which lead to a pulsatile drug release
from the delivery system with no involvement of hyperthermia associated with a magnetic
field. The authors were successful in developing a magnetic responsive controlled release
drug delivery system [205]. Thirunavukkarasu et al. developed superparamagnetic iron
oxide nanoparticles, which were loaded with Doxorubicin in a PLGA matrix. This PLGA
responds to the application of a magnetic field, leading to the subsequent release of Dox-
orubicin at specific tissue. The iron oxide nanoparticles undergo a change, leading to a
change in the temperature of the solution, which further causes the transition in PLGA,
ultimately leading to the release of the drug Doxorubicin [206].

7.6. Electrical Responsive Drug Delivery System

Electro-responsive drug delivery systems act as a delivery system with an external
electric field, the drug from the nanoparticle leads to release after the application of a
weak electric field. There are various mechanisms, behind the controlled drug release via
electrical stimulation, consisting of an oxidation-reduction reaction, degradation of carrier
structure, and stimulation of thermo-responsive carriers [231-233]. Xie et al. developed
an electroresponsive polydopamine-polypyrrole microcapsules for dexamethasone deliv-
ery. The electroresponsive mechanism behind the release was the redox mechanism of
polypyrrole. Furthermore, the nanoformulation also was observed to showcase, increased
bioavailability, higher drug loading as well as increased cell adherence ability [207]. Neu-
mann et al. used another approach via the application of electrical stimuli. The authors
utilized the alterations in the pH change as a result of external electrical stimuli for reg-
ulating the release of the drug. The pH-sensitive drug-polymer used was poly(methyl
methacrylate-co-methacrylic acid). In addition to this, the authors also observed that pH
alterations were reversed after the removal of the external electrical stimuli thus leading to
the stopping of the drug release [234].

7.7. Ultrasound-Responsive Drug Delivery Systems

The ultrasound-responsive drug delivery systems have unique advantageous prop-
erties, including non-invasiveness, safety, and tissue penetration [235]. The three forces,
thermal, mechanical as well as radiation forces are the forces behind the release from
ultrasound responsive drug delivery system [236]. In a similar attempt, to use these unique
ultrasound responsive drug delivery systems, Xin et al. developed such nanoparticles
using PLGA, for inducing ultrasound-responsive vibrations, leading to disruption of the
liposomal membrane [208].

Paris et al. developed mesoporous silica nanoparticles which were PEGylated via
thermosensitive linker 4,4’-azobis(4-cyanovaleric acid). This thermosensitive linker cleaved
upon application of external stimuli of ultrasound waves, leading to drug release protected
by PEGylation. This also gave a positive charge to the silica nanoparticles, which in turn
increased the cellular uptake [209]. In another study, the researchers developed Ultrasound
responsive liposomes using PLGA, which were loaded with the drug Mitoxantrone, which
increased the drug release approximately up to 90% compared to the non-ultrasound re-
sponsive release of approximately 50%. Furthermore, this ultrasound-responsive liposomal
nano-formulation showcased increased blood half-life time, making it a potential drug
delivery system [208,237].

7.8. Hypoxia Responsive Drug Delivery Systems

Hypoxia is one of the crucial parameters driving the cellular mechanisms in TME.
Primarily, it is involved in tumor angiogenesis, invasion, metastasis and immunosuppres-
sion [238]. Due to this evidences, researchers have an increased interest towards developing
a target-based nanomaterial for hypoxic TME. Liu et al. developed a hypoxia responsive
self-assembled micelle of doxorubicin and ICG using NIDH (nitroimidazole hexylamine)
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block copolymers. This nanocarrier is capable of detecting hypoxia in the TME to trigger
the cytotoxicity and immunogenic responses towards the effective treatment of 4T1 breast
cancer. This work suggested that this targeted long-acting nanocarrier was utilized to
diagnose the triple negative 4T1 breast tumors via photoacoustic imaging technique, and
successfully killing tumors without recurrence [239]. In another research work, Zhang
et al. developed a hypoxia responsive drug-drug conjugated nanoparticle using chemical
linker Azobenzene for three drugs (combretastatin A-4, irinotecan and cyclopamine) to
treat MCF-7 cancer. This carrier could effectively trigger the apoptosis and prevent the
proliferation and differentiation cancer. Also it could improve the the cellular uptake and
the permeability of the drug [240]. These work demonstrated that this nanocarrier provided
a promising therapeutic strategy for tumor management.

8. Regulatory Considerations of Nanoformulations for TNBC

Nowadays, the nanomaterial application in drug delivery has amplified, with many
different advanced nano formulation approaches being exploited within the clinical trans-
lation. These nanomaterials have numerous unique characteristics which help them
in clinical applications. One of its unique properties is narrow range particle size i.e.,
10-200 nm which permits the nanoparticle for systemic circulation over a long period of
time and also helps to avoid clearance via renal and complement systems [241,242]. This
feature of nanoparticles provides a momentous approach to the drug for cancer treatment
as it was shown high EPR effect and greater penetration of the drug into the cancer mi-
croenvironment. Furthermore, Surface modification of these nanoparticles with various
biomarkers including protein, aptamer, folic acid, RGD, etc. delivers site-specific targeting
and selectivity characteristics toward the treatment of cancer. One more important charac-
teristic of nanoparticles is electronic and optical characteristics, predominantly in metallic
nanoparticles [243]. These characteristics are permitting the nanoparticles to be exploited
for numerous applications including bio-imaging, effective targeting, and drug delivery.
However, pertaining to nanomaterials, the scientific community has very high expectations
regarding disease treatments, still, a lot of obstacles are being observed in the path of
development of nano-therapeutics as a standard regulatory guideline for nanomedicine is
not available. Despite the absence of regulatory guidelines, there are several nanoparticles
already established in the market. Mostly, these are used for cancer treatment; examples of
these nanoparticles include Doxil®, AmBisome®, Abraxane®, etc. [21,244]. Additionally,
there are some nanomaterials have been under clinical trials for TNBC (Table 2). Although
these studies are showing potential effectiveness against TNBC, still their production,
scale up and safety is other concerns. Lack of standardization and scientific expertise
makes it difficult for the regulatory agency to monitor the safety and effectiveness of
these nanomaterials.
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Moreover, most of the nanomedicines are working by interacting with genetic materi-
als or biochemical which is participated in normal genome function and cellular activity. All
of these nanoparticles can produce severe toxicity to the body and also can cause cancer via
various abnormal pathways i.e., oxidative and nitrosative stress, lipid peroxidation, oxida-
tive DNA damage etc. Therefore, regulatory agencies and the research community is need
to work on the development a standard guideline [245]. Currently, USFDA, Health and
Consumer Protection Directorate of the European Commission and US-EPA have engaged
so as to deal with adverse effect by nano-therapeutics. But there are numerous challenges
in the way of the progression of guidelines. One of the major challenges in the regulation of
nanomedicine is regulatory bodies i.e., USFDA practice safety data sheet for bulk materials
that do not show a similar pharmacokinetic and efficacy profile as in nanomedicine. it can
create a severe issue on safety and efficacy of nano-therapeutics. Other issues related to
manufacturing, scale-up, and stability, as the nanomedicine is having complex structure
and characteristics, it is highly tedious to prepare a consistent batch. Thus, critical Quality
Attributes (CQA) is required to monitor the screening of raw material, manufacturing
process, scale up and stability that can support understanding nanomedicine. During the
clinical translation, the drug mechanism and preclinical safety profile of nanomedicine is
needed before approval of clinical trials. Otherwise, it may be compromised the safety
and effectiveness of the product. All of the above-discussed challenges are restricting
the nanomedicine for their future development.it can directly deter product safety, and
quality of products, and could be leading to unproductive control of nanoparticles due
to the absence of product-specific safety protocol [21,244,246]. Therefore, to establish the
efficient benefits accessed by nano-therapeutics against cancers or other life-threatening
diseases, many critical concerns on the regulatory protocol is need to be addressed by the
regulatory bodies.

9. Conclusions and Future Perspectives

Triple-negative breast cancer is a heterogeneous metastatic form of breast cancer with
unique biological features. Its aggressiveness, poor prognosis, and high rate of recur-
rence make its management highly challenging. Conventional approaches such as use
of cytotoxic chemotherapy (taxanes, anthracyclines, or platinum agents), surgery, and
radiotherapy were widely being evaluated by the researchers for their effectiveness in
triple-negative breast cancer. However, these therapies involve certain limitations, such
as multidrug resistance, poor bioavailability, unwanted side effects, and poor prognosis.
Scientists also developed targeted therapies, including EGFR inhibitors, VEGF inhibitors,
mTOR inhibitors, and PARP inhibitors. Despite being specific in their action, resistance
offered by cancer cells to these inhibitors has hindered their use for TNBC. Nanotherapeu-
tics have surmounted the difficulties of traditional and targeted therapies. They selectively
target tumor cells by enhanced permeation and retention effect or by active targeting.
Encapsulation of anti-cancer drugs in these nanocarriers protects them from the external
environment and enhances their biological half-life, decreasing the dose required for the
desired effect. Researchers have developed several nanoparticles for treating as well as
monitoring cancer, making them promising delivery systems. Further, various ligands
can be attached to the nanocarriers to target them to the desired site. Various organic and
inorganic nanoparticles have been developed for TNBC. siRNA and miRNA have also
gained the attention of researchers as a therapeutic option for cancer. Delivery of such or-
ganic particles is the current need of scientists as TNBC cells lack biomarkers and unifying
molecular features. Characteristics of the TME have led to the progress of immunotherapy
in TNBC. In another perspective of employing immunotherapy, nanocarriers are employed
to carry agents targeting the immune components involved in TNBC progression. However,
they have to cross the biological barriers that constitute the natural defense system of our
body. Further, their difficult scale-up, efflux by the transporter, and regulatory approval
limit their use for successfully treating cancers. There is a need for universities, govern-
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ments, and pharmaceutical industries to join hands and work on regulatory guidelines
for nanotherapeutics.

In the future, precision nanomedicine, which takes into account genetic differences
as well as physiological and pathological variabilities amongst patients will be the fo-
cus of scientists. Successfully developing novel targeted nanomaterial can be utilized in
both treatment and diagnosis of various diseases which will provide a promising future
in cancer research. These nanomaterials deliver lot of advantages such as possibility to
load/encapsulate drug which can offers stability to the drug from the biological system. As
a result, it could enhance biological half-life of anti-cancer drug. Further, these can deliver
better targetability to tumor tissue, greater transfection towards cancer cell, as it could
facilitate its conjugation with various biomarkers (Protein, ligand, nucleic acid, stimuli-
responsive chemical etc.). In contrast, these nanomaterials have shown lot of challenges
such as immunogenicity, lack of understanding of nanomaterial on molecular and cellular
interaction and lack of clinical translation due to limited availability of TNBC (cell or ani-
mal) model. Thus, there is requirement of innovative therapeutic approaches in the future.
At the same time, attention has to be given towards developing toxicity-free nanoparticles
with the capability of targeting desired tissue and exhibit desired pharmacokinetics selec-
tively. Understanding the complex heterogeneity of TNBC and the identification of new
biomarkers that can be targeted will effectively treat TNBC. Further progress in the field of
nanotechnology may guarantee success against this life-threatening cancer.
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Abstract: Febuxostat is a widely prescribed drug for the treatment of gout, which is a highly prevalent
disease worldwide and is a major cause of disability in mankind. Febuxostat suffers from several
limitations such as gastrointestinal disturbances and low oral bioavailability. Thus, to improve patient
compliance and bioavailability, transdermal drug delivery systems of Febuxostat were developed
for obtaining enhanced permeation. Cubosomes of Febuxostat were prepared using a bottom-up
approach and loaded into a microneedle using a micromolding technique to achieve better permeation
through the skin. Optimization of the process and formulation parameters were achieved using
our design of experiments. The optimized cubosomes of Febuxostat were characterized for various
parameters such as % entrapment efficiency, vesicle size, Polydispersity index, Transmission electron
microscopy, in vitro drug release, Small angle X-ray scattering, etc. After loading it in the microneedle
it was characterized for dissolution time, axial fracture force, scanning electron microscopy, in vitro
drug release, pore closure kinetics, etc. It was also evaluated for various ex vivo characterizations
such as in vitro cell viability, ex vivo permeation, ex vivo fluorescence microscopy and histopathology
which indicates its safety and better permeation. In vivo pharmacokinetic studies proved enhanced
bioavailability compared with the marketed formulation. Pharmacodynamic study indicated its
effectiveness in a disease-induced rat model. The developed formulations were then subjected to the
stability study, which proved its stability.

Keywords: gout; Febuxostat; cubosomes; Microneedles; xanthine oxidase inhibitors

1. Introduction

Gout is a systemic disease that results from the deposition of monosodium urate
crystals (MSU) in the tissues. Increased serum uric acid (SUA) above a specific threshold is
a main reason for the formation of uric acid crystals. MSU crystals can deposit in all the
tissues, mainly present in and around the joints forming tophi [1,2]. According to the Amer-
ican College of Rheumatology, medication therapy of gout involves the use of analgesics,
NSAIDs, corticosteroids, colchicine, xanthine oxidase inhibitors and uricosurics [3-5].

A xanthine oxidase inhibitor (e.g., Allopurinol and Febuxostat) is a substance that
inhibits the activity of xanthine oxidase, an enzyme involved in purine metabolism. In
humans, inhibition of xanthine oxidase reduces the production of uric acid, and thus they
are indicated for the treatment of hyperuricemia and related medical conditions including
gout [1,5]. Febuxostat (FBX) is a novel, potent, non-purine selective xanthine oxidase
inhibitor and has been reported to be more effective in lowering and maintaining serum
urate levels than allopurinol. It is potent and more selective than allopurinol, and can be
used safely in patients with hypersensitivity reactions towards allopurinol. Febuxostat
is available as a tablet dosage form in the market for once a day administration in 40,
80 and 120 mg strengths. The tablets of Febuxostat are marketed under the names of
Fabulas, Feboxa, Febuget, Febucip etc. The oral bioavailability of Febuxostat is 38% and
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is affected by the presence of food. The oral bioavailability of FBX is hampered by its low
(<15 pg/mL) aqueous solubility and extensive enzymatic degradation in the intestine and
liver. Furthermore, FBX’s peak plasma concentration (Cmax) is reduced by 38-49% in the
presence of food [6]. FBX has its shortcomings, for example, poor bioavailability, food
dependent absorption, gut-wall metabolism and gastrointestinal disturbances (nausea,
diarrhea, stomach pain, ulcers, vomiting) [7]. The delivery of the drug through transdermal
delivery will avoid all these problems associated with the present marketed formulation.

The transdermal route of drug delivery was selected to overcome the various limita-
tions associated with FBX as cited above. However, the use of this route of drug delivery
is limited by the presence of the outermost nonviable layer of stratum corneum [8-10].
Therefore, to overcome this limitation several mechanical, chemical approaches or novel
drug delivery systems have been reported [11,12]. Nisomal gel [13], ethosomes [14],
nanoemulsion [15] and self-nanoemulsion-loaded transdermal film [7] have been reported
for the transdermal delivery of Febuxostat.

In the present investigation, a novel drug delivery system (Cubosomes) of Febuxostat
was developed and characterized due to its efficiency of deeper penetration. Moreover,
cubosomes also have advantages such as the ease of preparation, high drug loading and
entrapment, low cost of raw materials, better skin penetration, and the fact it is bioadhesive
and biocompatible etc. Cubosomes are the colloidal dispersion (size ranging from 100 to
300 nm) made by dispersing the bicontinuous cubic liquid crystalline structures in an
aqueous medium that have surface active agents [16,17]. Cubosomes have the ability
to encapsulate a variety of drug molecules falling into the hydrophilic, lipophilic and
amphiphilic classes [18]. However, the use of cubosomes or any other nanocarrier systems
does not ensure the complete permeation of therapeutic molecules across the skin which
will decrease the bioavailability of drug molecules as reported in many literatures [19-21].
To improve the permeation across the skin, a combination of two or more approaches of
the enhancement of transdermal permeation was suggested in many of the literatures,
among which the combination of a Microneedles (MNs) patch with nanocarriers is the most
prominent way to improve permeation across the skin [19,20,22]. Zhang P. et al., reported
the use of MNs combined with chitosan nanoparticles to improve the permeation of insulin
across the skin. They obtained a 4.2 fold increase in the permeation of insulin across the
skin compared with the chitosan nanoparticles [19].

MN patches are generally made up of small micron sized needles attached to the
patch. The application of MN proves to be advantageous as it facilitates the permeation
across the toughest barrier, the stratum corneum, without causing any kind of pain [23].
Various materials can be used in the fabrication of (MN) and they can be biodegradable
or non-biodegradable [24]. Biodegradable MNs are prepared using materials such as
amylopectin, polyvinyl alcohol, poly vinyl pyrrolidone, poly lactic acid, PLGA, etc., [23].
They are preferred over the non-biodegradable ones as the accidental breakage of them
later during insertion may lead to complications such as sepsis due to the broken part
of the MN [10,23]. Thus, for the present project, MNs were fabricated using hydrophilic
biodegradable polymers [23,25-28].

The objective of the present study was to develop, optimize and compare cubosomal
formulation of FBX and an MN patch loaded with cubosomes of FBX for the enhance-
ment of bioavailability by circumventing the first pass metabolism of FBX and to avoid
gastrointestinal disturbances.

2. Materials and Method

Febuxostat and Glyceryl Monooleate (GMO) were obtained as a gift sample from
Ami drugs and specialty chemicals Pvt. Ltd., India and Mohini Organics, Mumbai, India,
respectively. DermaStamp DTR-150 and YYR-150 (35 and 80 titanium MNs, respectively)
were procured from Guangzhou Junguan Beauty Co. Ltd., Guangzhou, China. Poly-
dimethylsiloxane (Sylgard® 184) was procured from Dow corning, Midland, MI, USA.
Polyvinyl alcohol (PVA)-6000 and Lactose were purchased from Acros Organic, New Jersey,
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USA and Hi-media, Mumbai, India, respectively. Acetonitrile (HPLC grade), and methanol
(HPLC grade) were purchased from Rankem Fine Ltd., Mumbai, India. Formic acid (AR
grade), Disodium hydrogen phosphate, potassium dihydrogen phosphate, sodium chloride,
sodium hydroxide were obtained from Spectrochem Labs Ltd., Mumbeai, India. Thiazolyl
Blue Tetrazolium Bromide (MTT) was bought from Sigma-Aldrich, USA. Antibiotic an-
timycotic solution 100 x, Gamma irradiated fetal bovine serum and DMEM (Dulbecco’s
Modified Eagle Medium) were purchased form Hi-Media, Mumbai, India. Potassium
oxonate was obtained from TCI, Chennai, India. Preparation of double distilled water was
performed in the laboratory, filtered with 0.2 p membrane filter (store airtight container)
and utilized within a maximum of 7 days.

2.1. Preparation of FBX Cubosomes

Bottom-up approach was utilized for the preparation of Cubosomes of FBX. A QbD
approach was employed for the optimization of cubosomes of FBX using particle size and
entrapment efficiency as Critical Quality Attributes (CQAs). In this process, concentration
of lipid and PVA was selected as Critical Material Attributes (CMAs). Optimized composi-
tion for FBX cubosomes was mentioned in Table 1. For the preparation of cubosomes of FBX
two solutions were prepared: (A) organic phase and (B) aqueous phase. For the preparation
of organic phase (A), X % w/v of Glyceryl monoolein (GMO) was taken in a 10 mL glass
beaker and dissolved in 4 mL of ethanol, then 40 mg of FBX was added to it. For aqueous
phase (B), Y % w/v of PVA was dissolved in 20 mL of water. Both solutions were initially
kept at a temperature of 60 °C and were continuously stirred for 5-10 min. Afterward,
organic phase was added to aqueous phase in a drop-wise manner with continuous stirring
and the addition of organic phase was maintained at a rate of 1 mL/min and 1000 rpm on
magnetic stirrer. The resulting medium was cooled down to room temperature and then
continuously stirred for 30 min using a magnetic stirrer. This medium was then introduced
to the rotary evaporator at a temperature of 50 °C under vacuum for removing ethanol from
the dispersion and the volume of the prepared batch was reduced to 10 mL. The resulting
Cubosomal dispersion was exposed to centrifugation with process parameters, i.e., for
a period of 10 min at 5000 rpm and the temperature was set as 25 °C for facilitating the
sedimentation of free drug. Care was taken while separating the supernatant of cubosomal
dispersion so as to not disturb the free drug pellet which is deposited at the bottom of
the centrifuge tube. Finally, the resulting separated cubosomal dispersion was stored for
utilization in future tests in glass vials at room temperature [27,29].

Table 1. Composition of optimized formulation.

For Cubosomes of FBX
Conc. of GMO * (%w/v) Conc. of PVA ** (%w/v)
7.6 1.2
For MN patch of cubosomes of FBX
Conc. of PVA ** (%w/v) Conc. of lactose (%w/v)

33.46 8.7
* GMO: Glyceryl monooleate. ** PVA: Polyvinyl alcohol 6000.

2.2. Preparation of MN Patch

A QbD approach was employed for the optimization of cubosomal FBX MN using
axial fracture force and dissolution time as CQAs and concentration of PVA and lactose
as CMAs. Optimized composition for cubosomal FBX MN was mentioned in Table 1.
For the preparation of MN matrix, polyvinyl alcohol (PVA) was used as a polymer at
concentration of X % w/v and Lactose was used as a filler at a concentration of Y % w/v.
Hot plate magnetic stirrer was employed for solubilizing optimum amounts of PVA and
lactose in 10 mL of FBX cubosomal dispersion (3.4 mg/mL FBX). This mixture was gently
stirred at a temperature of 50 °C on the hot plate magnetic stirrer. Further, this mixture
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was cooled and was brought back to ambient room temperature. The resulting 1 mL of
PVA /Lactose blend solutions which contain approximately 3.4 mg of drug were shifted
into PDMS micromolds which have capacity of 2 mL. In order to fill the cavities of MN of
the micromolds, it was centrifuged at 3000 RPM at 25 °C for 10 min. Further, to ensure that
the MN structure was properly hardened, micromolds were placed in vacuum desiccators
for a period of 24 h to evaporate the water. Then, 1567 high adhesion double coated medical
tape (3M™, St. Paul, Minnesota, USA) which had backing film on the opposite adhesive
side was employed to extract the MN arrays from micromolds. MN patches prepared from
the aforesaid procedure were kept in airtight containers and calcium oxide along with silica
gel was employed as desiccants [30,31].

2.3. Characterization of Cubosomes
2.3.1. Vesicle Size Analysis

Ref. [32] The dispersions of FBX-loaded cubosomes were diluted up to 10 times with
pre-filtered distilled water. Further, the dispersions were taken into disposable sizing
cuvette and the vesicle size and poly-dispersity index (PDI) were analyzed with the help of
Nano-ZS zetasizer which calculates vesicle size and PDI based on dynamic light scattering
(DLS). For the calculation of mean diameter of cubosomes, the instrument examines angular
scattering of a laser beam during its passage through the dispersed cubosomal sample and
use the Mie theory of light scattering.

2.3.2. Zeta Potential Measurement

Ref. [32] Nano-ZS zetasizer by Malvern Instruments Ltd., Bristol, UK, was used for the
analysis of zeta potential of FBX-loaded cubosomes. For this, the dispersion of FBX-loaded
cubosomes was taken and was diluted up to 10 times and the dilution was performed using
pre-filtered distilled water. Then, the dispersion was taken in disposable folded capillary
cells and was evaluated for zeta potential. Nano ZS zetasizer uses Smoluchowski equation
for the calculation of zeta potential centered on the amount of doppler shift occurring due
to electrophoretic mobility of colloidal particles in response to the electric field applied to
the dispersion.

2.3.3. % Entrapment Efficiency

Ref. [33] For the determination of entrapment efficiency, free FBX was separated from
entrapped FBX in cubosomes by centrifuging it at 6000 rpm for a period of 15 min at a
temperature of 25 °C using Remi Centrifuge. Then, supernatant of the centrifuge tube
which contains cubosomal dispersion of FBX was separated carefully without disturbing the
hard pallet of free drug, which was formed at the bottom of the centrifuge tube. Cubosomal
dispersion of FBX was broken down using ACN:Methanol (9:1) for quantitative analysis
of FBX. The absorbance of the prepared sample was then calculated using UV visible
spectrophotometer at a wavelength of 315 nm. The % entrapment efficiency was calculated
with the help of Equation (1).

Amount of entrapped drug

PEE = Total drug added

x 100 1)

2.3.4. Total Drug Content (% Assay)

For the determination of total drug content of the prepared formulation, 1 mL of the
cubosomal dispersion, which was equivalent to 4 mg of FBX, was accurately withdrawn
and was dissolved in 10 mL of ACN. The prepared samples of FBX were then analyzed
using UV visible spectrophotometer at a wavelength of 315 nm. The % total drug content
of cubosomes of FBX was calculated using Equation (2).

Amount of total drug estimated

YoTotal drug content = Total drug added

x 100 @)
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2.3.5. Shape and Surface Morphology

Ref. [29] Transmission electron microscopy was employed for the evaluation of shape
and surface morphology of the FBX-loaded cubosomes. For performing the test, the
dispersion was smeared on a carbon-coated grid, and any extra material was removed
and the grid was dried at room temperature for a period of 5 hrs. Transmission electron
microscope (CM 200, Philips, Amsterdam, Netherlands) was employed with the following
process parameters, i.e., the operating voltage was set in a range of 20-200 kV to visualize
cubosomes at suitable magnification with an accelerating voltage of 20 kV.

2.3.6. Small Angle X-rays Scattering

Ref. [29] Bruker Nanostar Xeuss 2.0 model was employed for conducting SAXS experi-
ments furnished with a rotating anode and three-pinhole collimation. The device employs
Cu-Ka radiation having a Amax of 1.54 A and a sample to detect a length of approximately
105 cm. Anode was set at 45 kV and 100 mA current. The samples were transferred in a
2 mm quartz capillary (from Charles-Supper, Westborough, MA, USA) having 10 um wall
thickness. For keeping reference, scattering from glassy carbon film was employed. The
temperature of sample holder was maintained by Peltier unit. The obtained data was taken
on a HISTAR gas filled multi-wire detector. Further, the 2D data was circularly averaged for
the conversion of data to 1D. The scanning of samples was performed for a period enough
to obtain at least two million counts. Further, these were normalized with the transmission
coefficient of the sample and the acquisition time. The scattering emerging from silver
behenate was employed for the calibration of Detector.

2.3.7. Headspace Gas Chromatography (HS-GC) Testing for Residual Solvent
Standard Preparation

In 10 mL volumetric flask, 0.13 mL of ethanol equivalent to 0.1 g was taken and the
final volume was made up to mark using DMF (dimethyl formamide) which gave final
concentration of 10,000 ppm. In other 10 mL volumetric flask, 1 mL of above obtained
solution was taken and final volume was made up to mark using deionized water to obtain
final concentration of 1000 ppm [34].

Sample Preparation

A volume of formulation (0.105 mL) equivalent to 0.1 g was taken in 10 mL volumetric
flask and the final volume was made up to the mark with DMF. From the above solution
1 mL was taken in 10 mL volumetric flask and volume was made up using deionized water.
Sample was injected into column (capillary column: CR-624, Dimensions: 30 m, 0.53 mm,
3.00 pm) at 80 °C using nitrogen as carrier gas. Other parameters such as carrier gas flow
rate, Hy gas flow rate, air flow rate, injection volume, injector temperature and detector
temperature were set to 40 mL/min, 30 mL/min, 300 mL/min, 0.2 uL, 260 °C and 260 °C,
respectively. Total run time was set at 20 min [34].

2.4. Characterization of MN Patch
2.4.1. Axial Fracture Force

Brookfield CT3 texture analyzer was employed for the measurement of axial needle
fracture force. For performing this, double sided adhesive tape was used for placing MN
arrays on the texture analyzer’s mobile probe. This step was performed carefully in a
manner that axis of MN aligns parallel with axis of mobile probe. After this, probe was
automated for pressing the MNs on a rigid, flat steel [35]. During testing, the needle
strength graph was made with the help of Texture Pro CT data acquisition software. An
axial fracture force using following Equation (3) with the help of peak load obtained from
the graph generated by Texture pro CT.

F=mg 3)
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where: m = mass applied for breaking of MN. g = gravitational force.

2.4.2. In Vitro Dissolution Study
Preparation of Gelatin Slab

Stratum corneum exhibits a water content of approx. 30 & 5%. To simulate the condi-
tions of stratum corneum, artificial gelatin skin was designed having a similar hydration
level. This was achieved by adding 35% water and 65% gelatin. For preparing the artificial
gelatin skin, 6.5 g of gelatin was taken and was transferred in 10 mL water and this solution
was kept for hydration for a period of 30 min. Further, the gelatin was solubilized with
the help of water bath at a temperature at 60 °C with continuous stirring. The resulting
solution was transferred into a glass Petri dish and the water was permitted to vaporize till
a weight of 10 g was attained. The resulting film obtained after evaporation was cut out
into small square pieces.

In Vitro Dissolution Study

Optimized batch of MN patch was implanted in the gelatin film and removed at
various time intervals (15and 30,1, 1.5,2, 2.5, 3, 3.5, 4, 4.5, and 5 min) and viewed under
microscope [36].

2.4.3. Shape and Surface Morphology

For characterization of MN'’s shape and their surface morphology, fast dissolving MN
patches were affixed on sample stub and observed under JSM-5610LV scanning electron
microscope (JEOL, Tokyo, Japan) wherein the accelerating voltage was set at 20 kV [36].

2.4.4. Skin Penetrability

For checking the skin penetrability, double sided adhesive tapes were employed for
mounting the MNs on mobile probe of Brookfield CT3 texture analyzer. Care was taken that
the axis of MN was aligned parallel to the axis of the mobile probe. Probe was automated
for pressing the MNs on the full thickness of pinned pig ear skin on a soft sponge pad
under slight tension for simulating in situ mechanical support. The insertion speed of the
moving probe was set at a speed of 20 mm/s. Skin area, on which MN was applied, was
treated with trypan blue dye for a period of 5 min. A tissue paper was used for wiping off
the excess dye from the skin. Further, digital camera was employed for taking the pictures
of stained pores [37].

2.4.5. Pore Closure Kinetic

For performing this study, rat skin was pinned with slight tension onto the soft board,
for simulating in situ mechanical support. Five pieces of skin were used for the study and
one patch was applied on each piece. At different time intervals, i.e., 0, 3,6, 12 and 24 h,
MN patch was detached from one piece of skin. The sections of epidermis were taken
using cryo-microtome to observe for pore closure with the help of Eclipse H600L inverted
microscope (Nikon, Tokyo, Japan) [37].

2.4.6. Physical Stability of Cubosomes in Fast Dissolving MN Patch

After preparing the fast dissolving MN patch, instantly the physical stability of the
cubosomes in MN patch was examined for vesicle size and entrapment efficiency. For this,
the MN patch was solubilized in pre-filtered distilled water for obtaining the dispersion
of cubosomes. The vesicle size and entrapment efficiency were estimated by the methods
described above [37].

2.4.7. Total Drug Content

Double distilled water was taken at a volume of 10 mL and used for solubilizing
prepared MN patch of FBX. Then, 1 mL of prepared samples were diluted with acetonitrile:
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Methanol (9:1), respectively, and quantitatively analyzed using the UV spectrophotometer
at Amax of 315 nm [37].

2.5. In Vitro Drug Release Study

A dialysis membrane having molecular weight cut off in range of 12-14 K dalton
in the Franz diffusion cell was employed for conducting in vitro drug release study. In
case of Franz diffusion cell, the donor compartment has a volume capacity of 20 mL. To
perform in vitro drug release, 30% ethanolic phosphate buffer pH 7.4 served as a diffusion
medium [38]. For performing the study, plain drug suspension in water (1 mL), cubosomes
of FBX (1 mL), MN patch containing plain FBX, and MN patch containing FBX cubosomes
all equivalent to 3.4 mg were placed in the donor compartment. Further, from the receptor
compartment, samples (1.0 mL) were removed at steady time intervals (0.5, 1,2, 3,4, 5, 6, 8,
12 and 24 h) and the identical volume (1.0 mL) was replaced by a fresh diffusion medium.
Samples were evaluated using the UV spectrophotometer (Shimadzu, Kyoto, Japan, model:
UV 1800) at Amax of 315 nm. Triplicate readings of all experiments were recorded and
further average of these readings was considered [36,39].

2.6. In Vitro Cell Viability Study
2.6.1. Cell Culturing and Sub-Culturing

The cell culture of fibroblast 3T3 was bought from NCCS, Pune. The received flask was
kept in an anaerobic incubator for a period of 24 h at a temperature of 37 °C and 5% CO,
without removing the media. Later, culture medium from the flasks was taken out and the
adherent cells were washed with the help of PBS pH 7.4. Freshly prepared Trypsin-EDTA
solution was then poured into the flask in order to completely cover the cell monolayer
and was kept in the incubator for 2 min at 37 °C for detachment of adherent cells. For
neutralizing trypsin’s activity in the flask, fresh growth medium was poured into the flask.
Further, the cell culture was exposed to centrifugation at 1200 rpm for a period of 5 min.
Then, after discarding the supernatant, resulting cells were re-suspended in a fresh growth
medium. Cells were counted using neubauer counting chamber and transferred into new
flasks at a plating density of 1 x 10* cells/cm?. These flasks were kept in incubator set
at a temperature of 37 °C and 5% CO; to facilitate cell growth. The growth media was
renewed every third day and passaging was conducted once the culture attained 80-90%
confluency [40,41].

2.6.2. MTT Assay

For the determination of safety, viability evaluation of fibroblast 3T3 cells was per-
formed with the help of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay [42]. Principle of this assay is based on the fact that mitochondrial dehydroge-
nase is responsible for the reduction of yellow-colored tetrazolium MTT whose production
is found in viable (metabolically active) cells. The resultant intracellular purple formazan is
solubilized and quantified with the help of spectrophotometer. Suspension of 3T3 cells in
growth media was prepared from its culture using the same method as described above.
A 96 well plate was used for seeding of the cells (5000 cells/well) and then it was kept in
the incubator for a period of 24 h to facilitate cell growth and its attachment to the plate
surface. After 24 h, growth media was discarded and 200 pL of fresh treatment media
was transferred to these wells. Then, cubosomal dispersion of FBX and FBX suspension
were diluted in growth media to obtain 1000 pg/mL of FBX. From these prepared cuboso-
mal dispersions in fresh growth medium, 100 uL was added in different wells of 96 well
plate. The plate was then incubated for 24 h and then the treatment media present was
discarded. Then, 200 puL of growth media and 100 pL of MTT solution were transferred to
each well and the plate was kept in the incubator for a period of 4 h. After this, 200 uL of
dimethyl sulfoxide was transferred to each well for solubilizing formazan crystals, after
removing growth media and MTT solution carefully. A microplate reader 690 XR from
Bio-Rad, California, USA was utilized for the measurement of absorbance of the resultant
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solution. Measurement was performed at 570 nm. Cells viability in wells were treated with
phosphate buffer saline pH 7.4, which acted as negative control, and was considered as
100% for the calculation of “% cell viability” [42].

2.7. In Vitro Permeation Study

MN patch of FBX, FBX cubosomes loaded MN, suspension of FBX and optimized
cubosomes of FBX were tested for deposition profile and permeation with the help of full
thickness rat abdominal skin. An abdominal area of rat was shaved to remove hair before
harvesting the skin. A harvested rat skin was stored at —20 °C until it was needed for FBX
permeation study. The evaluation was conducted by employing a Franz-type diffusion cell
having a 20 mL receptor chamber. For performing this experiment, 30% ethanol solution
prepared in distilled water was used for filling the receptor compartment and circular
water bath was employed for maintaining its temperature at 37 °C. Before initiating the
permeation experiment, the skin sections were thawed at room temperature. The skin
sections were kept over a soft sponge pad and 30% v/v ethanol solution prepared in
distilled water was used to impregnate the skin for a period of 30 min. This was performed
for equilibration. Further, the skin sections were affixed between the receptor and donor
compartment. Care was taken that the stratum corneum faces the donor compartment.
Diffusion media used in the Franz diffusion cell was stirred at a speed of 100 rpm. After
equilibration was achieved, cubosomal dispersion of FBX and FBX suspension (equivalent
to 3.41 mg of FBX) was added in donor compartment. MN patch of FBX and cubosomes-
loaded MN patch that had an identical amounts of drug were applied over the skin sections.
This was achieved by the application of mild pressure using thumb on the skin which
was kept under slight tension. Subsequently, it was affixed in place. From the sampling
arm of the diffusion cell, samples that had a volume of 0.5 mL were taken at various time
points, i.e., 0.5, 1, 15,2, 3, 4,5, 6,7, 8,12 and 24 h. Further, fresh diffusion media of
the same volume were replaced in order to maintain the total volume. The skin section
was removed from the Franz diffusion cell after 24 h and the skin was washed with 5 mL
diffusion media three times. For calculation of the drug adhered to the skin, washings
of the skin were saved. A scalpel was used for cutting the washed skin into small pieces.
Then, these pieces were suspended in methanol, homogenized in cold conditions for a
period of 5 min and then were sonicated using bath sonicator for a period of 15 min. For
quantification of the drug accumulated in skin, the drug was removed by centrifuging it at
an rpm of 5000 for a period of 10 min. All the samples were filtered with the help of 0.2 um
membrane filter and the quantification of the drug was performed by employing HPLC.
The cumulative quantity of drug that permeated through the skin (per cm? surface area of
skin) was calculated. Finally, a graph was plotted with the concentration of the cumulative
amount of drug permeated per cm? surface area of skin against time. For transdermal
steady flux (JSS; ug/cm? /h), a slop of the terminal portion of graph of concentration of
FBX permeated across skin against time was found [37,43]. Equation (4) was used for the
calculation of permeation enhancement ratio [44].

test

PER — 58 (4)
]ggﬁtrol

where J! is steady state flux via test formulation and J52""" is steady state flux via

FBX suspension.

2.8. In Vitro Fluorescence Microscopy Study

With the help of fluorescence microscopy, permeation behavior of the formulations
which were developed was illustrated. FITC suspension, its MN patch, optimized cubo-
somes and cubosomes (FITC loaded)-loaded MN patch were formulated and utilized for
the study. FITC-loaded cubosomes and MN patch were prepared by replacing drug by FITC
in optimized compositions. The rat skin was thawed at room temperature, equilibrated and
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fastened on Franz diffusion cell in the same way as explained in ex vivo skin permeation
study. FITC-loaded formulations were smeared onto the stratum corneum layer of the skin
in a similar way as explained in ex vivo skin permeation study. After a period of 12 h,
skin sectioning was performed in dark environment using cryo-microtome, sections were
fixed on a glass slide. Confocal laser scanning microscope was utilized for examining the
fluorescence on the slide [37,45].

2.9. Histopathological Studies

Ref. [46] The study was conducted using rat abdominal skin, which was obtained from
the sacrificed animals via academic protocol approved by the institutional animal ethics
committee of the Maharaja Sayajirao University of Baroda (MSU/IAEC/2019-20/1902).
Cubosomes-loaded MN patch of FBX, cubosomes of FBX and FBX drug suspension were
applied on freshly excised rat abdominal skin. Apart from this, isopropyl alcohol (IPA)
and PBS treated abdominal rat skin were used as positive control and negative control,
respectively. After four hours, skins were immersed in 10% buffered formalin, dehydrated
gradually increasing concentration of ethanol, immersed in xylene and finally embedded
in paraffin. The 5-um thick sections of skin were cut from these paraffin blocks using
microtome and placed on glass slides. The paraffin wax was removed by gently warming
the slides and washing the molten wax with xylene. Sections were then washed with
absolute alcohol and water and stained with haematoxylin and eosin to determine gross
histopathology. Commercial glycerol’s mounting fluid was used to finally mount the
stained sections. Negative control and positive control slides were also prepared by
treating rat skin with phosphate buffer solution pH 6.8 and isopropyl alcohol, respectively,
using the same method. The slides were analyzed at 10-fold magnification using optical
microscope [30,37].

2.10. In Vivo Pharmacokinetic Study

Sprague-Dawley rats weighing 200-270 g were procured from an official CPCSEA
breeder. Rats which were obtained were placed in cages present in the animal house
wherein the temperature was set at 22 + 3 °C and light-dark cycle of fixed 12 h was main-
tained. Handling of the animals was performed with compliance to CPCSEA guidelines,
Department of Animal Welfare, Government of India. Rats were kept on a standard chow
diet and were given water as desired. In total, 30 rats were allocated to 5 groups randomly
as shown in Table 2. Each group had two sets and each set had three animals. All group
animals were fasted 12 h before starting the experiment. Marketed FBX tablet in a sus-
pension form was administered to Group 1 animals through the oral route. Transdermal
patch of FBX was applied on Group 2 animals. Group 3 animals were applied cubosomes
of FBX, and MN patch of FBX was applied on Group 4 animals. Cubosomes-loaded MN
patches were applied to Group 5 animals. Diethyl ether was employed as anesthetic agent
while collecting the blood samples (not more than 0.5 mL) from retro orbital plexus. The
collected blood samples were transferred to microcentrifuge tubes containing heparin at 1,
3,5,8, and 24 h from set-1 and 2, 4, 6, and 12 h from set-2 resulting 9 time points (1, 2, 3,
4,5,6,8,12, 24 h). The rats were replenished with saline solution. These blood samples
were exposed to centrifugation at 3500 RPM for a period of 10 min at a temperature of
4 °C. The harvested samples of plasma were analyzed using a developed HPLC method
at Amax of 315 nm to estimate pharmacokinetic parameters such as Cmax, Tmax, T1,2, AUC
and MRT [30,37,47,48].
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Table 2. Animal grouping for pharmacokinetic study of FBX.

Groups
5. No. Treatment Set-I Set-II
1 Marketed oral suspension of FBX (4.07 mg/kg) 3* 3*
2 Transdermal patch of FBX (4.07 mg/kg) 3% 3%
3 Developed cubosomes of FBX(4.07 mg/kg) 3% 3%
4 MN patch of FBX (4.07 mg/kg) 3% 3%
5 Cubosomes of FBX loaded MN patch (4.07 mg/kg) 3% 3%
Total 30

* Not sacrificed, rehabilitated and used in pharmacodynamic study after washing period.

2.11. Pharmacodynamic Study

Sprague-Dawley rats weighing 200-270 g were procured from an official CPCSEA
breeder. Rats were handled in a similar manner as described in pharmacokinetic study
(Section 2.10). Twelve rats were allocated to 4 groups randomly as shown in Table 3. All
animals except Normal control (group 1) were sensitized with Potassium oxonate (PO)
(250 mg/kg in 0.9% saline solution, intraperitoneally- IP) for induction of gout [49,50].
Initial paw volumes of rats were determined in all groups. Group 3 was treated with
FBX (4.07 mg/kg orally) for 28 days as a standard control. Group 4 was treated with
Cubosomes-loaded MN patch of FBX for 28 days. After 0 and 28th day, not more than
0.5 mL blood was withdrawn from retro-orbital plexus route. All animals were euthanized
humanely using overdose of diethyl ether for assessing biochemical parameter (uric acid)
and X-ray of rat paw [48].

Table 3. Animal grouping for pharmacodynamic study of FBX.

Sr. No. Group Treatment No of animals

1 Normal control Distilled water 3 #*

PO * (250 mg/kg in 0.9% saline solution,
Intraperitoneally-IP) [49,50]

FBX (4.07 mg/kg orally) + PO
3 Standard control (250 mg/kg in 0.9% saline solution, 3%
Intraperitoneally-IP) [49,50]

Cubosomes-loaded MN patch of FBX
(4.07 mg/kg transdermally) + PO
(250 mg/kg in 0.9% saline solution,
Intraperitoneally) [49,50]
Total 12 **

* PO: Potassium Oxonate. ** Sacrificed to harvest rat paw for X-ray.

2 Model control 3 **

4 Test control I 3 **

2.12. Measurement of Uric Acid (UA)

When gout was induced in rat model, there was an increase in uric acid levels in rat
blood which was measured quantitatively using uric acid enzyme kit which was purchased
from Coral Clinical Systems, U.S. Nagar, Uttarakhand, India [51]. For measuring the
concentration of uric acid, 3 test tubes were taken and labelled as blank, standard and
sample. Then, 1.0 mL of working reagent (uricase) was added in each test tube and warmed
at 37 °C for 5 min. After pre-warming, 25 pL sample (rat plasma) and standard (uric
acid solution) were added in sample and standard test tube, respectively. In blank, only
uricase solution was taken. All test tubes were incubated at 37 °C for minimum of 10 min.
After 10 min, absorbance of all prepared samples was measured at 520 nm using UV
spectrophotometer (Shimadzu, Japan UV-1800) against blank. A concentration of uric acid
was measured using Equation (5).
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Abs (sample)

Uric Acid Concentration = m

x Concentration standard (mg/dL)  (5)

2.13. X-ray

X-ray of rat’s paw was taken at Angela Lobo clinic, Vadodara, after harvesting it from
the rat after euthanizing humanely to study change in bone shape after completion of
pharmacodynamic study. X-rays of all animals from all groups were taken to study efficacy
of the developed formulation.

2.14. Stability Study

Ref. [52] Stability study of the optimized Febuxostat-loaded cubosomes and MN patch
of FBX cubosomes was performed as per the ICH guidelines of stability study. Three
sample from the prepared optimized formulation were stored in airtight vials at room
temperature (25-30 °C) and at (40-50 °C) in stability chamber. After time intervals of one,
two and three months, cubosomes were analyzed for vesicle size and entrapment efficiency
and MN patch of FBX cubosomes were evaluated for in vitro dissolution time and AFF
(Axial Fracture Force).

3. Results and Discussion

The cubosomes of FBX were prepared using a bottom-up approach and then they
were loaded in an MN patch to bypass the stratum corneum. The process and formulation
parameters were optimized using the design of experiments. The mean vesicle size, PDI
and zeta potential of the FBX cubosomes were found to be 157.5 nm, 0.165 and —17.2 my,
respectively. The vesicle size was small enough to penetrate the stratum corneum and
further permeate to the blood vessels. According to the literature, if nanocarriers have a
vesicle size below 300 nm, it can efficiently reach to the deeper layer of skin [53]. Here,
cubosomes which have a vesicle size of less than 300 nm were successfully prepared. Due to
the smaller size, they can efficiently reach the dermis layer of the skin, and can get absorbed
in the systemic circulation to obtain the desired therapeutic concentration in the blood.
Zeta potential most commonly indicates the stability of the colloidal formulation. Various
components used in the preparation of colloidal dispersion contribute to the development
of zeta potential on the vesicles. The optimum zeta potential required for the stability
of colloidal dispersion is + 30 mV according to various literatures [54]. The optimized
cubosomes of FBX have zeta potential of —17 mV which is way below that required for
the stability of cubosomal dispersion. The negative zeta potential was obtained due to the
presence of free oleic acid in the lipid. However, the prepared cubosomal dispersion was
found to be stable at room temperature due to the stealthing effect of the stabilizer (PVA)
used in the preparation of cubosomes of FBX [55]. Moreover, the optimized cubosomes were
not going to be stored in the dispersion form but were loaded into MNs, which are solid
structures. Thus, zeta potential of —17 mv did not affect the physical stability of cubosomes
in the MNs. The mean % entrapment efficiency of the optimized formulation was found
to be 85.2%, while the total drug content of cubosomes was found to be 97.28%, i.e., 1 mL
of cubosomal dispersion contained 3.89 mg FBX. In the case of entrapment efficiency,
high efficiency and the drug loading of FBX was obtained in cubosomes. The lipophilic
property of the entrapped FBX is responsible for the high % of entrapment efficiency of
the optimized formulation (Febuxostat- log p value- 3.3). Additionally, cubosomes have
a distinct advantage of providing high entrapment efficiency of the encapsulated drug
according to the literature [27,56].

The TEM image of the optimized FBX cubosomes is shown in Figure 1. The TEM
image of cubosomes of FBX indicate that the cubosomes have a cubical shape with smooth
surface [57]. The size of the cubosomes seen in the image was found to be in line with the
results of vesicle size data obtained by the Malvern Zetasizer.
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Figure 1. TEM image of Febuxostat-loaded cubosomes. From the TEM image of FBX-loaded cubo-
somes it can be observed that it has cubical shape.

SAXS was used for the investigation of the liquid crystalline structure of the prepared
cubosomes and the results are shown in Figure 2. It showed a sequence of two well-
defined scattering patterns and one diffuse diffraction pattern at Q values of 0.12, 1.75 and
1.0-2.25 A~ region with relative positions on a curve, respectively. The peak at the Q value
of 0.12 A~! indicates characteristic scattering peaks due to the cubic phase, whereas the
peak at 1.75 A~! reveals a scattering pattern due to the whole cubosome liquid crystalline
structure. The key characteristic of this X-Ray scattering diagram was a diffuse scattering
pattern of low intensity in the region of 1.0-2.25 A~! indicating the presence of water
channels inside cubosomes which is a unique feature among all nanocarriers [58].
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Figure 2. Scattering pattern of optimized cubosomes of FBX. SAXS analysis of prepared formulation
was conducted to investigate the liquid crystalline structure of cubosomes. The diffuse scattering
pattern of low intensity in the region of 1.0-2.25 A~! indicating presence of water channels inside
cubosomes which is a unique feature among all nanocarriers.

Ethanol was used in the preparation of the cubosomal dispersion and hence the final
product was evaluated for the presence of ethanol using HS-GC. The results indicated that
167.55 pm of ethanol was present in the final formulation. The presence of organic solvents
in the final formulation may pose the risk of toxicity. In order to prepare the cubosomes,
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ethanol was used as a co-solvent. The limit of ethanol in the final formulation is 1500 ppm
according to the ICH guidelines Q3C (R6) for residual solvents [59]. The ethanol content in
the prepared cubosomes of FBX was within permitted concentrations as per ICH guideline
Q3C (R6) indicating no risk of toxicity due to the presence of ethanol [59].

The optimized cubosomal dispersion was then used to formulate the fast dissolving
MN patch. Characterization of the MN patch was performed for various parameters. The
Axial fracture force (AFF) is a good indicator of the mechanical strength of MNs and thus
it was determined. The MNs should have sufficient mechanical strength, i.e., 0.03 N/MN
so that it can breach the stratum corneum without breaking and deliver the loaded car-
rier systems directly to the dermis layer of skin [60]. The high value of Axial fracture
force (1.2 N-calculated from Supplementary Figure S1) indicates the sufficient mechanical
strength of the developed MN patch of FBX. The MNs with low mechanical strength may
break during application. From the dermis layer, FBX can be absorbed directly in the
systemic circulation and inhibit the xanthine oxidase enzyme present in blood pool. This
enzyme is responsible for the formation of uric acid [1]. Thus, it can be interpreted that the
prepared MN patch of cubosomes of FBX has a required minimum mechanical strength
according to the literature [60].

The observation of the in vitro dissolution time of MNs indicates that MNs start to
dissolve immediately and complete dissolution is obtained in 1.25 min (Supplementary
Figure S2). The intention in the present research work was to develop a fast dissolving MN
patch in order to obtain a rapid drug release.

SEM images of a fast dissolving MN patch are presented in Figure 3. These images
showed smooth surfaced, conical MNs that have a length of 1.5 mm, and a base diameter
of approx. 200 pm. The prepared MNs of cubosomes loaded with FBX and MNs of pure
FBX were analyzed for SEM (Scanning Electron Microscopy). From the SEM images it was
found that FBX cubosomes-loaded MNs have a smooth surface, while MNs of pure FBX
have a rough surface. The rough surface of MNs of FBX was obtained due the insolubilized
FBX. While cubosomes of FBX remained in a dispersed form and provided a smooth texture
to the prepared MNs.

Sample F1

(A) (B)

Figure 3. SEM of MN patch (A) MN patch of FBX-plain drug (B) MN patch loaded with cubosomes
of FBX. SEM analysis was performed to analyse the difference between prepared MN patches.

Skin penetrability of the prepared MN patches containing cubosomes of FBX was
performed and the presence of tiny blue stains on the rat skin proves that the prepared
MN patches were able to create the pores in the skin and deliver FBX directly to the dermis
layer. (Supplementary Figure S3).

The application of an MN patch on rat skin formed pores which were detected using
a microscope (4x and 10x) and its average pore diameters were measured as shown in
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Figure 4. From pore closure kinetic studies, it was found that the size of the micropores
formed in the skin decreased with time and complete pore closure was observed in 24 h.
The results are in concurrence with the reported literature [61]. Closure of the pores created
due to the MNs is necessary in order to avoid the chances of infection resulting from the
open pores.

4X Zoom 10X Zoom

Pore Size: 163.59 + 5.75 um

Pore Size: 139.20 £3.21 um

Pore Size: 120.41 +2.77 pm

Pore Size: 93.23 +£2.07 pm

24Hr Pore Size: 52.30 £ 1.31 um

Figure 4. Pore closure kinetics for MN patch loaded with cubosomes of FBX. Pore closure kinetic
study was performed to find out that how long the prepared pores will remain open after applying
MN patch.

The physical stability of the cubosomes in the MN patch was ensured by the deter-
mination of the particle size and entrapment efficiency of cubosomes after a complete
dissolution of MN patch in water. The initial vesicle size and entrapment efficiency of the
cubosomes of FBX were found to be 157.5 £ 4.16 nm and 85.2 &+ 2.68%, respectively, while
the vesicle size and entrapment efficiency after the dissolution of the MN patch were found
to be 154 & 3.94 nm and 84.9 £ 1.88%, respectively. No significant change in the vesicle
size and entrapment efficiency of cubosomes of FBX was observed after loading them in
the MN patch, suggesting its stability in the MN patch. The total drug content of the MN
patch containing FBX cubosomes was found to be 98.14% which means each MN patch of
FBX cubosomes contains 3.336 mg of FBX.
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3.1. In Vitro Drug Release Study

The cumulative percent release of the drug from all four formulations at various
time intervals are shown in Figure 5. Various mathematical models were applied to the
data of drug release from all formulations to find out the release behavior of FBX and the
results are listed in Table 4. The results of the in vitro release study showed that more
than 60% of FBX was released from cubosomes in 24 h, which was significantly greater
than the release from plain drug suspension (39.97%) probably due to its low solubility in
phosphate buffer pH 7.4. FBX is practically insoluble in water. Thus, when its suspension
was prepared in phosphate buffer pH 7.4 and filled in a diffusion bag, it was not able to
solubilize. In order to permeate across the dialysis bag, the drug molecules must be present
in a solubilized state. Thus, due to the poor solubility of FBX, only a limited amount of
the drug was able to permeate through the dialysis bag. On the other hand, cubosomes
have the advantage of improving the surface area which is in contact with the phosphate
buffer pH 7.4. Therefore, the more the amount of the drug dissolved in a phosphate buffer
pH 7.4 diffuses to the donor compartment. Due to this reason, a higher amount of FBX was
able to permeate the diffusion membrane and a higher in vitro release of FBX was obtained
in the case of cubosomes of FBX [62,63]. The highest drug release was obtained from MN
loaded either with the plain drug or with cubosomes of FBX. The micropores formed in
the dialysis membrane seem to be responsible for allowing higher amounts of the drug
to permeate through the membrane. Various mathematical models were applied for the
in vitro drug release study. In the case of cubosomes, the highest R? value was obtained for
the Korsmeyer-Peppas model suggesting a diffusion-controlled system, where the release
rate was dependent on the drug concentration remaining within the cubosomes. Moreover,
the n value of 0.607 for the Korsmeyer-Peppas model suggests non-Fickian diffusion of the
drug from cubosomes [64]. Non-Fickian diffusion means that the diffusion of the drug from
the cubosomes does not follow Fick’s laws of diffusion. However, in the case of MN loaded
with FBX cubosomes, the highest R? value was obtained for the first order indicating that
the drug release rate depends on the concentration gradient across the membrane.

In-vitro drug release profile of FBX
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Figure 5. In vitro drug release from various developed formulations of FBX. In vitro drug release
study was performed to find out the release time of FBX from various formulations. Each release
study was performed in triplicate and SD was also included in figure in horizontal bar. NS indicates

Rl

Not significant while indicates significance between data with p value < 0.0001.
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Table 4. Various mathematical models and their correlation coefficient values.

MN Patch of FBX

Mathematical Models MN Patch of FBX Cubosomes of FBX FBX Suspension
Cubosomes
Zero order 0.6601 0.5432 0.7267 0.3063
First order R2 0.9719 0.9801 0.9498 0.5742
Higuchi 0.7631 0.7074 0.9568 0.9608
Hixon-Crowell 0.8492 0.7902 09114 0.4905
0.8778 0.8339 0.9813 0.9653
Korsmeyer-Peppas

N 0.104 0.088 0.607 0.465

An in vitro release study of MNs of FBX and MNs loaded with cubosomes of FBX
shows that more than 90% of the drug released in 2 h from both. The results showed a
significant increase in drug release when compared with the drug release profile of FBX
cubosomes. The optimized MN patches were able to penetrate the diffusion bag due
to the sharp MN structure. After penetration in the membrane, MN structures rapidly
dissolved due to the use of fast dissolving polymers leading to the rapid release of FBX in
the diffusion medium. Whereas in the case of cubosomes, the drug has to diffuse through
the intact diffusion bag and thus release is slow. Such observations suggest that due to the
penetrating ability of MNs, a highly significant increase in drug release was possible. A
Bonferroni’s multiple comparison test of two-way ANOVA was applied in between the
column and relative symbology was marked in Figure 5. Based on this, it can be said
that there is a significant difference between the release of FBX from cubosomes and FBX
suspension compared with the MN patch loaded with cubosomes of FBX while there is
no significant difference between the MN patch of FBX and the MN patch loaded with
cubosomes of FBX. Various mathematical models were applied for the in vitro release study
of both MN patches and, according to the R? value for first order model, it was found to
be highest which suggest that the release rate is dependent on the drug concentration in
the carrier.

3.2. In Vitro Cell Viability Study

The cell viability data for FBX formulations are summarized graphically in Figure 6.
In the cell viability study, a significantly lower viability of cells treated with Triton X 100
(6.82 £ 3.65%) indicated the validity of the positive control. The viability of cells treated
with FBX-loaded cubosomes (90.32 £ 9.93%) was found to be significantly higher than the
positive control and near to the negative control. A Dunnett’s multiple comparison test of
two-way ANOVA between the column was applied to prove the significance difference
between the columns. There is significance difference among FBX suspension and triton X
compared with cubosomes of FBX while there is no significant difference among PBS 7.4
and the placebo compared to cubosomes of FBX. Moreover, the viability of cells treated
with FBX suspension was 67.48 £ 12.36% which is significantly less than the cubosomes of
FBX. This indicated a less toxic nature of developed formulations compared with the FBX
suspension and triton X 100.
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Figure 6. % viability of fibroblast 3T3 cells after treatment with cubosomes of Febuxostat. Cell
viability study was performed to investigate the toxicity of prepared formulation on fibroblast 3T3
cells. This study was performed in triplicate. NS indicates Not significant while *** indicates
significance between data with p value < 0.0001.

3.3. In Vitro Permeation Study

The results of the in vitro permeation studies through the full-thickness rat skin are
shown in Table 5 and Figure 7. A Bonferroni’s multiple comparison test of two-way ANOVA
was applied in between the column and the relative symbology was marked in Figure 7.
Based on this, it can be said that there is a significant difference between the permeation of
the drug across the skin from the cubosomes of FBX, the MN patch of FBX and FBX suspen-
sion compared with the MN patch loaded with cubosomes of FBX. A slight improvement
in FBX permeation was observed with the MN patch of FBX (Jos—6.45 pg/cm?/h) as com-
pared with FBX suspension (Jss—4.20 pg/cm? /h) due to the MN's ability to permeate the
skin barrier. However, in the case of the cubosomes of FBX-loaded MN patch, an 8.34-fold
increase in permeation (Jss—35.06 ug/ cm? /h, PER—8.34) was observed due to the micro-
poration of the skin. The results reflected that cubosomes of FBX (Jss—18.43 pg/cm?/h)
can permeate the skin barrier less significantly than the cubosomes of FBX-loaded MN
patch. The amount of the drug retained on the surface and deposited within the skin
was determined after the completion of release experiments and the data are presented
in Figure 8. On the basis of the results of permeability from various formulations, they
are organized in order of increasing permeability: FBX Suspension < FBX MN patch < FBX
cubosomes < cubosomes of FBX-loaded MN Patch. In the case of the MN patch, permeation
obtained through rat skin was less than through FBX cubosomes and MN patch loaded with
cubosomes of FBX due to the very poor solubility of FBX in water. The synergistic effect of
microporation on cubosome’s permeability was established as a significant enhancement
was observed in the permeability through the cubosomes of FBX-loaded MN patch [37,65].
From Figure 8, it has been noted that that FBX MN exhibits the maximum deposition
of FBX. The reason for this finding may be the lipophilic nature of FBX, which may not
have been able to permeate to the systemic circulation in sufficient concentrations due to
the deposition in the hydrophilic dermis layer. It can be concluded that permeation was
better with the cubosomes of FBX-loaded MN when compared with cubosomes of FBX. In
case of cubosomes of FBX, the retention of FBX on the skin was more compared with the
cubosomes of FBX-loaded MN. Moreover, in the case of drug suspension, the maximum
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retention of the drug on the skin suggests that the drug alone is unable to cross the skin
barrier efficiently.

Table 5. Amount of FBX permeated across Rat skin.

Amount of Drug Permeated Per Unit Area of Rat Skin (ug/cm?)

Time
FBX Suspension FBX Cubosomes FBX MNP Cubosomes Loaded MNP

0.5 7.10 £ 0.42 34.20 4+ 0.90 16.41 £ 0.76 61.49 +1.07
1.0 7.86 £ 0.31 39.68 £ 0.37 26.54 £ 0.63 78.60 +1.38
15 9.74 £ 0.66 48.13 £ 0.69 3812+ 141 91.56 £ 1.92
2.0 13.50 £ 0.88 64.21 +1.10 47.66 £ 5.22 113.67 £ 0.89
3.0 17.89 + 0.30 87.16 £2.79 56.23 +2.17 163.46 +2.72
4.0 20.24 +£0.41 101.08 + 3.39 60.57 £+ 1.98 196.81 +4.42
5.0 24.98 + 0.39 124.46 £ 4.76 71.68 +2.29 234.77 + 6.28
6.0 29.07 £ 0.68 145.33 4+ 5.98 78.16 £2.32 251.92 £5.72
7.0 33.84 +0.79 161.77 £ 6.98 89.20 = 4.67 266.54 +9.39
8.0 38.49 +0.93 179.10 £ 8.56 100.11 £ 1.69 293.75 + 8.84
9.0 40.67 £1.12 189.07 £+ 6.93 115.08 £ 5.78 326.34 +10.70
10.0 43.63 £ 1.58 208.46 +9.93 125.48 4+ 2.384 354.80 & 13.05
11.0 4526 +1.24 223.01 +12.80 143.79 £5.70 378.48 +13.94
12.0 49.78 £1.99 247.49 + 13.65 153.26 4 3.38 410.72 £ 14.54
24.0 69.78 +£2.75 345.10 +19.12 204.94 + 6.44 503.84 +21.21
Jss 18.43 6.45 35.06
PER 4.38 1.54 8.34

In-vitro permeation study
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Figure 7. In vitro permeation of FBX from various developed formulations using rat skin. In vitro
permeation was performed to investigate that the prepared formulations were able to cross the
stratum corneum or not and release the drug to the release media. NS indicates Not significant while
*** indicates significance between data with p value < 0.0001.

3.4. Ex Vivo Fluorescence Microscopy Study

Sections of the rat skin were exposed to FITC-loaded formulations for a period of
12 h. Further, after exposure, fluorescence microscopic images of rat skin sections were
taken and the images are presented in Figure 9. Based on the results of the ex vivo
fluorescence microscopy study, formulations are organized in increasing order of the fluo-
rescence: FITC Suspension < FITC MN patch < FITC cubosomes < MN patch loaded with
cubosomes of FITC. It was noted that the data collected from the fluorescence microscope
experiment complied with the ex vivo permeation and deposition data wherein maximum
fluorescence was reported in sections of skin which were exposed to the MN patch loaded
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with FITC cubosomes. Therefore, it can be concluded that there is enhanced permeation
through developed nanocarriers-loaded fast dissolving MN patches [37].

FBX suspension FBX MNP

FBX cubosomes cubosomes of FBX loaded MNP
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Figure 8. FBX distribution profile after 24 h of permeation study. During in vitro permeation study,
the fraction of drug retained on skin surface, drug deposited within skin and drug permeated across
the skin could be understood from this figure.

3.5. Histopathology Studies

The haematoxylin and eosin-stained sections of rat abdominal skins treated with
developed cubosomes of FBX and cubosomes-loaded MNs of FBX were examined under a
microscope for any pathological changes and compared with negative (PBS 7.4) and positive
controls (IPA) to study the safety aspects of using an MN patch. The microscopic images
have been shown in Figure 10. The sections of skins treated with developed cubosomes
of FBX and cubosomes-loaded MNs of FBX showed almost similar cellular integrity as
compared to skin treated with phosphate buffer saline (pH 7.4) as a negative control with
no sign of inflammation. The section of skin treated with isopropyl alcohol as a positive
control showed considerable damage to skin layers as an indication of irritation and toxicity.
Therefore, it can be concluded that there is no evidence of damage to the skin samples after
treatment with FBX suspension, cubosomes of FBX and MN loaded with cubosomes of
FBX. This finding proves that the prepared formulations and drug samples are non-toxic
and non-irritant to the skin samples. Moreover, in the case of skin sections treated with
MN, microchannels were observed, which were created due to the insertion of the MN.
This proves that MNs can effectively bypass the stratum corneum and deliver the drug
directly to the dermis layer of skin for systemic delivery of the drug.
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Figure 9. Fluorescence microscopic images of rat skin sections after 12 h of treatment with (A) FITC
suspension, (B) MN patch of FITC, (C) cubosomes loaded with FITC, (D) MN patch with FITC
cubosomes. From this figure, the permeation of drug across the skin from various formulations was
well understood.

3.6. Pharmacokinetic Study

HPLC was employed for the determination of concentrations of FBX in the blood
plasma of rats and the data are represented graphically in Figure 11. Thermo Scientific™
Kinetica Software was utilized for the calculation of various PK parameters from the
collected data and is summarized in Table 6.
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Figure 10. Histopathology study of developed formulation. Histopathology study was performed to
understand the toxicity various formulation on the skin using positive and negative control.
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Figure 11. Plasma FBX concentration vs. Time profile of various dosage forms in Sprague-Dawley
rats. Pharmacokinetic study was performed to understand the absorption of FBX from various
formulations. Drug absorption profiles of various formulation were also compared using this figure.
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Table 6. Pharmacokinetic parameters (FBX) computed using Kinetica Software.

. Cubosomal
Parameters Marketed Oral Tablet  Transdermal Film Cubosomal Gel MN Patch Loaded MN Patch

Cmax (ng/mL) 207.53 97.58 218.44 112.48 271.03
Timax 2.00 4.00 6.00 5.00 6.00

AUCy (ng x h/mL) 2784.06 798.84 3825.48 1957.89 7328.70
Ty /5 (h) 11.72 6.32 11.28 11.15 18.57
MRT (h) 16.91 9.79 18.43 17.72 29.05
Frel 1 0.29 1.37 0.70 2.63

The results shown in Table 6 indicate that in the case of marketed oral tablets in
suspension form, high Ciax and low tmax values are obtained which indicate the rapid and
good absorption of the drug through the oral route. Moreover, the value of Ty /; and MRT
indicate the slow elimination from the body leading to BID (twice a day) administration. In
the case of simple transdermal film, very low values of Crax are obtained indicating much
less absorption of the drug through the transdermal route in the absence of any penetration
enhancement. On the other hand, cubosomal gel, FBX MN and FBX cubosomal MN show
significantly higher values of Ciax indicating an enhanced permeation of FBX compared
with the transdermal film of FBX. Apart from this, cubosomal gel and FBX cubosomal MNs
achieved Cpax comparable to the marketed oral tablet and FBX cubosomal MNs obtained
the highest Crax (271.03 ng/mL). The comparison of the AUC_; values indicate a highly
significant difference between the different groups and the maximum value was obtained
from FBX cubosome MNs. This is due to the synergistic effect of the cubosomes and the
MN in enhancing the skin permeation. Both the approaches, viz., cubosomes and MNs
individually led to an increase in transdermal permeation. However, FBX cubosomal MNs
show a maximum AUCy.; and MRT suggesting the maximum absorption of FBX and FBX
is available in systemic circulation for a maximum period of time compared with other all
formulations. However, a combination of both approaches results in a synergistic effect
and an almost three-fold enhancement in bioavailability was observed. The results are in
concurrence with the earlier reports [37]. An increase in the bioavailability can lead to a
reduction in the dose and the associated side effects making the treatment safer and more
patient compliant. The higher values of Ty, and MRT also indicate the possibility of a
reduction in the dosage frequency. Upon the release of the FBX cubosomes after the MNs
dissolution in the skin, the drug is released in a sustained manner from the cubosomes.
The results are in concurrence with the in vitro release studies which indicate a sustained
release of the drug from cubosomes.

3.7. Pharmacodynamic Study

As shown in Figure 12, there was an increase in uric acid levels in rat blood in the
animals in which an induction of gout was performed. As shown in Figure 12A, the
standard and test control animal groups have lower blood uric acid than the model control
group indicating the efficacy of the developed formulation.

The bone X-rays of rats from all groups are depicted in Figure 12B. From Figure 12B, it
was observed that there was no tophi formation in any set of the animal groups. Moreover,
no structural change in bones of rat was observed during the study.

In the pharmacodynamic study, gout was induced in the Wistar rat using potassium
oxonate. In the rat, uricase enzymes are responsible for the metabolism of uric acid. Thus, to
increase uric acid levels in rat blood, uricase enzymes must be inhibited. Potassium oxonate
inhibits this uricase enzyme and increases uric acid levels in rat blood [66]. When the blood
levels of uric acid increases above 6 mg/dL, it results in the formation of Monosodium urate
(MSU) crystals. These MSU crystals then deposit in various joints and form a tophus-like
structure. However, these elevated levels of uric acid do not result in the formation of MSU
crystals every time. Thus, in many cases the hyperuricemia patients do not develop this
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tophus-like structure. However, these patients are prone to the formation of tophi around
various bone joints if uric acid levels in blood are not controlled [1].

Uric acid Estimation

fl Group 1
# Group 2
Hgroup 3
[ Group 4

Uric Acid level (mg/dl)

Group 1 Group 2 Group 3 Group 4
(B)

Figure 12. Pharmacodynamic study (A) Measurement of serum uric acid level in rat serum, (B) X-ray
of rat’s paw to study efficacy of the developed formulation of FBX. The efficacy of the prepared
formulation was compared to the marketed formulation by its ability to reduce the serum uric
acid level.

Due to this reason, bone X-rays of rats did not confirm the formation of any tophi
during the induction of gout. However, increased levels of uric acid suggests the induction
of hyperuricemia, and this increased level of uric acid in the blood is responsible for the
induction of gout according to the literature [1,67,68]. The uric acid level was controlled
using a developed and marketed formulation and proved the efficacy of the MN patch
loaded with cubosomes of FBX and cubosomal gel of FBX.

3.8. Stability Study

The results of AFF (Axial Fracture Force) and the in vitro dissolution time of MNP and
vesicle size, PDI and the percent of drug entrapment of cubosomes stored for up to three
months are summarized in Figure 13. In the stability study it was found out that, under
storage conditions, AFF of the MN patch was slightly decreased while there is no effect
on the in vitro dissolution time of developed MNP. Similarly, a slight increase in vesicle
size and PDI, as well as a slight decrease in drug entrapment, was evident in the storage
in cubosomal formulations. However, the values observed after three months were found
to be within the desirable limits required for formulations to perform effectively. Such
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observations at intermediate temperatures and a high relative humidity could interpret
that solid MN patches should be stored in airtight containers with silica bags to absorb
moisture content while cubosomal dispersion should be stored in airtight containers at
room temperature. Bonferroni’s multiple comparison test of two-way ANOVA was applied
in between the column and relative symbology was marked in Figure 13. From this, it can
be concluded that there is no significant difference between the obtained data sets meaning
the developed formulations are stable in test conditions.
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(B) Stability study of MN patch loaded with FBX cubosome

Figure 13. Stability Study of developed formulations. Short term stability study of the prepared
formulations was conducted and they were characterized for various tests such as vesicle size, PDI,
% entrapment efficiency for FBX cubosomes and AFF (Axial Fracture Force) and in vitro dissolution
time for FBX cubosomes of MN patch. NS indicates Not significant.

During the development of cubosomal FBX MN, processes that ease up the lab process
to scale up to commercial scale is necessary. For instance, cubosomes preparation using a
bottom-up approach, MN patch preparation by a micromold casting method, etc. However,
the scale up for cubosomes and MN preparation still needs to be investigated. To ensure
patient concern due to deposition of polymers used to prepare polymeric MN needs to
be investigated. Like other polymeric MNs, cubosomal FBX MNs were also anticipated
to deposit small amounts of polymers with every application which may further enhance
upon several uses over an extended period of time. However, the molecular weights of
these polymers play a significant role in their elimination. For example, a report on the
safety assessment of PVP suggests that for its complete excretion, the polymer size must be
below the glomerular threshold [69,70]. Hence, while selecting the polymers, consideration
was given to low molecular weight polymers, viz., poly vinyl pyrollidone (MW, 3.5 kD) and
poly vinyl alcohol (MW, 6 kD). Additionally, rotating the site of application may also be
helpful in avoiding local accumulation. Thus, polymer accumulation during multiple uses
of MNis still needs to be investigated. Skin often repairs itself against minor mechanical
trauma associated with injuries such as scrapes and scratches without developing infection.
Hence, despite the breaching of the stratum corneum to deliver the payload to viable
epidermis and dermis, MNP poses less risk of infection via microbial influx through MN-
induced microchannels as experienced during their appropriate clinical usage [71]. Further,
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an in vitro study conducted to evaluate the ability of microorganisms to cause infection
when allowed to ingress via MN-induced microchannels revealed that no microorganisms
were able to penetrate viable epidermis and dermis making it unlikely to develop infections
in immunecompetent patients [72]. Therefore, it still remains for the present study to
prove that microorganisms are not able to cross the microchannels that are created by MNs.
However, in order to assure safe use in every patient, the need for sterility in MNPs has
been widely discussed and seems to be critical for regulatory approval [73]. Aseptic manu-
facturing as well as terminal sterilization via moist heat, dry heat and gamma radiation
methods have already been investigated [74]. Aseptic manufacturing is inconvenient and
fairly expensive while terminal sterilization often adversely affects the physicochemical
properties of polymeric MNPs or their cargo. Hence, a suitable sterilization method must
be considered carefully to avoid such issues where the use of antimicrobial agents has also
been suggested to achieve a self-sterilization effect at the injection site [73,75]. Furthermore,
being fast dissolving in nature, cubosomal FBX MNs will not produce any sharp waste and,
hence, will not require safe disposal.

4. Conclusions

The present investigation was aimed to overcome the poor oral bioavailability and
gastrointestinal-related disturbances associated with the FBX via the development of a
transdermal formulation which can deliver FBX in a controlled manner to achieve therapeu-
tic goals with better patient compliance. In the present study, in the first phase, cubosomes
of FBX were prepared with GMO as a lipid and PVA as a stabilizer using a bottom-up
approach and were evaluated for various characterization tests. Then, in the next phase,
the developed cubosomes of FBX were loaded in the MN patch and evaluated for var-
ious characterization tests. The QbD methodology was applied for the optimization of
both formulations. The particle size and entrapment efficiency were selected as CQAs
for cubosomes of FBX while the axial fracture force and dissolution time of MNs were
selected as CQAs for FBX cubosomal MNs. The cubosomal FBX and FBX cubosomal
MN’s were subjected to the stability study and were found to be stable during the stability
period. However, the MN patch required special airtight container closure systems due
to the hydroscopic nature of a polymer used in preparation of the MN patch. Form the
ex vivo study, it can be concluded that the MN patch loaded with cubosomes of FBX has
the highest transdermal flux followed by cubosomes of FBX. From the histopathological
evolution of the prepared formulations, it can be established that the prepared formulations
are nontoxic to the rat skin and both MN patches are capable of breaching the stratum
corneum successfully. From the pharmacokinetic study;, it can be concluded that the MN
patch loaded with cubosomes of FBX can permeate the stratum corneum and deliver the
FBX to systemic circulation more successfully than any other formulation, followed by the
cubosomal gel of FBX. In the case of the pharmacodynamic study, it was observed that the
MN patch loaded with cubosomes of FBX was able to control the uric levels in rat blood
more successfully than other formulations, followed by the cubosomal gel of FBX.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 / pharmaceutics15010224/s1, Figure S1. Load vs. Time curve
for MN patch loaded with cubosomes of FBX; Figure S2. In-vitro dissolution study of MN patch
containing FBX loaded cubosomes; Figure S3. Skin penetrability of Cubosomes of FBX loaded
MN Patch.
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Abstract: Nano-emulgel is an emerging drug delivery system intended to enhance the therapeutic
profile of lipophilic drugs. Lipophilic formulations have a variety of limitations, which includes poor
solubility, unpredictable absorption, and low oral bioavailability. Nano-emulgel, an amalgamated
preparation of different systems aims to deal with these limitations. The novel system prepared by
the incorporation of nano-emulsion into gel improves stability and enables drug delivery for both
immediate and controlled release. The focus on nano-emulgel has also increased due to its ability to
achieve targeted delivery, ease of application, absence of gastrointestinal degradation or the first pass
metabolism, and safety profile. This review focuses on the formulation components of nano-emulgel
for topical drug delivery, pharmacokinetics and safety profiles.

Keywords: nano emulgel; topical delivery; permeation; surfactant; bioavailability

1. Introduction

The recent progress in drug synthesis and high throughput screening have steered
drug discovery and development toward lipophilic drug moieties. Currently, 90% of
drugs in the discovery pipeline and more than 40% of the drugs present in the market
are of lipophilic nature [1]. The lipophilic nature of the drugs leads to problems like poor
solubility, unpredictable absorption, and inter and intra-subject variability concerning
pharmacokinetics. Various techniques have been employed to increase the solubility of
active moieties. These techniques include physical and chemical modification of API
along with formulation strategies, which include particle size reduction, complexation,
amorphization, and nano-carrier drug delivery systems as represented in Figure 1 [2—4].

Despite of employing various technologies for enhancing the solubility, delivering the
drugs via the oral route is not always feasible owing to their low bioavailability associated
with poor absorption, first-pass metabolism, chemical and enzymatic degradation [5,6].
In addition, clinical complications and low concentrations of the drug at the site of action
hinder drug delivery through the oral route. For example, the oral administration of
Disease-modifying anti-rheumatic drugs (DMARDs) used in the treatment of arthritis are
associated with various side effects like carcinogenicity, hepatotoxicity, and hematologic

Pharmaceutics 2023, 15, 164. https:/ /doi.org/10.3390 /pharmaceutics15010164

https://www.mdpi.com/journal /pharmaceutics
227



Pharmaceutics 2023, 15, 164

toxicity [7,8]. These clinical complications can be mitigated by delivering the drug through

the topical route [9].
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Figure 1. Strategies to improve solubility and bioavailability of lipophilic drugs.

In topical delivery, skin being a fundamental defense layer, considers the APIs as
external components and restricts their entry into the body. The outer most layer of
epidermis called stratum corneum is the first and firm layer to overcome for drug pene-
tration into the skin [10]. Various mechanisms have been explored to enhance the drug
permeation. One such mechanism involves disruption of skin layer structure, which can
be achieved using techniques such as chemical penetration enhancers, ultrasound, ion-
tophoresis, sonophoresis, electroporation and microneedles [11]. In contrary, the use of
nanocarriers was observed to be an effective strategy for circumventing the SC barrier
without exacerbating skin damage and achieving efficient drug penetration. They facilitate
the drug delivery through the skin utilizing intra and inter cellular transport mechanisms,
interacting with skin components to mediate transport or to create depots of the drug for
sustained or stimuli-induced release. These novel carrier for topical administration includes
but not limited to emulsions (nano/micro), micelles, dendrimers, liposomes, solid lipid
nanoparticles and nano-structured lipid carriers [12-14]. Among these, nano-emulsions are
found to be a potential drug delivery system because of their high drug-loading capacities,
solubilizing capacities, ease of manufacturability, stability and controlled release patterns.
These nano-emulsions owing to their lipophilic core allow the movement of more lipophilic
molecules across the topical membranes compared to the liposomes [15]. In addition,
liposomes stability has always been an issue, as they disintegrate during the penetration
process. Likewise, the low drug loading capacity and uncontrolled release hinders the
application of solid-lipid nanoparticles in dermal drug delivery. Similarly, micelles exhibit
poor stability and encapsulation efficiency. In the same way, the toxicity and poor controlled
release behavior of dendrimers limits its topical application [16].

Nano-emulsions are heterogeneous colloidal mixtures of oil and water, with one
component as a dispersed phase and the other as a continuous phase. A surfactant known
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as an emulsifier is adsorbed at the interface between the dispersed and continuous phases,
lowering the surface tension and thus stabilizing the system. These systems possess high
thermodynamic stability leading to longer shelf life compared to simple emulsions, micelles
or suspensions, etc. Despite having various advantages, nano-emulsions are limited by
their low viscosity leading to low retention time and spreadability [17]. These problems
can be resolved by modifying the nano-emulsion into a nano-emulgel by using a suitable
gelling agent [18].

The nano-emulgel acts as a colloidal system consisting of a mixture of emulsion and
gel. The emulsion part protects the drug from enzymatic degradation, and hydrolysis and
improves the permeation like other nano-carriers. Besides enhancing the penetration of the
drug through the skin, it is equally important to retain the therapeutic concentrations of the
drug for a sufficient period of time. The gel part improves the viscosity and spreadability
resulting in improved retention time, and also reduces the surface and interfacial tension,
thus improving the thermodynamic stability. Nano-emulgel possesses various advantages
having high drug loading capacity, better penetration, diffusion, and low skin irritation
compared to other nano-carriers [19,20].

This article aims to provide insight into the selection of formulation ingredients of a
nano-emulgel, characteristics and formulation aspects, advantages, pharmacokinetics and
pharmacodynamics, and safety of the same. The objective here is to give an overview of
the future and rationale behind the nano-emulgel drug delivery system.

2. Drug Delivery through a Topical Route

The characteristics of any ideal formulation are patient compliance, self-administration,
non-invasiveness, fewer side effects, and better pharmacological action. The topical route
administering formulations possess most of the aforementioned characteristics [21]. The
benefits of the topical route of administration comprise of avoiding the hepatic first-pass
effect, decreased side effects due to the local site of action, enhancement in percutaneous
absorption and topical usage may even increase bioavailability with a sustained deposi-
tion [22]. Further, the reduced drug loss due to metabolism or decomposition, and the
ability to specifically target the drug at the desired site are also some of the advantages.
Minimization of drug breakdown coupled with constant delivery of drug for a prolonged
period results in prominent movement of the drug across the barrier of stratum corneum,
leading to improved bioavailability [23,24].

An increase in the bioavailability of drugs via the topical route has been proved
in various research works. For example, Flurbiprofen nano-emulsion showed 4.4 times
increment in bioavailability upon topical administration compared to oral delivery [25].
Zhou et al. prepared the nano-emulsion of nile red dye, which displayed 10-fold increase
in the penetration of dye across the skin compared to an emulsion formulation [26]. Gannu
et al. reported a 3.5-fold increase in Lacidipine bioavailability via the transdermal route of
administration using microemulsions. The group reported that this improvement could
be due to the avoidance of the first-pass effect on the drug upon topical application [24].
Further, an enhancement in the therapeutic and pharmacological effect of therapeutically
active agents has been demonstrated with topical formulations.

Conventional topical formulations that are used are solutions, ointments, lotions,
creams, patches, gels, etc. [27]. But these topical formulations have to traverse the re-
markably effective and competent stratum corneum barrier along with viable epidermis
of the skin as shown in Figure 2. The SC is a 10-20 um thick lipid-interspersed matrix
of terminally formed keratinocytes, which causes a huge challenge for the delivery of
therapeutically active agents via the topical or transdermal route of administration [28-30].
Thus, reducing the amount of drug reaching the target site. This is reflected in the marketed
topical preparations possessing low permeation leading to poor therapeutic effect [31-33].
Therefore, research in this area mainly focuses on the development of topical formulations
with appropriate permeability and ensuring delivery by numerous mechanisms. The direc-
tion of research work in recent years has shifted towards novel carrier systems with the
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Epidermis

Dermis

Hypodermis

intent to alter the permeability of hydrophobic drugs through the skin. New formulation
development techniques and strategies are emerging in recent years but the main drawback
of the recent strategies is the usage of chemicals and non-green solvents for enhancing
the permeation. The usage of these preparations for a long period would lead to various
skin complications [34,35]. Besides, various limitations posed by the skin, there are certain
characteristics that an active moiety should possess in order to be suitable for the topical
route of administration as represented in Table 1 [36,37].

stratum corneum

Sweat Pore

Hair Follicle
Sensory Nerve Fiber

Cutaneous Vascular Plexus

Sweat Gland

Figure 2. Skin morphology.

Table 1. Primary requirement of active moiety for topical delivery.

Properties Conditions
t1/2 <10 h

<500 Daltons
The limit can be exceeded by altering the permeability of skin

Molecular mass

Molecular size Small
Polarity Non-polar is desirable
LogP 0.8-5
pKa Higher
Irritation on skin Non-irritating
Skin Permeability coefficient >0.5 x 1073 cm/h

3. Nano Emulsions in Topical Delivery

An upgrade and innovation of topical and transdermal drug delivery systems led to
the development of lipid-based nano-formulations. Though there are various formulations,
research has deepened pertaining to nano-emulsions due to the aforementioned advantages
and their ability to deliver hydrophobic drugs non-invasively and without the need for a
penetration enhancer [38]. Nano-emulsions are an isotropic biphasic mixture consisting of two
portions: water and oil, where one phase is dispersed in the other as nanosized droplets. The
system is stabilized by the utilization of an interfacial layer of surfactants [39]. The difference
between nano-emulsions and traditional emulsions is that the former has decreased propensity
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to undergo phase separation [40,41]. A prominent number of in-vivo studies have been carried
out demonstrating the applications and feasibility of topical micro and nano-emulsions. In-
vitro works have also supported the use of these topical lipidic formulations [42,43]. These
nano-emulsion systems possess a translucent or transparent appearance. The thermodynamic
stability of nano-emulsions is greater than other lipid carriers. Nano-emulsions exhibit an
increased solubilization capacity as compared to solutions of simple micelles [29,44]. These
formulations can solubilize and incorporate large amounts of active drug substances due to
the increased surface area because of the nano-size of oil droplets [45]. The phenomena of
creaming or sedimentation are the general issues faced in an emulsion. The improved stability
in a nano-emulsion is due to Brownian motion and less gravitational force acting on the
particles because of their nano-size, thus preventing the stability issues like sedimentation and
creaming [46]. Numerous studies have demonstrated the enhanced permeation of drugs upon
administered as nano-emulsion systems in comparison to other formulations like emulsions,
creams, and ointment gels [47-49]. The enhanced permeation is because of the ability of
nano-emulsion to overcome the firmly bonded lipid bi-layers, thus able to penetrate deep
into the skin and deliver the drug to systemic circulation because of smaller sized dispersed
droplets, which facilitate transcellular in addition to paracellular transport [18].

4. Nano-Emulgel Drug Delivery System

Despite possessing many advantages, nano-emulsions lack spreadability because
of their low viscosity resulting in poor retention of formulation over the skin [50]. This
limitation hampers the clinical applications of nano-emulsions [51]. This issue has been
resolved by incorporating a gelling agent into the nano-emulsion, thus forming a nano-
emulgel [52]. Huge quantities of aqueous or hydroalcoholic bases are employed in a
colloidal particulate system to prepare gels [53]. Nano-emulgel is formed by incorporating
the nano-emulsion into a hydrogel matrix, which reduces the thermodynamic instability
of the emulsion. The improved thermodynamic stability is due to the reduction in the
portability of the non-aqueous phase because of the increased consistency of the external
medium. The increased retention time and thermodynamic stability enable the formulation
to release the drug over a period, making nano-emulgel a controlled release dosage form
for topical administration benefiting the drugs with a short half-life [19,54].

The incorporation of nano-emulsion into a gelling system helps to annihilate the
disadvantages of both individual systems. The combined nano-emulgel enjoys the prop-
erties of a gel with the refined characteristics of a nano-emulsion. The Table 2 discloses
the advantages of nano-emulgel over conventional emulgel owing to its particle size and
thermodynamic stability. The variety of benefits offered by nano-emulgels is enhanced skin
permeation, greater loading of an active moiety, less irritation, and greater spreadability.
This is apparent in comparison with different nano-carriers such as solid lipid nanoparticles
and liposomes. The nano-emulsion is made suitable for topical use due to the increased
viscosity of the gel. To achieve the same, various gelling agents compatible with skin like
xanthan gum, carbomer 980, Pluronic’s, carrageenan, and carbomer 934 are used for topical
application [55]. Acceptable localization and drug dispersion through adequate percuta-
neous absorption across the skin is achieved in nano-emulsions. This helps to increase
the efficacy locally and also systematically via the skin. This system can also be used to
deliver drugs to the central nervous system (CNS) due to its ability to cross the blood-brain
barrier when applied through the nasal route [56,57]. Non-irritant and non-greasy nature
of nano-emulgel facilitates better patient compliance [53] In addition, pharmacokinetic
properties like enhanced bioavailability and decreased side effects are added advantages
for these systems [58]. The hydrogel matrix, consistency, and homogeneity have added to
the growing focus on nano-emulgels. Furthermore, various studies have shown that na-
noemulgel has increased stability due to less Oswalt ripening caused by decreased mobility
of oil globules in gel matrix [59]. For instance, Kaur et al. developed a topical nanoemulgel
loaded with TPGS containing mefenamic acid. In the pharmacodynamic investigation, the
optimized nanoemulgel inhibited inflammation and enhanced percent reaction time with
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improved analgesic efficacy. The formulated nanoemulgel outperformed other traditional
topical formulations in terms of long-term stability and drug penetration [60].

Table 2. Comparison between conventional emulgel and nano-emulgel.

Parameter

Conventional Emulgel

Nano-Emulgel

Thermodynamic stability

Not stable because of natural tendence of
coalescence leading to sedimentation or
creaming [61]

Stable-because of their smaller particle size, Brownian
motion provides enough stability against gravity,
preventing sedimentation or creaming [54]

Particle size

Greater than >500 nm [18]

Less than 100 nm [62]

Bioavailability

Comparatively less bioavailable than
Nano-emulgel [63]

Enhanced bioavailability, attributed to small size and
large surface area [64]

Permeation

Comparatively lower permeation [65]

High permeation owing to its lower particle size
[54,65]

Preparation

Require high energy techniques [66]

It can be prepared either by using high or low energy
techniques [20]

Systemic absorption

Higher compared to conventional emulgel due to the

Very minimal small particle size and large surface area [54]

Ability to cross BBB

Cannot cross BBB [67] Can Cross BBB because of its small particle size [68]

Besides these, nano-emulgel is devoid of other formulation stability limitations like
the problem of destabilization faced with conventional emulgels, the problem of moisture
entrapment faced with powders, the problem of cake formation faced with suspensions,
the problem of coalescence of oil globules, formation of agglomerates in case of suspen-
sions, along with the problem of poor adherence and excessive spreadability that is faced
with nano-emulsions [53]. Due to these factors, nano-emulgel is often thought of as an
improv