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Preface to "Marine Chitin 2019”

Biomass-based polymers from renewable resources have recently been receiving increasing
attention due to the depletion of petroleum resources. Natural polysaccharides derived from natural
resources, including cellulose, hemicellulose, and starch, are among the candidates for use in biomass
polysaccharide products such as bioplastics. Although numerous kinds of anionic polysaccharides
such as alginic acid, hyaluronic acid, heparin, and chondroitin sulfate exist in nature, examples
of natural cationic polysaccharides are relatively rare. Chitin is second only to cellulose as the
most natural abundant polysaccharide in the world. Chitosan, the product derived from the
N-deacetylation of chitin, appears to be the only example of a natural cationic polysaccharide.
Therefore, due to their unique properties, chitin and chitosan are expected to continue to offer a
vast number of possible applications not only for chemical or industrial use but also biomedical
treatments. The research history on chitin, one of the most abundant natural polysaccharides on
earth, started around 1970. Since the 1980s, chitin and chitosan research (including D-glucosamine,
N-acetyl-D-glucosamine, and their oligomers) has progressed significantly in several stages covering
both fundamental research and industrial fields.

In launching this book, our idea was to present an authoritative and exciting issue that will
encompass breakthroughs in the scientific and industrial research conducted in this field. A large
volume of chitin and chitosan research involves biomedical objectives, in particular, controlled drug
release. Nevertheless, this book covers recent trends in all aspects of basic and applied scientific

research on chitin and chitosan as well as their derivatives.

Hitoshi Sashiwa, Hironori Izawa
Special Issue Editors
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Understanding the Performance of a Novel Direct
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Abstract: Chitin has been investigated in the context of finding new excipients suitable for direct
compression, when subjected to roller compaction. Ball milling was concurrently carried out to
compare effects from different energy or stress-inducing techniques. Samples of chitin powders (raw,
processed, dried and humidified) were compared for variations in morphology, X-ray diffraction
patterns, densities, FI-IR, flowability, compressibility and compactibility. Results confirmed the
suitability of roller compaction to convert the fluffy powder of raw chitin to a bulky material with
improved flow. X-ray powder diffraction studies showed that, in contrast to the high decrease in
crystallinity upon ball milling, roller compaction manifested a slight deformation in the crystal lattice.
Moreover, the new excipient showed high resistance to compression, due to the high compactibility
of the granules formed. This was correlated to the significant extent of plastic deformation compared
to the raw and ball milled forms of chitin. On the other hand, drying and humidification of raw
and processed materials presented no added value to the compressibility and compactibility of
the directly compressed excipient. Finally, compacted chitin showed direct compression similarity
with microcrystalline cellulose when formulated with metronidazole (200 mg) without affecting the
immediate drug release action of the drug.

Keywords: chitin; roller compaction; ball milling; direct compression; compression work; crushing
strength; Hausner ratio; Kawakita analysis; bulk density; dissolution

1. Introduction

Pharmaceutical excipients for direct compression (DC) applications are mostly favored in relation
to saving time, cost and labour for solid dosage form preparations and tableting [1,2]. The foregoing
advantages are due to their ability to provide the three main requirements associated with excipients
for DC processing, i.e., compressibility, compactibility, and flowability [3,4]. Many DC excipients are
manufactured from natural sources (e.g., cellulose and starch), from existing excipients of synthetic
origin or from binary mixtures of non-DC excipients [5,6]. The necessity for structural modification
and industrial manufacture is attributed to the detrimental physical properties of most pharmaceutical
excipients before being processed. These properties include poor compactibility, compressibility,
and flowability.

Industrially, different processes have been used in the scale-up production of DC excipients.
Spray-drying and spray-granulation represent the most two common processes in DC excipient

Mar. Drugs 2020, 18, 115; d0i:10.3390/md 18020115 1 www.mdpi.com/journal/marinedrugs
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production [7-9]. However, apart from the high cost and investment of time, these techniques commonly
impose complexity in terms of operational procedures, as well as process control [10]. Moreover, prior
to spray drying, most excipients are subjected to physical and chemical treatment in order to provide
specific functionalities for in vivo drug delivery purposes [11,12]. Such pre-treatment steps add to the
complexity of product manufacture.

Dry granulation represents a preferred industrial alternative in order to minimize time and cost for
amyriad of pharmaceutical applications. This is due to the fact that neither liquids nor heat is involved
in the dry processing of powders. Arguably, the most promising dry granulation technique, to date,
is roller compaction, since it has proved to be effective in replacing powders that are conventionally
processed using wet granulation [13,14]. However, most applications of roller compactors are confined
to the improvement of powder flow of pharmaceutical preparations comprising mixtures of API(s)
and excipient(s) [15]. Nevertheless, there have been attempts to employ roller compaction technology
for the conversion of poorly compressible/compactable starch and x-lactose monohydrate into DC
excipients [16,17]. In this regard, specific intensive compaction pressures were able to produce DC
excipients via the mechanism of gelatinization and reduction in crystallinity for starch and o-lactose
monohydrate, respectively.

Recently, there has been a significant interest in the development of chitin for pharmaceutical use,
especially in direct compression processing. The basic asset of chitin that renders such a development
to be advantageous lies in its ability to provide vital multi-functionalities in tablet processing. In this
regard, chitin showed good tabletability, fast disintegration properties, in addition to improved
flowability, compressibility, and compactibility when processed with other common excipients, such as
calcium carbonate and magnesium silicate [18-23]. Despite the foregoing comments, chitin lacks essential
manufacturing requirements for the processing of DC excipients. In this regard, the low bulk density and
poor powder flowability represent the two major inherent shortcomings of chitin. Nevertheless, numerous
attempts have been made to convert chitin into a pharmaceutical DC excipient. Most of these attempts have
adopted co-processing techniques, whereby another excipient has been involved in, e.g., wet granulation
methodologies for product manufacturing [20,23]. However, the manufacturing procedures and processing
time and cost of such methodologies are, relatively, complex. This necessitates searching for new technical
alternatives for the processing of chitin in order for it to be used as an excipient with DC functionality.

The research reported herein attempts to extend the usefulness and opportunities that roller
compaction may provide in obtaining a new DC excipient using chitin. Because roller compaction
is a pressure inducing technique, it was concurrently compared with ball milling in order to further
support an understanding of the performance of modified chitin, as an excipient, when subjected
to pressure.

2. Results

2.1. SEM

SEM of raw, ball milled, and compacted chitin particles display the morphology presented in
Figure 1. Originally, the raw chitin particles are thin, and most of their surfaces are flat with some
degree of folding. The shape did not change dramatically upon ball milling; however, the surface of
the particles became more flattened with some degree of surface damage and tearing. In contrast,
compacted chitin particles were thick and displayed a high degree of surface irregularities.

2.2. XRPD Analysis

The XRPD spectra of raw chitin, and that subjected to roller compaction and ball milling for 36 h,
is presented in Figure 2. Initially, the pattern for the raw chitin shows two main sharp peaks indicative
of a-chitin at 20 = 9° and 19°, whereby the intensity of the peak at 19° is higher than that at 9° [24].
It is obvious that ball milling decreased the intensities of these much more than roller compaction
indicating the sever action of the ball milling process. When the area under the diffraction peaks are
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considered for the two planes (010) and (020), the summation of the areas are 1984, 787, and 174 for
raw, compacted, and ball milled chitin powders, respectively (Table 1).

Figure 1. SEM images of raw chitin (A), ball milled chitin (B), and compacted chitin (C).
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Figure 2. XRPD spectra of raw chitin (blue), and that subjected to roller compaction (green) and ball
milling (red).

Table 1. Peak areas of XRPD spectrum of raw chitin, and that subjected to ball milling and roller compaction.

Area under the Peak

A91 A192 A9/A9R3 A19/A19R4
Chitin
Raw 512 1472 1 1
Compacted 242 545 0.47 0.37
Ball milled 58 116 0.24 0.21

A9 = Area under the peak at 20 = 9°; A19 = Area under the peak at 20 = 19°; A9R = Area under the peak at 20 = 9°
of raw chitin; A19R = Area under the peak at 20 = 19° of raw chitin.

2.3. FTIR Spectrophotometry

FTIR spectra of raw, ball milled, and compacted chitin samples are presented Figure 3A-C,
respectively. The main characteristic bands of chitin (Figure 3A) were detected at 1620 and 1660 cm™
for amide I and at 1560 cm™! for amide II regions. These bands did not change when chitin was
subjected to roller compaction (Figure 3B) and ball milling (Figure 3C). However, there was broadening
and a decrease in band intensities for the identity bands of ball milled chitin.

2.4. Bulk, Tapped Density and True Density

The bulk and tapped densities of the light, fibrous raw chitin material increased with ball milling
and compaction, whereby the later technique produced the densest powder (Table 2). Bulk and
tapped densities were found to be affected by the number of water molecules within the chitin powder.
In this regard, when the powder was subjected to humidification, under 93% RH for 30 days, the
measured bulk density underwent a decrease for all three samples of chitin. In contrast, drying of the
samples at 95 °C for four days caused an increase in bulk and tapped densities for all types of powders;
raw-unprocessed, ball milled, and compacted.

The true density of chitin raw material underwent a decrease by 8% when the raw material was
subjected to ball milling; the results are also illustrated in Table 2. In the same regard, roller compaction
did not change the true density of chitin. Nevertheless, a further decrease in true density of the raw
material was recorded when it was subjected to humidity conditions. However, true density values
were the highest when the raw and processed materials were dried at 95 °C for four days.
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Figure 3. IR spectra of raw chitin (A), compacted chitin (stage 5) (B), and ball milled chitin (36 h) (C).

2.5. Particle Size Distribution

Results of the particle size analysis of raw, ball milled, and compacted chitin are illustrated in
Table 3. Ball milling was able to reduce the particle size of the raw material of chitin (dg5 = 613 um) to
a value of dy5 = 384 um, whereas, roller compaction increased the particle size to a value of dg5 =
877 um. These values were the actual particle sizes resulting from roller compaction and ball milling.
As such, the values are larger than the particle size distribution for common DC excipients, e.g., lactose
DC and Avicel® 200 [25,26]. Therefore, all powders subjected to investigation, including processed
and unprocessed chitin were passed over a mesh size 250 um and collected on a 90 pm mesh. The new
particle size distribution after sieving is presented in Table 3.

Table 3. Particle size based on 10%, 50% and 90% distribution of the total sample volume, before and
after sieving the powders through a mesh size 250 pm and collected on a 90 um mesh.

Particle Size (um) before Sieving  Particle Size (um) after Sieving

Material do1 dos doo do1 dos doo
Raw chitin 107 613 1179 98 178 223
Compacted chitin 156 877 1253 126 199 246
Ball milled chitin 58 384 902 93 121 141

2.6. Hauser Ratio

The Hausner ratios of all types of chitin powders (unprocessed, balled milled, and roller compacted),
are presented in Table 4. Chitin, and to the same extent, ball milled chitin displayed poor flowability
(HR > 1.45). However, roller compaction improved the powder flow to ‘fair” criteria (HR; 1.19-1.25).
Such an improvement was further noticed when chitin, as raw material, was subjected to humidity
conditions. In this regard, a ‘passable’ flow criteria was recorded (HR: 1.26-1.34). In contrast, drying
resulted in powders with poor flow property. A similar observation in flow behavior when the powder
was humidified and dried was noticed for ball milled chitin, whereby the dried powders presented
poor flow. However, the observation was the opposite for roller compacted chitin. In this regard, dried
powders of this type showed the best improvement in powder flow where an ‘excellent’ flow criteria
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were recorded (HR < 1.11). In the same regard, a poor powder flow was recorded when the compacted
powder was subjected to humidity conditions.

Table 4. Hausner ratios of raw, ball milled, and compacted chitin, before and after humidification

or drying.
= Chitin Raw Ball Milled Compacted
Condition
BHD * 1.55 + 0.046 1.47 +0.041 1.23 +0.036
Humidified 1.26 + 0.037 1.27 +0.038 1.59 + 0.047
Dried 1.46 +0.043 1.54 + 0.046 1.06 + 0.032

* BHD: before humidification or drying.

2.7. Water Content

Results of the Karl Fischer water content for the chitin samples are presented in Table 5. The test
clearly shows that humidification doubled the amount of water content from its initial value at room
temperature for raw and processed chitin. In contrast, water content was reduced when the samples
underwent drying. The decrease was more enhanced for processed chitin than for the raw material.

Table 5. Water content of raw chitin, ball milled chitin and roller compacted chitin in different conditions.

Condition Chitin Water Content (% w/w)
Raw 7.350 + 0.049
Room conditions Ball milled 7.150 + 0.057
Roller compacted 7.245 +0.014
Raw 14.742 + 0.106
Humidification at 93% RH at 25 °C Ball milled 14.895 + 0.099
Roller compacted 14.5947 + 0.014
Raw 4.705 + 0.035
Drying at 95 °C Ball milled 2.080 + 0.028
Roller compacted 3.180 + 0.014

2.8. Specific Surface Area

Specific surface area measurements give an indication in the difference between the two particle
deformation techniques, ball milling and compaction. Results of these measurements are presented in
Table 6 for the raw, ball milled, and compacted chitin powders. As expected, raw chitin showed a high
specific surface area which underwent an increase or a decrease when the powder was subjected to
ball milling or roller compaction, respectively.

Table 6. The specific surface area of raw chitin, ball milled chitin (36 h), and compacted chitin (stage 5).

Material BET Surface Area, mz/g
Non-compacted chitin 41.5
Chitin/ball milled 49.3
Chitin/compacted 0.84

2.9. Tablet Crushing Force

Results for the tablet crushing force when the different powders were compressed into 6 mm
diameter tablets (75 + 1 mg each) using the GTP at compression loads of 100 to 500 kg (34.67—-173.35 MPa
pressure), are presented in Figure 4. At a compression force of 100 kg (34.67 Mpa), neither the raw
nor the ball milled chitin powders (humidified and dried) were able to be compressed into tablets.
The aforementioned materials started to form proper tablets at 200 kg of compression load (69.34 Mpa).
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When the foregoing was increased, the crushing force, ultimately, underwent an increase. Within the
same range of compression load, i.e., 100 to 500 kg (34.67-173.35 Mpa pressure), the crushing force of
tablets made using roller compacted powder was significantly higher than tablets made of raw and
ball milled chitin. These results indicate the high compactibility of chitin when subjected to roller
compaction. On the other hand, the data in Figure 4 further indicates that all types of humidified
powders (raw-unprocessed and processed) produce tablets with higher crushing force than raw and
dried materials.

350
300
250

200

Crushing Strength (N)

I
& & &
& @ ¢
& = & N
& &
&

Figure 4. Crushing strength of tablet made of raw (unprocessed), ball milled, and compacted chitin,
before and after humidification or drying [BHD: before humidification or drying].

2.10. Kawakita Compression Analysis

The three main parameters (a, Py and ab) obtained via Kawakita analysis (explained in Section 4.2.5
of the method section) were analyzed in an attempt to interpret the compression behavior of the three
samples of chitin. The values of each parameter for each powder type (raw and processed) under the
two set conditions (humidified and dried) are presented in Figures 5-7.

The maximum volume reduction that can be attained (1) is presented in Figure 5 and illustrates
that compacted chitin underwent the lowest volume reduction when a compression force was
applied compared to raw and ball milled chitin. For the latter two materials, volume reduction of
raw-unprocessed chitin was the highest followed by ball milled chitin. Furthermore, the two types of
processed chitin—compared to their initial status (pre-drying and pre-humidification)—underwent
either an increase in volume reduction when they were subjected to humidification, or a decrease
upon drying.

Py, which represents the pressure needed to reduce (a) into half its initial value, is the most
important Kawakita parameter to be tested. This is due to the fact that it represents how hard the
granules are, and therefore, their ability to be used in direct compression applications [27]. The data in
Figure 6 shows that the Py values of compacted raw chitin powder were the highest amongst all three
types of samples. Ball milling causes a slight increase in the P value compared to the raw material.
However, such an increase is not comparable to roll compacted powder. It is worth noting that although
humidification improved the compressibility of all the powders, Pk values were dramatically reduced
even for roller compacted chitin. With regard to dried powders, drying caused a small decrease in Pk
values for all the powders when compared with non-dried samples.
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Figure 5. Kawakita parameter (a) of raw (unprocessed), ball milled, and compacted chitin, before and
after humidification or drying [BHD: before humidification or drying].
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Figure 6. Kawakita parameter (py) of raw (unprocessed), ball milled, and compacted chitin, before and
after humidification or drying [BHD: before humidification or drying].

The last Kawakita parameter that was used in this work to describe the compression behavior is ab.
This parameter gives an indication of the degree of rearrangement of powder particles [28,29], Figure 7.
Compared to the raw material, processing of chitin either by ball milling or by roller compaction
reduced the extent of particle rearrangement (ab) upon compression. In the same regard, the value of ab
was the lowest for the roller compacted powder. The data in Figure 7 also indicates that humidification
increased the extent of particle rearrangement, especially for ball milled chitin, whereas, the values for
ab for dried powders (ball milled and compacted) were almost similar to the values of the powders in
the pre-dried state.
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Figure 7. Kawakita parameter (ab) of raw (unprocessed), ball milled, and compacted chitin, before and
after humidification or drying [BHD: before humidification or drying].

2.11. Heckel Compression Analysis

Compression analysis was further examined using the empirical Heckel model of compression
analysis. In this model, the yield pressure, or Py, represents a critical parameter which reflects the
type and extent of deformation, i.e., plastic/elastic or brittle-fracture. The data in Figure 8 illustrates
the yield pressure values for all the powders tested. Results show that when the two stress-inducing
techniques are compared with each other and with the raw material, the Py ranking followed the order:
Raw chitin > ball milled chitin > roller compacted chitin. Humidification of each type of powder
(raw and processed) further reduced the value of Py. Moreover, Py values of the three types of chitin
(raw-unprocessed, ball milled, and compacted) underwent an increase upon drying.
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Figure 8. Heckel parameter (Py) of raw (unprocessed), ball milled, and compacted chitin, before and
after humidification or drying [BHD: before humidification or drying].
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2.12. Work of Compression

When powders of different types were compressed using the GTP, the instrument displays the
force displacement curve during the descending/compression and decompression of the powders.
The work of compression (W), which is represented by the area under the compression curves of the
F-D profiles, is shown in Figure 9. W, values were calculated at each compression force used. Results
indicate that at all loads, W, of raw-unprocessed chitin > W, of roller compacted chitin > W, of ball
milled chitin. Moreover, above 300 kg of compression load (i.e., at 400 and 500 kg), drying of raw and
processed materials rendered W, higher than both humidified and un-dried powders.
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Figure 9. Compression work for raw (unprocessed), ball milled, and compacted chitin, before and after
humidification or drying [BHD: before humidification or drying].

2.13. Characterization of Metronidazole Tablets Comprising Drug/Compacted-Chitin Matrix

Tablet properties and dissolution are illustrated in Table 7 and Figure 10. These results demonstrate
that tablets comprising chitin are harder in terms of crushing force and faster in disintegration time
than tablets made of MCC PH 200®. Moreover, full drug release of metronidazole/chitin matrix was
achieved within 5 min of dissolution time. This was faster than tablets comprising metronidazole/MCC
matrix, which resulted in full drug release within 20 min of dissolution time.

120 4

100 -
80 -+
60 - ~ Metronidazole tablets with MCC 200

20 = Metronidazole tablets with compacted chitin

Drug release (% w/w)

0 T T T T T T \
o 10 20 30 40 50 60 70
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Figure 10. Dissolution profiles for metronidazole (200 mg) tablets comprising compacted chitin or
MCC 200® excipients.
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Table 7. Crushing strength, disintegration time, and time for full drug release for metronidazole
(200 mg) tablets comprising compacted chitin or MCC PH 200® excipients.

Excipient Used in Metronidazole Crushing Strength  Disintegration Time = Complete Dissolution

Preparation (N) (min) Time (min)
Compacted chitin 110-120 <1 4-5
MCC PH 200® 100-105 <12 15-20

3. Discussion

The research presented herein is mainly focused on the assessment of the use of roller compaction
technique for the development of DC pharmaceutical excipients from raw alpha chitin. Ball milling,
as another stress-inducing technique, was tested for comparison and evaluation of changes in the
physical properties and compression behavior of chitin powder. The main challenge in this work is to
obtain workable chitin with suitable DC properties to facilitate compaction and compression in the
industrial set up. FTIR test of ball milled, and compacted chitin indicates that no chemical change took
place during these processes. This guarantees that the intended excipients are chemically stable when
exposed to ball milling or compaction. Another objective was to reduce crystallinity to facilitate flow
and compression. In this regard, materials are known to undergo plastic deformation with regular
particle shape and consequently improved flowability once their amorphous character is increased [30].
Testing the raw chitin showed the necessity to alter the physical state of chitin, namely particle size
and crystallinity. In this work, XRPD was used to assure that crystallinity raw chitin was modified,
enabling treated chitin to be utilized in pharmaceutical processing.

XRPD results indicated that roller compaction and ball milling techniques affect the crystalline
structure of chitin in different ways. A decrease in crystallinity of the semi-crystalline structure of
raw chitin was generally the predominant change in the crystal lattice enhanced by both techniques
(Figure 2). However, this decrease is more pronounced by ball milling when operated for 36 h. In fact,
ball milling converts chitin into a material of a highly amorphous character. In this regard, the decrease
in the two main crystalline planes of x-chitin represented by (010) and (020) at 26 = 9° and 19°,
respectively indicates a change in the crystalline nature of chitin. Ioelovich [31] suggests the use of
integral intensities (areas) of the X-diffractions, especially for the (020) plane, instead of peak height as
an indication of crystalline and amorphous contents for chitin. Based upon his finding, irrespective
of which plane is more indicative of any crystallinity change, the summation of the peak areas of
the two planes (010) and (020) follows the decreasing order: Raw, compacted, and ball milled. Such
crystallinity change caused by roller compaction on chitin is similar to reported results on the effect of
roller compaction on x-lactose monohydrate [17]. On the other hand, Alves et al. showed that ball
milling of chitosan (de-acetylated chitin) caused a loss of the crystal plane (010); however, there was
an increase in the intensity of the peak at the 020 plane [32]. The latter change further contradicts
the finding by loelovich [31] who—as previously mentioned—states that crystallinity changes are
associated with changes in the 020 crystal plane. In order to understand the foregoing contradiction,
it is suggested that the dissimilarity with the findings of Alves et al., is more likely to be attributed
to the fact that milling—in their work—was carried out for a maximum time of 3 h. The foregoing
is too short to represent the extensive duration of the ball milling undertaken in the current work.
Therefore, it is the intense stress applied to the powder that imparts a high reduction in its crystallinity.
In fact, high stress induction applied to a structurally similar polysaccharide powder, e.g., cellulose,
was reported to reduce crystallinity to 54.1% when using simple crushing, and down to 21.7% upon
using ball milling [33]. Therefore, for the two techniques employed in this work, it is correct to assert
that roller compaction—as a scalable process—can be regarded as a short time ball milling which,
in the case of the latter method, is hard to scale-up.

At the molecular level, it has been reported that destruction of both planes at 26 = 9° and 19°
causes a reduction in the hydrogen bond network which is responsible for imparting structural integrity
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and flexibility to the chitin chains [34]. Other studies (see Reference [33]) have reported that such a
reduction causes a loss in the glycosidic linkages connecting acetylated glucosamine subunits which
form the main structural backbone of chitin [33]. On the other hand, the increase in the amorphous
character was further evident in the broadening and decrease in band intensities for the IR bands
of ball milled chitin (Figure 3C) when the latter is compared with raw chitin (Figure 3A). However,
changes in crystallinity for compacted chitin were not detectable using the same technique as the IR
bands of roller compacted chitin did not undergo any changes (Figure 3B).

Moving from the molecular level to the particle behavior of the chitin powder, the first most
crucial property to investigate was bulk density with respect to its impact on pharmaceutical processing
of powders. In this regard, increasing the bulk density is advantageous in tablet manufacturing,
whereby bulky materials enhance powder compression processing, and more specifically, in die filling
procedures [35]. The increase in bulk density of chitin, due to ball milling is attributed to the size
reduction of the particles, due to high energy impacts between the chitin particles during collision.
In comparing the two different stress-inducing techniques, ball milling of chitin is not as good as a
powder densification technique compared to roller compaction; the later methodology, imparted a
greater increase in the powder bulk density.

The increase in bulk and tapped densities of chitin, due to humidification is attributed to the low
optimal packing caused by strong cohesion -due to interparticle water bridging- between the molecules.
Such behavior is generally anticipated when the water content of a material is increased, due to
humidification as typically induced in the current case [36]. This further suggests an improvement
in particle packing when the powders were subjected to drying for four days. In this regard, dried
powder presented the highest recorded bulk and tapped densities in all cases.

The second most affected factor in dry granulation is particle size distribution. Ball milling is well
known as a particle size reducing technique, due to the high energy of impact when the balls collide
with chitin [37]. On the other hand, roller compaction is used for powder densification. Consequently,
the two techniques are diametric to each other with respect to the changes, increasing or decreasing,
they impart to particle size. Although all powders were passed and collected through sieves between
250 and 90 um, roller compaction imparts high size distribution towards the upper limit of particle size
between the aforementioned sieve ranges (Table 3). In contrast, ball milling imparts a high distribution
towards the lower limit of particle size. These changes in particle size impart another opposing
explanation to the bulk density increase caused by ball milling and roller compaction. In the former,
reduction of particle size renders a fixed sample volume to be occupied by small chitin particles rather
than large ones. Thus, a higher bulk density is attained upon milling compared to the raw material.
On the other hand, despite the increase in particle size in case of roller compaction, the extent of
densification is suggested to be high enough to overcome the effect of particle size towards variations
in bulk density. It has to be emphasized herein that the aforementioned particle size and bulk density
of compacted chitin were only possible after the powder was allowed to be compacted five times up to
an applied pressure of 166 Mpa.

The two aforementioned properties; i.e., density and size of the granules, have a direct impact
on powder flow, especially when the powders are subjected to humidification. In this regard, the
improved flow for raw and ball milled chitin powders subjected to high humidification conditions is
suggested to be attributed to the lubrication effect generally induced by water molecules [38,39]. Such
a lubrication-flow theory is also aligned with the apparent poor powder flow when such an effect is
reduced as the materials undergo drying (Table 4). However, the same theory does not align with the
excellent powder flow when compacted chitin was dried. In this case, it is suggested that the effect of
bulk density may have overcome the aforementioned concerns related to water content on powder
flow. In other words, the significant increase in bulk density noticed for compacted chitin compared to
the raw and ball milled chitin has rendered the compacted powders highly flowable. Drying further
increases the bulk density value and bulk density difference of the compacted compared to the raw
and ball milled chitin powders, and this may justify the excellent flowability of dried compacted chitin.
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The same justification is valid when compacted chitin was subjected to humidification. In this regard,
the sharp decrease in the bulk density of the humidified compacted powder is the main reason behind
its poor flowability.

Measuring changes in true density for each stress-inducing technique was tested despite the fact
that, theoretically, the true density value of chitin was expected not to be affected by means of pore
volume reduction. This is based on the fact that the value is constant for solid matter and excludes any
empty space considerations upon measurement. Such a perspective is valid for the material subjected
to roller compaction. However, it has been reported that a reduction in the true density of a material
can take place when the structure undergoes a polymorphic transformation [40,41]. In this regard,
changes in the molecular arrangement of a powder can result in loose packing at the particulate level.
Generally, amorphous materials have a lower density than their crystalline counterparts as the atoms
of the former are located at further distances from each other than the latter. Therefore, a decrease in
crystallinity results in an increase in lattice volume, and thereby, a decrease in density [42]. Thus, the
decrease in crystallinity of chitin to a less ordered amorphous structure is suggested to be the main
reason behind the decrease in true density of chitin upon ball milling. Water content, on the other
hand, lowers the true density of raw chitin, since the measured value is the sum of the true densities of
both water and chitin. When water is removed, the measurement will solely include the solid material
and without the presence of other materials which disrupt the volume needed to be occupied by chitin
for measurement [43]. Based upon the foregoing, the true densities of dried materials, unprocessed
and processed, were the highest compared to the humidified ones.

The last property to be tested, and one which varies with pressure, is a specific surface area.
Initially, the high specific surface area of raw chitin is attributed to its highly porous structure [44].
The increase in particle surface area, due to ball milling is typical behavior for a size reducing technique
that principally imparts high energy upon collision of the falling balls with powder particles. In contrast,
the decrease in particles surface area, due to roller compaction is more likely to be attributed to extensive
folding and packing of the particles. Such densification is responsible for reducing the porous structure
of raw chitin, and consequently, a decrease in the specific surface area is attained.

Although an increase in the surface area of granules is advantageous in providing new fresh
particles surfaces and extra contact points for binding [45], the crushing force of compacted powders
of lower surface area was the highest. In contrast, the increase in surface area upon ball milling had no
significant effect on crushing force in comparison with roller compaction. Hence, the mechanism for
strong binding between the granules is not directly related to the actual surface area of the granules.
In fact, it is more likely to be attributed to the mode of deformation when a force is applied. In this
regard, plastic deformation of chitin enables extensive folding, thereby providing new surfaces for
bridging via new contact points. On the other hand, the presence of water, when the materials were
humidified, is a typical action of a granulating medium. The foregoing is known to enforce greater
adhesion between wet than dried surfaces [46]. This justifies the increase in crushing force for all the
materials when they were humidified.

The hard granules produced by roller compaction showed high resistance to compression force
rendering the granules with low maximum volume reduction or ‘a’ values. Concurrently, the same
hard granules manifested the highest compression force (P) needed for (1/2) volume reduction as well
as minimal particle rearrangement compared to ball milled, and raw chitin. The closer crushing force
values of ball milled to raw chitin further rendered similarly closer a, Px and ab values. Accordingly,
ball milled chitin particles do not provide any added value to the compressibility and compactibility of
raw chitin.

When all the materials were humidified, the compressibility (represented by the ‘a” and to some
extent the ‘ab’ parameters), underwent an improvement. This is due to the fact that water acts as a
plasticizer. The foregoing statement can be justified by the removal of water, as the compressibility of
the dried materials decreased. On the other hand, high humidification levels (95% RH) weakened the
inter-particulate bonding for all materials as the Pk required for (a/2) volume reduction underwent a
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decrease; thus, resulting in weak humidified granules and for the decrease in tablet hardness attained
when the powders were compressed.

The high compactibility of roller compacted chitin powder was further confirmed using the Py
parameter from the Heckel model. A lower Py value is preferable for plastically deforming materials,
as it indicates a higher extent of deformation. The foregoing gives rise to a greater degree of folding,
and thus, the appearance of fresh new particle surfaces for bridging with nearby surfaces [47]. Roller
compacted powders manifested a high extent of plastic deformation compared to ball milled chitin
which, in turn, displayed greater plasticity than the raw chitin. It is suggested that such high plasticity
is attributed to the presence of denser chitin particles, due to roller compaction, and thus, new added
surfaces are available for deformation. On the other hand, the high plastic deformation presented when
the materials were subjected to humidification is, as stated previously, attributed to the plasticizing
effect of water.

The compression force and the volume reduction can be combined together to describe the work
of compression manifested by the area under the F-D curve. The fact that the work of compression
is the product of force applied (f) X the displacement (d) of the compressed powder, means that this
reflects how easy or hard the granules can be compressed, and/or reflects the extent of plastic/elastic or
brittle deformation the particles are undergoing when pressure is applied. Because compressibility is
a volume reduction parameter that has a physical displacement implication (d), it is suggested that
the high W, values for raw chitin- compared to ball milled- are attributed to its high a value. Thus,
the impact of W, was found to be valid at all compression pressures used. Similarly, using the fxd
correlation to interpret W, data, high W, values of dried- compared to humidified- powders are more
likely to be related to the increase in P, values when the powders were dried. In this regard, Pk has a
physical implication for f values in the F-D data.

Lastly, in metronidazole preparations comprising drug/compacted-chitin matrix, the highly
compactible tablets did not hinder the disintegration time and metronidazole immediate drug release.
Such unaffected disintegration is more likely, as previously suggested, attributed to the presence
of a larger mass of chitin material in compacted granules. The properties and dissolution of such
preparation were even more favorable than tablets made of drug/MCC matrix.

It is evident that compaction results in a better flow of chitin powder and harder compacts. This
may facilitate the utilization of such a powder without any further processing. Such processed powder
is less liable to absorb water, as is the case for the ball milled chitin. Keeping the chitin excipient in a
dry form allows it to be more appropriate for use in hot and humid climates where the drugs can be
more stable when formulated with similar excipients. This behavior is unique when compared with
other polymers, such as cellulose, where a balance between crystalline and amorphous states needs to
be attained.

4. Materials and Methods

4.1. Materials

Chitin with an average molecular mass of 300 kDa and a degree of acetylation about 0.96 was
obtained from G.T.C. Bio Corporation (Qingdao, China), metronidazole (G.D. Searle and Company,
Skokie, IL, USA), microcrystalline cellulose (MCC PH 200®, FMC BioPolymer, Philadelphia, PA, USA),
pharmaceutical grade talcium (Hubei Aoks Bio-Tech CO., Wuhan, China).

4.2. Methods

4.2.1. Sample Preparation Using Roller Compaction

Chitin (3.0 kg) was compacted using a production scale roller compactor (TFC-520 Roller
Compactor, capacity of 100 kg/h, Vector Corporation, Freund Group Company, Marion, IA, USA).
Repetition of compaction of the same powder was carried out several times until the bulk density
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of a representative sample exceeded 0.5 g/mL. The foregoing was accomplished after repeating the
compaction five times. Every time the chitin sheets were passed through a conical screen mill (Quadro
Comil, Ytron-Quadro Ltd, Chesham Bucks, UK) fitted with a 2.4 mm sieve. Compaction parameters for
the five stages of compression are summarized in Table 8. Importantly, the milling speed was adjusted
to 15, 25, 30, 30 and 30 Hz for stages 1, 2, 3, 4, and 5, respectively.

Table 8. Roller compaction parameters of chitin performed for five successive times.

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
Roller type DPS DPS DPSs DPS DPs
Roller speed. rpm 16 rpm 16 rpm 14 rpm 16 rpm 16 rpm
Screw speed, HZ 4HZ 8HZ 8HZ 8HZ 8HZ
Pressure, MPa 83 83 97 140 166
Roll gape, mm 2.8 3.0 3.0 3.0 3.0

4.2.2. Sample Preparation Using Ball Milling

1 kg of chitin was ball milled (Erweka, Langen, Germany) using porcelain balls of diameters
ranging from 30 to 50 mm. The material and the balls were inserted in a sealed drum. Milling was
carried out for four days, whereby the running time was adjusted to 9 successive hours every day.
A sample was taken at the end of each 9 h run. Accordingly, five samples were collected at 0, 9, 18, 27,
36 h of ball milling.

4.2.3. Preparation of Humidified and Dried Chitin Samples

Three samples from each chitin type (raw, ball milled and compacted) were placed in plastic petri
dishes (5 g for each sample) then inserted in desiccators for 30 days. The desiccator was over-saturated
with potassium nitrate salt (Acros Organics, New Jersey, NJ, USA) at a relative humidity of 93% at
room temperature (25-30 °C); from each sample, known weights were taken for compression analysis.

Another three samples from each chitin type (5 g for each sample comprising either raw, ball milled
and compacted) were dried using a Vacucell vacuum drying oven (MMM Medcenter Einrichtungen,
Germany). The samples were placed in glass petri dishes then inserted in the oven to dry ata temperature
of 95 °C for four days. From each sample, known weights were examined for compression analysis.

4.2.4. Characterization of Powder Properties

Scanning Electron Microscopy (SEM)

The morphology of samples was determined using a Quanta-200 3D (ThermoFisher Scientific,
Bend, OR, USA) SEM operated at an accelerating voltage of 1200 V. Samples (~0.5 mg) were mounted
on to a5 x 5 mm silicon wafer affixed via graphite tape to an aluminum stub. The powder was then
sputter-coated for 105 s at a beam current of 20 mA/dm? with a 100 A layer of gold/palladium alloy.

X-Ray Powder Diffraction (XRPD)

XRPD test was carried out using an X-ray powder diffractometer (Bruker, Karlsruhe, Germany)
in 2-theta range of 2-40° 20 in reflection mode. The X-ray compartment is a D2 Phaser comprising
a copper tube, using Ko X-rays of 300 watts of power at 1.54184 A wavelength. DIFFRAC.SUITE™
computer software was used to analyze the data obtained.

IR Spectrophotometry

IR spectrophotometry was carried out using Perkin Elmer Spectrum Two UATR FTIR spectrometer,
Akron, OH, USA) with a resolution of 4 cm™!, data interval of 2 cm~! and a scan speed of 0.2 cm/s
operating in the range of 4504000 cm™~!. The ATR sample base plate was equipped with a Diamond
ZnSe crystal where an infrared background is collected for all FTIR measurements. Samples (2-5 mg)
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were placed on the ATR crystal, and apressure was applied to compress the sample in order to obtain
the spectra. The IR spectra of chitin samples (raw, ball milled, and roller compacted) were examined.

Particle Size Distribution

A laser diffraction Malvern particle size analyzer (Malvern Panalytical Ltd, Malvern, UK) was
employed to measure particle size distribution ranging from 0.02 to 2000 microns at room temperature.
The instrument is connected to a computer that uses the Mastersizer 2000 (version 5.6) software to
display the results.

Bulk, Tapped and True Density Measurement and Flow Determination

The bulk density of chitin samples (raw, ball milled and compacted) in g/mL was measured by
pouring the powder into a 25 mL volumetric cylinder. The bulk density of all samples was calculated
as the ratio of the mass over the volume it occupied. Tapped density measurements were carried
out by physical tapping of the cylinder for 100 mechanical taps then dividing the mass over the
tapped volume.

The reduction in the bulk volume of the powders, due to tapping is considered to be an indication
of powder flowability, which was evaluated by the Hausner’s ratio (HR). As HR increase in value, the
flowability is reduced.

HR is calculated using Equation (1).

HR = pTapped/pBulk 1

The criteria for flow interpretation based on HR is as follows [48]:

Excellent: 1.00 < HR < 1.11;
Good: 1.12 < HR < 1.18;
Fair: 1.19 < HR < 1.25;
Passable: 1.26 < HR < 1.34;
Poor: 1.35 < HR < 1.45;
Very poor: 1.46 < HR < 1.59.

The true density was determined using a Pycn-020 Gas Pycnometer (Vivid Separation and Filtration,
Amman, Jordan). Each sample was weighed then placed in a vial in the second chamber, while air is
allowed to pass through the second chamber from the first one. Pressure was recorded in both chambers
by a pressure gauge, and the volume of the sample was calculated using the following equation:

Py xVq =P2X(V1+V2-VS.) (2)

where Py, V1 and Py, V; are the pressure and volume in the first and the second chamber, respectively,
and vs. is the volume of the sample. The mass of the sample divided by its true volume yields the true
density in g/cm3. The average of three measurements was carried out for each sample and for each
type of density.

Water Content Determination

Raw, ball milled, and compacted chitin samples were analyzed for water content using Karl
Fischer volumetric titrator (Mettlor Toledo, Hamburg, Germany). Each sample was tested under the
following conditions; room temperature (25 °C), humidified for 30 days at 93% relative humidity (RH),
dried for four days at 95 °C. Three samples were considered for each analysis.
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Specific Surface Area Determination

BET specific surface area was determined by physical adsorption of nitrogen gas using a Nova
2200 multi-speed high gas sorption analyzer (version 6.11, Quantachrome Co., Syosset, NY, USA).
Samples were subjected to nitrogen gas for adsorption under isothermal conditions at 77 K. The samples
were initially placed in a vacuum oven at 60 °C for 24 h. A reference empty cell (Sartorius, analytic,
A120s, Gottingen, Germany) and the sample (~500 mg) were placed in the chambers. The amount
of adsorbate gas was measured, then calculations based on a monomolecular layer assumption were
applied. BET surface area analysis was calculated from the linear region of the BET plot.

4.2.5. Powder/Tablet Characterization

Chitin samples (raw, ball milled and compacted) were compressed into tablets using an
instrumental single punch bench top tablet press (GTP-1, Gamlen Tablet Press Ltd, Nottingham,
UK). Compression was carried out at a punch speed of 60 mm/min by applying five different loads;
100, 200, 300, 400, 500 kg. The samples poured into the die of the GTP had a common weight of 75 +
1 mg. The diameter and height of the die were 6 and 18.1 mm, respectively. The machine was run by
software to display the force-displacement (F-D) curve. Kawakita and Heckel models, Equations (3)
and (4), respectively, were utilized to describe the compression analysis of the powders [49,50].

Kawakita analysis describes a linear relationship between the ratio of pressure (MPa) to volume
reduction (C) and the pressure. From the slope and intercept of this relationship, constants ‘a” and ‘b’
can be deduced; ‘a’ represents the maximum volume reduction that can be attained by the powder.
“1/b” or ‘P’ is another parameter that represents the force required to reduce the powder bed volume to

half its maximum value.
B = E + l (3)
C a ' ab

Heckel analysis describes a relationship between the logarithm of the inverse of compact porosity
(¢) and the pressure applied.

In % = kP + A 4)
Porosity is calculated using the following equation:
e=1-op; )
where p; is the relative density of the compact and is calculated using the following equation:

Pr = Pc/PT (6)

where p. and pt are compact and true densities (kg/m3), respectively.

The inverse of the slope of the Heckel equation or ‘1/K” is an important parameter which assigns
the type of deformation of materials, whether plastic/elastic or brittle-fracture. This parameter is called
the yield pressure and is signified by the symbol ‘Py’.

4.2.6. Application of Compacted Chitin Excipient Using Metronidazole as a Model Drug

It was desired to test the dissolution profile of six tablets (500 mg weight each) comprising the
weakly compressible/compactable metronidazole drug (200 mg) and compacted chitin. The matrix
will be compared with a reference (6 tablets) made of the same drug and microcrystalline cellulose
(MCC). The powder for compression (50 g) was prepared by physically mixing metronidazole (44.4%
w/W) with compacted chitin/or MCC (50% w/w) and talc (5.6%). The mixtures were compressed using
a single punch tablet press (Manesty F3 single stroke tablet press; West Pharma services Ltd, Dorset,
UK) at an applied pressure of 35 kN. The fitted die was flat, round and 12 mm in diameter. Prior to
dissolution testing, the average crushing force and disintegration time of 10 tablets produced were
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measured using a crushing force (Pharma Test PTB 311E. Hainburg, Germany) and disintegration
(CALEVA, Dorest, UK) testers. The disintegration time of the tablets was determined according to the
European Pharmacopoeia Supplement, whereby six tablets were inserted in a water-filled basket-rack
apparatus set at 37 °C [46].

Dissolution testing was conducted according to USP 32, whereby apparatus I was used (Erweka DT6,
Langen, Germany) with paddles rotating at 50 rpm. 900 mL of 0.1 N HCl was used as the dissolution medium.
The amount of drug released was analyzed by measuring the absorbance using a UV spectrophotometer
(LABINDIA UV/VIS, UV 3000, Maharashtra, India) at a wavelength of 277 nm for metronidazole [51].

5. Conclusions

Dry granulation via roller compaction has proved to be reliable in the conversion of raw chitin
into an excipient suitable for direct compression. The data reported herein illustrates that this can be
achieved by multiple compaction of the raw material under high pressure. Analysis of ball milled
chitin showed that a decrease in powder crystallinity does not necessarily provide excipients with
the required DC specifications. In the same vein, the improvement in raw chitin powder physical
properties, i.e., bulk density, flowability, compressibility and compactibility, is attributed to the increase
in the amorphous character of raw chitin. The obtained crystal form results in the highly packed
arrangement of granules with lower true density and specific surface area than raw and ball milled
chitin. On the other hand, such compacted granules were hard and showed resistance to displacement
upon compression; however, they manifested high plastic deformation. The foregoing justifies the high
crushing strength of tablets produced from compacted chitin. Drying and humidification of granules
obtained from ball milling and roller compaction techniques did not provide added value that could
serve excipient processing in the context of DC applications. Finally, compacted chitin provided tablets
with DC and immediate drug release requirements when formulated with metronidazole (200 mg) as a
non-compressible and-non compactible model drug.
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Abstract: Topical administration of drugs into the vagina can provide local therapy of vaginal
infections, preventing the possible systemic side effects of the drugs. The natural polysaccharide
chitosan is known for its excellent mucoadhesive properties, safety profile, and antibacterial effects,
and thus it can be utilized in improving localized vaginal therapy by prolonging the residence
time of a drug at the vaginal site while acting as an antimicrobial in synergy. Therefore, we aimed
to explore the potential of chitosan, namely chitosan-coated liposomes and chitosan hydrogel,
as an excipient with intrinsic antimicrobial properties. Liposomes were prepared by the thin-film
hydration method followed by vesicle size reduction by sonication to the desired size, approximately
200 nm, and coated with chitosan (0.01, 0.03, 0.1, and 0.3%, w/v, respectively). The mucoadhesive
properties of chitosan-coated liposomes were determined through their binding efficiency to mucin
compared to non-coated liposomes. Non-coated liposomal suspensions were incorporated in
chitosan hydrogels forming the liposomes-in-hydrogel formulations, which were further assessed
for their texture properties in the presence of biological fluid simulants. The antibacterial effect of
chitosan-coated liposomes (0.03%, 0.1% and 0.3%, w/v) and chitosan hydrogels (0.1% and 0.3%, w/w)
on Staphylococcus epidermidis and Staphylococcus aureus was successfully confirmed.

Keywords: chitosan-coated liposomes; chitosan hydrogel; mucoadhesion; vaginal infections;
antibacterial activity; Staphylococcus epidermidis; Staphylococcus aureus

1. Introduction

Although the antibiotics era enabled treatment of previously fatal infections, microorganisms
managed to “fight back” and develop resistance, leading to an era of antimicrobial resistance. As a
consequence, the antimicrobial treatment options became limited and the need for better antimicrobials
more evident. In a search for novel antimicrobials, materials of natural origin with intrinsic antimicrobial
properties become highly attractive, especially for localized antimicrobial therapy. A material exhibiting
intrinsic antimicrobial properties can be used either as a pharmaceutical excipient, for example, as a
vehicle for the antimicrobial agent, or as an active agent itself [1]. The choice of excipients of natural
origin with intrinsic antimicrobial properties will be dependent both on the targeted microorganism
but also on the features of the administration site such as skin, vagina, etc. The choice will also
be influenced by the other characteristics of the material such as its muco- and bio-adhesiveness,
stability in biological environment, toxicity, etc. Considering the vagina as an administration site,
chitosan is among the most promising materials. We have extensively studied chitosan-based delivery
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systems [2-5], both for skin and vaginal administration. To date, no consensus in the field has been
reached considering the exact mechanisms of the antimicrobial actions of chitosan. The antimicrobial
effects of chitosan are attributed to its ability to destabilize the outer membrane of Gram-negative
bacteria [6,7] and permeate the microbial plasma membrane [8]. The interaction between positively
charged chitosan molecules and negatively charged microbial cell membranes is expected to lead to
a disruption of microbial membrane, followed by a leakage of intracellular constituents [9]. It was
proposed that at a lower concentration (< 0.2 mg/mL), the cationic groups of chitosan bind to the
negatively charged bacterial surface leading to agglutination, while, at higher concentrations, the larger
number of chitosan cationic groups form a net positive charge onto the bacterial surfaces resulting in
a suspension [6]. Considering the optimal properties of chitosan, it seems that its hydrophilicity is
essential for its antimicrobial potential. In addition, its molecular weight, degree of acetylation and
ionic strength and pH of the dissolving medium will also affect antimicrobial properties of chitosan.
Therefore, by tailoring the formulation features, it is possible to optimize the antimicrobial potential of
chitosan-based formulations [10].

Genital infections can be caused by a variety of microorganisms. However, bacterial vaginosis
remains among the most recurrent infections of genital tract [5]. There are several factors responsible
for failure to eradicate bacterial vaginosis completely and prevent recurrence. However, it seems that
persistent bacterial biofilms could be among the most contributing factors. Antibiotics fail to fully
penetrate the negatively charged polysaccharide matrix coating the bacteria in biofilm, enabling the
survival of bacteria in the deeper quarters of the biofilm. Therefore, utilizing material able to act on
disruption of biofilms, as well as deliver other antimicrobial of interest within the same formulation,
may lead to successful antibacterial therapy. Chitosan was proposed as a potent antimicrobial material
acting on biofilms; chitosan gels were reportedly able to eradicate Pseudomonas aeruginosa biofilms in a
pH-independent manner. Moreover, the chitosan concentration required to eradicate biofilms was
rather low (0.13%) [11].

Treating vaginal infections requires careful tailoring of the formulation features, since the vagina as
an administration site bears specific challenges which should be addressed/overcome when optimizing
the therapy. The first consideration is probably the need to assure that the formulation does not disturb
the natural vaginal environment [12]. A further challenge is sufficient residence time within the vaginal
cavity. Formulations such as liposomes-in-hydrogel formulations can assure the required mucoadhesive
properties and vaginal residence time [13-15]. A liposomes-in-hydrogel formulation can exhibit a
synergic effect; poorly soluble active substances/drugs will be incorporated in liposomes whereas the
extend residence time within the vaginal site will be assured by hydrogel as a vehicle [16,17]. Moreover,
these hydrogels are often based on natural mucoadhesive polymers such as chitosan, assuring the
formulation’s biocompatibility and biodegradability [18].

In order to achieve maximal clinical outcome of novel formulation based on hydrogels in terms of
improving retention of a drug and spreading within the vaginal cavity, it is necessary to highlight the
importance of texture characterization of hydrogels [19]. Utilizing chitosan as a hydrogel vehicle with
intrinsic biological activity enables synergy between the drug and excipient chitosan [20].

The additional advantage of chitosan is its ability to closely interact with mucus, thus providing
an efficient contact-time between the formulation and the vaginal mucosal epithelium [3]. Chitosan
can be used to prepare different mucoadhesive delivery systems and dosage forms either as a coating
material for liposomes and a building block for nanoparticles or as a mucoadhesive hydrogel [21,22].

We aimed to evaluate whether the formulation type and features have an impact on the antimicrobial
performance of chitosan-based formulations. To avoid interference from the active ingredients, we
focused on drug-free formulations. We prepared and fully characterized two main formulation types,
namely chitosan-coated liposomes and liposomes-in-chitosan hydrogel. The formulations were
fully characterized and tested against Staphylococcus epidermidis and Staphylococcus aureus and their
antimicrobial activity compared.
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2. Results and Discussion

An optimal localized treatment of vaginal infections depends not only on the potency of the active
ingredient/drug, but also on the physiochemical properties of the formulation; an ideal formulation
can protect and enhance as well as act in synergy with antimicrobial to assure successful therapy [23].
Chitosan-based delivery systems exhibit strong mucoadhesive properties, an excellent safety profile
and intrinsic antimicrobial activity of chitosan, which add to their attractiveness as pharmaceutical
formulations, including those destined for vaginal delivery [4,17,24,25]. However, relatively little is
known about the effects of the type of formulation on the antimicrobial performance of the formulation.
Since the most interesting chitosan-based formulations are coated liposomes and chitosan hydrogels,
we developed, characterized and evaluated these two formulations.

2.1. Liposomal Characteristics

The vesicle size of liposomes depends on the preparation method, and the thin-film hydration
method is known to generate rather large heterogeneous multilamellar vesicles (MLVs). [26]. When
aiming at vaginal mucosal delivery, the vesicle size range is suggested to be approximately 200 nm [12].
We, therefore, reduced the MLVs’ size to close to 200 nm (Table 1). The size reduction by probe
sonication resulted in a bimodal size distribution expressed as two vesicle populations. However,
the polydispersity index (PI) was found to be acceptable with values below 0.4 (Table 1). A lower PI
value indicates a more homogenous liposomal distribution [27].

Table 1. The effect of chitosan coating on liposomal size distribution. The values are presented as the
mean + SD (n = 3).

Vesicle size PI*
Peak 1 (nm)  Weight Intensity (%)  Peak 2 (nm)  Weight Intensity (%)

Non-coated 226 +10.2 89.2 55+4.6 10.8 0.35
0.01 217 £ 0.7 90.2 49+0.2 10.2 0.32
0.03 228 +2.4 90.5 54+0.0 10.2 0.31

0.1 288 +71.1 74.9 75+19.2 24.6 0.33

0.3 358 +90.8 63.5 106 +29.4 34.1 0.33

* Polydispersity index.

An increase in liposomal size was seen for the chitosan-coated liposomes coated with the higher
chitosan concentration (0.1% and 0.3%, w/v), indicating that coating was successful. Further, the vesicle
size increased with the increasing polymer concentration, in agreement with the literature [3,28-31].
Although the chitosan concentrations commonly utilized for coating of vesicles range from 0.1% to
0.6%, we tried to use even lower concentrations (0.01% and 0.03%, respectively). However, the lowest
concentration of chitosan did not lead to an increase in the original liposomal size (Table 1). Lack of
the change in vesicle size after the coating may indicate that the coating was unsuccessful, assuming
that original vesicle size of neutral liposomes was representative. The polydispersity index indicates a
rather heterogenous population of neutral liposomes (Table 1). NICOMP distributions categorize the
vesicles in subpopulations of vesicles of similar size [28]. Therefore, results are an estimate based on
the intensity of subpopulations. In this case, the degree of significance would not be relevant and was
not calculated.

An increased zeta potential for chitosan-coated liposomes is expected due to the cationic character
of chitosan and can be used as an indicator of successful coating. The zeta potential of all liposomal
formulations was determined (Figure 1), confirming that chitosan coating with the higher chitosan
concentration (0.1% and 0.3% w/v) resulted in an increase in liposomal surface charge compared to
the non-coated liposomes, in agreement with the literature [3,32]. The increase in potential was lower
compared to our previous findings [28,29]. However, the use of different origin chitosan, lipid, and the
medium liposomes were dispersed in, might be the contributing factors to the observed differences [33].
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The changes in the liposomal size (Table 1) and increase in zeta potential (Figure 1) confirmed the
successful coating when higher chitosan concentrations were applied.
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Figure 1. The zeta potential of chitosan-coated liposomes and effect of chitosan coating on mucin
binding. In dark blue: The effect of chitosan coating on the zeta potential of liposomes. The values
denote the mean of three individual experiments, determined in triplicates, and expressed as the mean
+ SD for non-coated liposomes, 0.1 and 0.3% chitosan-coated liposomes, respectively. In light blue: The
effect of chitosan coating on the mucin binding efficiency. The values are presented as the mean + SD
(n=3).

To prolong the residence time of vaginal formulation, it is advantageous to increase the
concentration of polymer thereof, enhancing the strength of mucoadhesion [34]. The mucoadhesive
properties of chitosan-coated liposomes were determined based on the mucin binding of chitosan-coated
liposomes compared to non-coated liposomes (Figure 1) [29]. The mucin binding of chitosan-coated
liposomes was significantly higher (p < 0.001) than non-coated liposomes, as expected. Results
corresponded to earlier findings regarding increased mucin binding due to chitosan coating [28,29,35].
However, the 0.3% (w/v) chitosan concentration did not express significantly increased mucin binding
compared to 0.1% (w/v) chitosan-coated liposomes. In our previous work [29], we determined the
surface availability of chitosan when two different concentrations of chitosan were used to coat
liposomes. The availability of chitosan was higher when the coating was performed with lower
chitosan concentrations. The mucin-binding was also superior. It is important to consider that these
findings can only provide indirect information about the binding efficiency of chitosan coating on
the liposomal surface. The difference between the current and previous work can be contributed to
chitosan origin, different molecular weights of chitosan, as well as different size of liposomes that were
coated. The longer polymer chains are more likely to interact to a lesser extent with mucin chains,
resulting in reduced interpenetration through vaginal mucus, and thus reduced adhesive properties [3].

2.2. Hydrogel Characteristics

Chitosan-based hydrogels are considered to be very attractive vehicles for vaginal drug
delivery due to their lower pH (4-5), high water content, biodegradability and pronounced
mucoadhesiveness [24].

The texture properties of hydrogels, such as the hardness, cohesiveness and adhesiveness, are
essential parameters to be evaluated when considering hydrogel as a potential vaginal formulation. In
brief, the hardness of the hydrogel indicates the applicability of the hydrogel, considering the ease
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of application, packaging and storage. The adhesiveness may indicate the contact time between the
hydrogel and mucus and therefore the retention within the vaginal cavity. Cohesiveness describes the
work required to deform the hydrogel in the downward movement of the probe [36]. The composition
of the hydrogels determines their textural properties, which can be further assessed as an indicator
to obtain optimal properties suitable for the specific route of administration. Thus, these parameters
were investigated for various types of hydrogel formulations to assure that the properties of hydrogels
correlate to the desired features. These properties of hydrogels are known to be influenced by the
molecular weight of the polymer, and previous findings indicated medium-molecular-weight chitosan
to exhibit superior texture properties, considering vaginal administration, compared to the high and
low-molecular-weight chitosan [17]. Thus, hydrogels based on medium-molecular-weight chitosan
were used in all experiments in this study.

Glycerol was added to hydrogels to maintain the stability of chitosan hydrogels [37]; moreover,
glycerol has also shown the ability to improve the texture properties of the hydrogels [17,36]. To avoid
possible toxicity and local irritation, we aimed to minimize the acetic acid concentration used in
hydrogel preparation. Hydrogels with 0.75 and 1% (w/w) acetic acid were prepared to investigate
the effect of acid concentration on texture properties and short time stability. A slight increase in the
hardness, cohesiveness and adhesiveness was seen for hydrogels made with 1% (w/w) acetic acid after
storage for 5 days at room temperature (Figure 2). The same trend was observed previously [17] for
hydrogels stored for 2 months. This was not observed for hydrogels made with a lower concentration
(0.75%) of acetic acid (Figure 2). Moreover, the reproducibility of hydrogels comprising 1% (w/w) acetic
acid was superior to 0.75% (w/w). This might indicate that 0.75% (w/w) acetic acid is the minimum acid
concentration needed to assure chitosan solubility. Additionally, all parameters were increased for the
hydrogels comprising an increased concentration of acetic acid, possibly due to enhanced interactions
between chitosan and acetic acid [38]. Hence, acetic acid with a concentration of 1% (w/w) was used
for the preparation of hydrogels in all further experiments. We did not encounter any toxicity issues
for hydrogels prepared with even higher chitosan concentrations (data not shown).
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Figure 2. Texture properties of chitosan hydrogels (2.5% w/w) with different compositions determined
either as freshly prepared or after storage for 5 days at room temperature (23-25 °C). The values are
expressed as the mean + SD (n = 3).
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2.3. Effect of Biological Fluids on The Texture Properties of Chitosan Hydrogels

All formulations administered to the vaginal cavity will be exposed to biological fluids which
may affect their properties and consequently their performance [17]. The composition, volume and pH
of vaginal fluids varies with women'’s age and stage in reproductive cycle [39]. The mucoadhesive
vaginal drug delivery system can be optimized by utilizing information on texture properties provided
by the texture analysis [17,19]. To explore the influence of relevant biological fluids on the texture
properties of hydrogels, the hardness, cohesiveness and adhesiveness of hydrogels were determined
when the hydrogels were exposed to mucin, vaginal fluid simulant (VFS) and human semen fluid
simulant (SFS).

Pig mucin was chosen as a model mucin due to its similarity to human mucin [40]. The cohesiveness
and adhesiveness of the chitosan hydrogel was significantly reduced (p < 0.001) in the presence of
mucin, compared to the non-exposed hydrogels, indicating that mucin is affecting the texture properties
(Figure 3). Theoretically, adhesiveness should not be significantly affected due to enhanced adhesion
between the polymeric hydrogel and mucin [41]. The hydrogel hardness was not affected by the
presence of mucin. However, when hydrogels were exposed to the mixture of biological fluids,
all texture parameters were affected and reduced as compared to intact hydrogels. The texture
properties of hydrogel in the presence of vaginal fluids may indicate the level of robustness and
viscosity of the hydrogel, which can affect the spreadability of the hydrogel and optimal coverage of
vaginal mucus. The introduction of vaginal and semen fluid will alter both the viscosity and pH of
vaginal mucus, and possibly contribute to improved ability of the hydrogel to spread evenly onto the
vaginal mucus, increasing the contact time between mucin and the mucoadhesive hydrogel. However,
the strength of the interactions between mucin and hydrogels might be weakened [12]. Similar trends
as observed in our testing have been reported for both poloxamer and chitosan-based hydrogels [42,43].
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Figure 3. Texture properties of hydrogels (2.5% w/w chitosan) in the presence of mucin, vaginal fluid
simulant (VFS) and semen fluid simulant (SFS) as compared to non-exposed hydrogel. The values are
shown as the mean + SD (n = 4).

Many of the active ingredients/drugs destined for localized vaginal therapy are poorly soluble
and cannot be dissolved in hydrogels, therefore requiring a carrier able to solubilize them, as well
as offer protection against the hydrogel microenvironment [23]. Liposomes are among the most
studied carriers for poorly soluble substances/drugs. Due to their liquid nature, liposomes often
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require secondary vehicles such as a hydrogel to assure prolonged residence time within the vaginal
cavity. The incorporation of liposomes in hydrogels has been shown to improve formulation texture
properties [17]. Liposomes not only enable the incorporation of poorly soluble drugs, but also act on
improved bioavailability and potential controlled drug release. The combination of liposomes and
chitosan hydrogel, liposomes-in-hydrogel formulation, provides a prolonged residence time at the
vaginal site and improved localized drug therapy. The incorporation of liposomes in hydrogel has
also been shown to increase their stability when exposed to vaginal fluids [44]. Hence, we tested how
biological fluids influence the texture properties of liposomes-in-hydrogel formulation.

The incorporation of liposomes into hydrogels resulted in hydrogels exhibiting slightly increased
adhesiveness and cohesiveness (Figure 4) compared to hydrogels containing buffer in the same
concentration as the liposomal suspension (Figure 3). This finding closely corresponded to earlier
findings, indicating that liposomes are indeed stabilizing the chitosan network [36]. However,
the texture properties of liposomes-in-hydrogel formulation were also affected by the exposure to
biological fluids (Figure 4).
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Figure 4. Texture properties of liposomes-in-hydrogels in the presence of mucin, vaginal fluid simulant
(VFS) and semen fluid simulant (SFS). The values are shown as the mean + SD (n = 3).

2.4. Antimicrobial Effects of Chitosan Formulations

After optimizing the two chitosan-based formulations, we evaluated the effect of formulation
features on the antimicrobial activity. The antimicrobial properties of chitosan are widely studied [1,7,45].
To characterize the antibacterial activity, we opted to compare two of the most common chitosan-based
formulations, namely chitosan-coated liposomes versus chitosan-based hydrogels. The antibacterial
effects of chitosan-coated liposomes (0.01%, 0.03%, 0.1% and 0.3%, w/v respectively) and chitosan
hydrogel (0.1% and 0.3% w/w, respectively) were tested against methicillin-resistant or sensitive strains
of two clinical species of Gram-positive bacteria; namely S. aureus and S. epidermidis. Staphylococcus
spp. is naturally found on the human skin and mucosal surfaces. A disturbance in the microbiota can
result in Staphylococcus spp infections, and poor hygiene, elevated pH, immune deficiency and diabetes
can lead to extensive colonization of this bacteria [46]. Few studies have connected Staphylococcus
to the vaginal environment; however, it is known that Staphylococci may contribute to bacterial
vaginosis and increase the diversity of bacteria in vaginal microbiota [47]; hence, we chose to use these
bacterial species as model organisms to evaluate the effect of the type of chitosan formulation on its
antimicrobial properties.
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Non-coated (chitosan-free) liposomes were considered as a negative control and, as expected,
did not show any antibacterial effect (data not shown). The neutral liposomal membrane is expected to
have limited interaction with the bacterial cell membrane, thus, resulting in negligible antibacterial
activity, as observed. The antibacterial activities of all liposomal formulations were expressed as a
percentage of inhibition compared to a positive control; antibiotic vancomycin. Thus, the antibacterial
activity of each formulation was expressed as a percentage of growth inhibition zone relative to the
inhibition effect of vancomycin considered to be 100%. No bacterial growth inhibition was observed
for liposomes coated with 0.01% chitosan for all bacteria isolates (data not shown) as expected.
Interestingly, liposomes coated with chitosan concentration as low as 0.03% did suppress bacteria
growth of S. epidermidis, whereas the same liposomes did not show the antibacterial effect on S. aureus
(Figure 5). Those liposomes were very similar in size and zeta potential to non-coated liposomes and
were expected to have a very thin layer of coating (Table 1). However, it seems that the available
concentration of chitosan on the liposomal surface was sufficient to act as an antimicrobial.
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Figure 5. Antibacterial activity of chitosan-coated (%, w/v) liposomes expressed as the percentage of
antibacterial activity compared to positive control vancomycin (100%). The values are presented as the
mean + SD (n = 3).

To explain why the same liposomes acted on S. epidermidis but not on S. aureus, more work should
have been included. However, it was shown early on that S. aureus is more prone to developing
resistance than S. epidermidis [48], which could be among the contributing factors for the observed
difference. The postulation may be supported by the fact that only the 0.3% chitosan-coated liposomes
efficiently inhibited bacterial growth of S. aureus, indicating that the growth inhibition potential
might be dependent on the chitosan concentration available on the liposomal surface. However,
these differences were not statistically significant; and further evaluation of higher concentrations of
chitosan-coated liposomes is needed to investigate the hypothesis of increased antibacterial effect at
higher concentrations as well as broader antimicrobial spectra when higher chitosan concentrations
are used for coating. An additional factor which may be interesting to explore is the size of liposomes.
Liposomes coated with the highest chitosan concentration were larger in size than smaller vesicles
(Table 1) and more mucoadhesive (Figure 1), which might imply that they were in closer contact
with agar.
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No significant difference in antibacterial activity was observed between the two concentrations
of chitosan hydrogels (0.1% and 0.3%, respectively), indicating that the lower chitosan concentration
is sufficient to express an inhibitory effect against both bacterial strains (Figure 6). Hydrogels with
0.1% and 0.3% chitosan were proven to be more effective against S. aureus than the chitosan-coated
liposomes (Figure 7). Possibly, less chitosan is available on the surface of the chitosan-coated liposomes
which are spherical in nature, resulting in reduced electrostatic interactions between chitosan and the
negatively charged bacterial cell membrane [26]. Recently, Dumont and colleagues [49] reported that
alginate fibers coated with chitosan significantly decreased the bacterial growth of S. aureus. Moreover,
they were able to confirm that formulation features also play an important role in antimicrobial activity
of formulation; longer fibers were found to be better. Although their aim was to develop novel wound
dressing, the findings are relevant for our study. Itis interesting that the 0.1% chitosan-coated liposomes
did not inhibit the growth of S. aureus to the same extent as 0.1% chitosan hydrogel, indicating that the
type of formulation contributes to the degree of inhibition of this bacterium.
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Figure 6. Antibacterial activity of chitosan hydrogels (%, w/w) expressed as the percentage of
antibacterial activity compared to positive control vancomycin (100%). The values are presented as the
mean + SD (n = 3).

Figure 7. Antibacterial activity of chitosan formulations. Inhibition of S. aureus MSSA 476 by vancomycin
(A, positive control), non-coated liposomes (B, negative control), 0.3% (w/v) chitosan-coated liposomes
(C), 0.1% (w/w) chitosan hydrogel (D) and 0.3% (w/w) chitosan hydrogel (E). Inhibition of S. aureus
ATCC 25923 by vancomycin (F, positive control), non-coated liposomes (G, negative control), 0.3% (w/v)
chitosan-coated liposomes (H), 0.1% (w/w) chitosan hydrogel (I) and 0.3% (w/w) chitosan hydrogel (J).

31



Mar. Drugs 2020, 18, 96

The zones of inhibition were from 0.00 cm for non-coated liposomes to 1.81 cm for the positive
control, vancomycin.

Chitosan can be used as an excipient able to contribute as an antibacterial agent, as suggested by
Yang and colleagues [20]. Previous studies have reported that the antimicrobial activity of chitosan
depends on parameters such as molecular weight, degree of deacetylation and derivatization [50].
We have shown that the type of chitosan formulation can contribute to the overall antimicrobial
performance of the formulation. These promising findings need to be further explored to confirm
that the type of formulation affects not only the antibacterial but also antifungal activity of chitosan.
Moreover, it would be interesting to evaluate the potential of chitosan derivatives as well as chitosan
hybrid nanoparticles. For example, a quaternized chitosan was recently reported to exhibit strong
activity against Escherichia coli when formulated as a nanofiber membrane [51]. Similarly, hybridization
of chitosan with protamine lead to improved activity of chitosan nanoparticles against E. coli [52].

3. Materials and Methods

3.1. Materials

Lipoid S 80 (80% phosphatidylcholine from egg) was a gift from Lipoid GmbH, Ludwigshafen,
Germany. Chitosan (medium-molecular-weight hydramer HCMF) was a gift from Chitinor AS, Tromsg,
Norway. Mucin from porcine stomach (type III, bound sialic acid 0.5%-1.5%, partially purified),
acetic acid, ammonium acetate, bovine serum albumin, calcium chloride, calcium hydroxide, fructose,
glucose, glycerol, lactic acid, magnesium chloride, potassium chloride, potassium phosphate, sodium
chloride, sodium phosphate dibasic, sodium phosphate monobasic monohydrate and vancomycin
hydrochloride were all purchased from Sigma Aldrich Chemie GmbH, Steinheim, Germany. Potassium
hydroxide and sodium citrate dehydrate were the products of NMD, Oslo, Norway. Urea was
the product of Apotekproduksjonen AS, Oslo, Norway. Staphylococcus aureus MSSA476 (ATCC®
BAA-1721™) was purchased from LGC standard AB, Sweden. Staphylococcus aureus N315 was a gift
from T. Ito (https://www.ncbi.nlm.nih.gov/pubmed/10348769). Staphylococcus epidermidis 8-2 was from
Rikshospitalet, The University Hospital, Oslo, Norway, while Staphylococcus epidermidis 13-67 and
S. aureus ATCC25923 were from University Hospital Northern Norway, Tromse, Norway.

3.2. Preparation of Liposomes

Liposomes were prepared by the conventional thin-film lipid hydration method [29].
Phosphatidylcholine (1 g) was dissolved in excess methanol in a round-bottomed flask. The solvent
was evaporated using a rotoevaporator (Biichi rotavapor R-124 with vacuum controller B-721, Biichi
Vac® V-500, Biichi Labortechnik, Flawil, Switzerland) for at least 1 h at 60 mBar and 45 °C, forming
a thin-film lipid. The lipid film was dislodged from the flask walls by adding 50 mL acetate buffer
(pH 4.6, 77.1 g/L CH3COONHy,, 70 mL glacial acetic acid). The liposomal suspension was kept in a
refrigerator (4-6 °C) overnight prior to further experiments.

3.3. Vesicle Size Reduction

The vesicle size of the liposomes was reduced by probe sonication [28]. The liposomal suspension
was placed on ice and the needle probe tip inserted approximately 5-7 mm into the liposomal
suspension. The sonicator (Ultrasonic processor 500 W, Sigma-Aldrich, St. Louis, MO, USA) was set to
40% amplitude and the samples sonicated 3 times for 1 min, with 1 min resting periods. The samples
were stored in the refrigerator (4-6 °C) for at least 6 h prior to further experiments.

3.4. Chitosan Coating of Liposomes

The liposomes were coated with 0.01%, 0.03%, 0.1% and 0.3% (w/v) chitosan solutions, respectively.
All solutions were prepared in 0.1% (v/v) glacial acetic acid. The chitosan solution (2 mL) was added
drop wise into the liposomal suspension (2 mL) under magnetic stirring at a constant rate, at room

32



Mar. Drugs 2020, 18, 96

temperature for 1 h [29]. Prior to characterization, the chitosan-coated liposomes were stored in a
refrigerator (4-6 °C).

3.5. Particle Size Analysis of Liposomes

The particle size distribution of liposomes was determined by photon correlation spectroscopy
(NICOMP Submicron particle sizer, model 370, Nicomp Particle Sizing system, Santa Barbara, USA).
All analyses were run in the vesicle mode and intensity distribution (NICOMP). Preparation of samples
was conducted in laminar air flow bench using particle free equipment to avoid possible exposure to
dust particles. Test tubes were rinsed with sterile filtered medium (acetate buffer, using 0.20 pm pore
size filter) prior to dilution of the liposomal suspension in the respective medium until the intensity
was within 250-350 Hz. Two cycles with a runtime of 15 min were performed.

3.6. Zeta Potential Measurements

Zeta potential measurements were performed on a Malvern Zetasizer Nano ZS (Malvern, Oxford,
UK.) The measurement cell was flushed with ethanol and filtrated tap water (0.20 pm pore size filter)
before loading of sample. The liposomal suspensions were diluted 1:40 (v/v) with filtered tap water to
achieve the optimal measurable concentration. Three cycles for three independent samples of each
formulation were performed at 25 °C [53].

3.7. Mucoadhesive Properties of Chitosan-Coated Liposomes

The mucoadhesive properties of chitosan-coated liposomes were determined by measuring the
in vitro binding of chitosan to pig mucin (PM) [29]. An aliquot of the liposomal suspension (1 mL)
was added to 1 mL PM suspension (400 ug/mL in 0.05 M phosphate buffer) and incubated at room
temperature for 2 h, followed by centrifugation (Optima LE-80; Beckman Instruments, Palo Alto,
CA, USA) at 10 °C with a speed of 216,000 g for 1 h. Volumes of 200 uL (four of each sample)
were transferred directly from supernatant in the tubes and over to a microtitre plate (Costar® UV
96-well plate with UV transparent flat bottom, Acrylic, Costar®, Corning, NY, USA) and the amount
of PM was measured spectrophotometrically (Microtitre plate reader; Spectra Max 190 Microplate,
Spectrophotometer Molecular devices, Sunnyvale, CA, USA) at 251 nm. The PM binding efficiency
was calculated according to Naderkhani et al. [35].

3.8. Hydrogel Preparation

Chitosan hydrogels were prepared as previously described [17]. Briefly, medium-molecular-weight
chitosan (2.5%, w/w) was dispersed in the blend of glycerol (10% w/w) and acetic acid (0.75% or 1%
w/w) and left to swell at room temperature (23-25 °C) for a minimum of 48 h. Hydrogels were diluted
in acetate buffer (pH 4.6, comprising 77.1 g/L CH3COONHy, and 70 mL glacial acetic acid) to obtain
hydrogels with the final chitosan concentrations of 0.1% and 0.3% (w/w), respectively. Hydrogels
containing acetate buffer or liposomes (20%, w/w) were prepared with the final chitosan concentration
of 2.5% (w/w).

3.9. Preparation of Biological Fluid Simulants

The preparation of the vaginal fluid simulant (VFS) followed the procedure originally published
by Owen and Katz [54]. VFS was composed of 3.5 g/L NaCl, 1.40 g/L KOH, 0.222 g/L. Ca(OH);, 0.018g/L
bovine serum albumin, 2 g/L lactic acid, 0.16 g/L glycerol, 5.0 g/L glucose, 0.4 g/L urea and 1 g/L acetic
acid. The solution was mechanically stirred at room temperature (23-25 °C) to assure a homogenous
mixture and the final pH adjusted to 4.5 by addition of 1 M HCI. VFS was stored in the refrigerator
(4-6 °C) and was always left for at least 1 h at room temperature prior to experiments.

Semen fluid simulant (SFS) was prepared according to Owen and Katz [55]. In total, four solutions
were made separately. Solution 1: 5.24 mL 0.123 M NaH;PO4 x H,O, 49.14 mL 0.123 M Na,HPOy,,
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813 mg sodium citrate dehydrate, 90.8 mg KCI, 88.1 mg KOH, 272 mg fructose, 102 mg glucose
anhydrase, 62 mg lactic acid, 45 mg urea and 5.04 mg bovine serum albumin. Solution 2: 101 mg CaCl,
x 2H,0, 15.13 mL H,O. Solution 3: 92 mg MgCl, x 6H,0, 15.13 mL H,O. Solution 4: 34.4 mg ZnCl,,
15.13 mL H,O. Solution 2 was added slowly into solution 1 under mechanical stirring, followed by
solution 3 and 4, respectively. SFS was filtered (0.20 pm pore size filter) and the pH adjusted to 7.7 with
1 M NaOH. SFS was stored in the refrigerator (4-6 °C) and used after being left at room temperature
for 1 h.

3.10. Determination of Texture Properties of Chitosan Hydrogels

The texture properties of chitosan hydrogels were determined according to the method previously
described [17] using Texture Analyzer TA.XT plus (Stable micro systems Ltd., Surrey, UK). The freshly
made hydrogels were stored at room temperature prior to the analyses and a 40 mm disc was
compressed into the hydrogel (40 g) by the backward extrusion. The test was performed in the
compression mode with a pretest speed, test speed and posttest speed of 4 mm/sec. Target mode was
set to a distance of 10 mm and all measurements were taken at room temperature (23-25 °C). Five
measurements were performed for each hydrogel and the hardness, cohesiveness and adhesiveness of
the hydrogels were determined. The measurements were repeated after five days.

3.11. Stability Of Hydrogels in the Presence of Biological Fluid Simulants

Hydrogels were exposed to three different types of biological fluid simulants. Mucin solution
alone (PM, 700 pL), a mixture of mucin and vaginal fluid simulant (PM, 635 pL + VFS, 65 uL) and a
mixture of mucin, a vaginal fluid simulant and a semen fluid simulant (PM, 570 uL + VFS, 65 uL + SES,
65 pL) were added onto the surface of freshly made hydrogels and left for 30 min prior to analysis.
Texture analysis was performed as described above and five measurements were taken for each sample.

3.12. Antibacterial Susceptibility Testing

Chitosan-coated liposomes and hydrogels were assessed for their in vitro antibacterial activity
against two clinical species of Gram-positive bacteria, namely Staphylococcus aureus and Staphylococcus
epidermidis, using a modified agar disc-diffusion method [56,57]. Freeze stocks of bacteria isolates
were spread on blood agar plates and incubated overnight at 37 °C. A bacterial suspension with a
turbidity of 0.5 McFarland was prepared in a saline solution (0.85% w/w). A sterile cotton swab soaked
in bacterial suspension was used to draw a cross across the Miiller-Hinton agar plates placed on an
electrical rotator to achieve uniform plating. Vancomycin (400 ng/mL) was chosen as a positive control
due to resistance of chloramphenicol against the bacterial strains. In addition, a negative control was
prepared by diluting the non-coated liposomes in same medium as used for coating of liposomes (0.1%
w/v acetic acid). Three aliquots (10 uL of samples/controls) were added on the plates, and the plates
incubated over night at 37 °C. The inhibition zone was determined by measuring the diameters of the
inhibition zones. The antibacterial activity (%) was calculated for each sample based on the inhibition
of positive control (100%).

3.13. Statistical Evaluation

The student’s t-test was performed to determine the significance of results. The significance level
was set to p-value < 0.05.

4. Conclusions

We developed chitosan-based mucoadhesive drug delivery systems for treatment of vaginal
infections to assure an increased retention time of the drug at the vaginal site and benefit from
the antibacterial effects of chitosan. Two mucoadhesive delivery systems were prepared, namely
chitosan-coated liposomes and chitosan-based hydrogels. The mucoadhesive properties of chitosan
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make it a good potential excipient for a vaginal drug delivery system in improving the residence time
at the vaginal site. To evaluate the effect of formulation on antibacterial properties of chitosan-based
formulations, we challenged formulations against Staphylococcus epidermidis and Staphylococcus aureus
and confirmed chitosan’s antibacterial activity. The antibacterial effect of chitosan appeared to be
dependent on the type of bacteria as well as the formulation. Chitosan hydrogels inhibited the growth
of both bacteria. The growth of S. aureus was only inhibited by 0.3% chitosan-coated liposomes,
whereas (0.03%, 0.1% and 0.3%) chitosan-coated liposomes inhibited the growth of S. epidermidis.
The differences in antibacterial potential need to be further exploited.
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Abstract: The effects of chitosan with 95% deacetylation degree (DD95) on the spore germination,
cell proliferation, and heat resistance of Clostridium perfringens CCRC 10,648 and CCRC 13,019 were
investigated, and its application on pork sausage with sodium nitrite reduction was also evaluated.
DD95 chitosan can strongly reduce the heat resistance of both strains. The Dgy and Dy values for
strain CCRC 13,019 decreased from 40.98 and 4.64 min to 39.21 and 3.26 min, respectively, as a result
of adding 250 ppm DD95; meanwhile, addition of chitosan decreased the Dgy and Dy values for
CCRC 10,648 from 41.15 and 6.46 min to 39.52 and 3.78 min, respectively. In pork sausage, addition of
3000 ppm DD95 chitosan considerably slowed down the bacterial proliferation and volatile basic
nitrogen production. There were no significant differences in color (L* and b* values), shearing force,
and hardness in the pork sausages with or without DD95 chitosan during storage at 4 and 25 °C.
However, the addition of DD95 chitosan in pork sausage significantly retarded the decrease of the a*
value. Therefore, DD95 chitosan could reduce the concentration of sodium nitrite required in pork
sausages for color retention.

Keywords: chitosan; antibacterial activity; Clostridium perfringens; pork sausage

1. Introduction

The meat processing industry regularly faces many serious challenges regarding the safety and
hygiene of various products [1-3]. The pathways for pathogens’ transmission into the product could
be from throughout handling processes or from the carcass surface [4,5]; however, decontamination
or sterilization of the carcass body is very difficult to perform using currently applied antimicrobial
agents. Moreover, most commonly used preservatives and antimicrobial agents have a chemical and
synthetic nature, giving them many potential side effects and risks on the health of consumers [6-8].
The meat industry continues to seek natural preservatives as antimicrobial agents.

Chitosan, a partially deacetylated chitin (poly-f-(1—4)N-acetyl-p-glucosamine) is found in
shrimp shells and fungi [9]. This polysaccharide has attracted attention as a biomedical material
because of its biocompatibility and various biological activities, including immune-enhancing [10],
anti-inflammatory [11], antibacterial [6], and antitumor activities [12]. Because of its excellent
antibacterial activity, chitosan has been widely used for food protection [13-16]. Several studies have
shown that chitosan’s molecular weight (MW) is a crucial factor in its antimicrobial properties, although
equivocal results in terms of the correlation between the antibacterial properties and MWs of chitosan
have also been observed [17,18]. Our previous report [6] concluded that the correlation between
chitosan MW and its antibacterial properties was dependent on the pH value of the reaction mixture.
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Clostridium perfringens, an anaerobic spore-forming foodborne pathogen, is widely distributed in
various foods, such as meat, seafood, and vegetable products. Due to the heat resistance of C. perfringens
spores, spores may survive the heating treatment, and then germinate and proliferate in food. After the
contaminated food is ingested, this pathogen secretes an enterotoxin in the intestine, which changes the
permeability of the cell membrane and causes diarrheal syndrome [19] or even death [20]. Therefore,
methods for controlling C. perfringens, especially its spores, in various meat products are necessary [21].
Addition of nitrite derivatives, including sodium and potassium nitrite, is the most effective method
for controlling the growth of vegetative cells and spores of Clostridium species including C. perfringens
in processed meats. In addition, nitrite also brings a characteristic red color in processed meats [22].

However, the International Agency for Research on Cancer (IARC) reported that consumption
of processed meats including sausages may increase the risk for colorectal cancer, and accordingly
classified processed meats as carcinogenic to humans. Nitrates and nitrites used as additives in
processed meats are sources of N-nitroso compounds (NOCs), which have long been known as
carcinogenic [23]. Several studies have attempted to develop new methods to inactivate the spores of
Clostridium as a way to decrease or even avoid the addition of nitrites in processed meats [24].

In this study, we prepared shrimp chitosan with 95% deacetylation (DD95) and demonstrated that
DD95 has a strong antibacterial activity against C. perfringens and could reduce the heat resistance of
C. perfringens spores. Moreover, DD95 in pork sausage stored at 4 and 25 °C effectively retarded the
increase of both total bacterial and C. perfringens counts (CPC), as well as volatile basic nitrogen values.
In addition, the synergistic effect of DD95 and sodium nitrite for a favored color development in pork
sausage was observed. Thus, the addition of DD95 in pork sausage was able to reduce the amount of
sodium nitrite required and extended the shelf life of pork sausage.

2. Result and Discussion

2.1. Antibacterial Activity of Chitosan Against C. perfringens

In this study, chitosan with a molecular weight of 220 kDa and 95% degree of deacetylation
was prepared from shrimp chitin [6]. The antibacterial effect of DD95 against the vegetative cells of
C. perfringens CCRC 13,019 and CCRC 10,648 in liver infusion broth (LIB) at 37 °C anaerobically is
shown in Figure 1. DD95 at the dosages of 50 and 100 ppm only retarded the growth of C. perfringens.
However, DD95 at 250 ppm had a bactericidal effect against this pathogen. The strain CCRC 13,019
(Figure 1A) was more susceptible to DD95 compared with the strain CCRC 10,648 (Figure 1B), as
evidenced by the exposure time of 5 h for the former and 24 h for the latter, with no survival being
observed at 250 ppm DD95.

—&— control

8 —— 50 ppm
—=— 100 ppm
—C— 250 ppm

Log CFU/ mL
»

0 2 4 6 8 10 12 14 16 18
Exposure times (hour)
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Figure 1. Cont.
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Figure 1. Survival for Clostridium perfringens CCRC 13,019 (A) and CCRC 10,648 (B) in liver brain broth
(LIB) containing various concentrations of chitosan after incubation at 37 °C anaerobically.

2.2. Effect of Chitosan on Decimal Reduction Time of C. perfringens Spores

The outbreak of C. perfringens poisoning is generally initiated by C. perfringens spores that survive
the cooking process and are germinated in food, eventually producing enterotoxins in the intestinal
tract after ingestion [16]. Therefore, reduction of heat resistance of the spores to decrease spore survival
during heating is a preventative approach for C. perfringens poisoning [16]. The effect of DD95 at 250
ppm on the decimal reduction time (D value) of tested C. perfringens strains during heating are shown
in Table 1. The D values at 80 °C (Dgy) for spores of C. perfringens CCRC 10,648 and CCRC 13,019 were
41.15 and 40.98 min, respectively. In the presence of 250 ppm DD95, Dg values decreased to 39.52 and
39.21 min, respectively. Meanwhile, the Djgg values of these spores decreased from 6.46 and 4.64 min
to 3.78 and 3.26 min, respectively, if 250 ppm DD95 was added.

Table 1. Effect of chitosan on the D value (min) of C. perfringens spores.

Heating Treatment (°C) DD95 Conc. (ppm) CCRC 10,648 * CCRC 13,019
80 0 41.15 40.98
80 250 39.52 39.21
100 0 6.46 4.64
100 250 3.78 3.26

* Data are mean of the duplicate experiments. DD95: 95% deacetylation.

2.3. Applications of Chitosan in Pork Sausage

Ground pork containing various amounts of sodium nitrite was spiked with C. perfringens CCRC
13,019 spores to have the initial density of approximately 10* spore/g for the preparation of pork
sausages. For the experimental group, DD95 was added to have the final concentration of 3000 ppm in
sausage. The sausages with or without DD95 were stored at 25 and 4 °C. Changes in the total aerobic
count (TAC) and C. perfringens count (CPC) of pork sausage samples during storage at 25 and 4 °C are
shown in Figures 2 and 3. The changes in TAC of sausage samples stored at 25 °C for 48 h were quite
similar among the control sample (without sodium nitrite and DD95) and samples containing sodium
nitrite only (40-120 ppm); meanwhile, the addition of 3000 ppm DD95 substantially decreased the
increase of TAC, regardless of whether or not sodium nitrite was added (Figure 2A). Sodium nitrite
alone in the sausage stored at 25 °C was able to retard the increase of CPC, and a dose-dependent effect
was observed. The CPC for sausages containing DD95 gradually decreased during storage, regardless
of whether or not sodium nitrite was added (Figure 2B).
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Figure 2. Changes in total aerobic counts (A) and C. perfringens counts (B) of pork sausage containing
nitrite and (or) 3000 ppm DD95 chitosan during storage at 25 °C. @ and O, 0 ppm sodium nitrite; ¥ and
v, 40 ppm sodium nitrite; m and 0O, 80 ppm sodium nitrite; ¢ and <, 120 ppm sodium nitrite. Empty
symbols, with 3000 ppm DD95; solid symbols, without DD95.

Similar results were observed for sausage samples stored at 4 °C for 10 days (Figure 3). Sodium
nitrite alone did not retard the increase of TAC in the sausage samples, whereas DD95 could effectively
decrease the increase of TAC (Figure 3A). The dose-dependent effect of sodium nitrite alone on
decreasing CPC was also observed, and this CPC decreasing effect was further enhanced by DD95 and
sodium nitrite (Figure 3B).

According to Kanner et al. [25], the mechanism of nitrite inhibition in C. perfringens is attributable
to the destruction of iron-sulfur enzymes such as ferredoxin by nitric oxide (NO), transferred from
nitrite by the ferrous ion in meat, and thus inhibition of the synthesis of adenosine triphosphate
(ATP). A similar nitrite inhibition effect on other Clostridium species, such as Clostridium botulinum
and Clostridium sporogenes, was also reported [26,27]. However, the nitrite effect on C. perfringens was
almost diminished in the presence of DD95 in sausage (Figures 2B and 3B), probably because of the
much stronger activity of DD95 against C. perfringens at 3000 ppm, which overwhelmed the inhibition
effect of nitrite at 40-120 ppm. Moreover, the iron absorption activity of chitosan may prevent NO
production from nitrite [28]. This merits further investigation in the future. The aerobes seemed more
resistant to NO produced from nitrite at the dosages tested, probably because of more antioxidant
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enzymes or compounds present in aerobes to attenuate the NO effect. Therefore, it was observed that
nitrite had only a slight effect on TAC in sausages during storage in this study.
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Figure 3. Changes in total aerobic counts (A) and C. perfringens counts (B) of pork sausage containing
nitrite and (or) 3000 ppm DD95 chitosan during storage at 4 °C. @ and O, 0 ppm sodium nitrite; ¥ and
v, 40 ppm sodium nitrite; ® and O, 80 ppm sodium nitrite; ¢ and <, 120 ppm sodium nitrite. Empty
symbols, with 3000 ppm DD95; solid symbols, without DD95.

2.4. Color and Color Difference Measurement

Changes in color (L*, a*, and b* values) of pork sausage samples during storage at 25 °C for 48 h
and 4 °C for 10 days are shown in Tables 2 and 3, respectively. In general, both L* and b* values did
not significantly change for all tested samples during storage at 25 °C, and there were no significant
differences in L* values among all tested sausages, regardless of whether or not sodium nitrite and/or
DD95 were/was added (Table 2).
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The a* value (representing the red color) for the control sausage (without nitrite and DD95) was
substantially decreased with the increase in incubation time at 25 °C, from 7.18 =+ 0.45 at the beginning
to 2.76 + 0.53 at the end of storage. At the beginning, the addition of sodium nitrite at 40-120 ppm
did not significantly change the a* value in sausage without DD95. The retention of a* value was
significantly enhanced with the increasing amount of nitrite added during storage. After 48 h of
incubation, the a* values for sausages containing 80 and 120 ppm nitrite were significantly higher
than those for sausages containing 0 and 40 ppm nitrite. The a* value was further enhanced by DD95
addition in nitrite-containing sausage. The sausage containing DD95 and 120 ppm nitrite had the
highest a* value after incubation for 48 h. In addition, at this moment there was no significant difference
in a* value between the sausage containing 120 ppm nitrite only and the sausage containing DD95 and
40 ppm nitrite (Table 2).

Similarly, all L* values were not significantly different for all sausage samples during storage at
4 °C (Table 3). Although there was some variation in the b* value of sausage samples during storage,
these b* values were still quite similar (in the range of 8.97-10.45) after incubation for 10 days. For the
control sausage (without DD95 and nitrite), the a* value significantly decreased with the increase in
incubation time. Nitrite addition, especially at 80 and 120 ppm, substantially increased the a* value
after incubation for 10 days. There was no significant difference in a* value between the sausage
containing 120 ppm nitrite only and the sausage containing DD95 and 40 ppm nitrite (Table 3).

After storage at 25 °C for 48 h, the appearances of pork sausages containing 0-120 ppm sodium
nitrite and with/without 3000 ppm DD95 are shown in Figure 4. The control sausage (without nitrite
and DD95) became greenish. The attenuation of green color and increase of red color for sausages
with increasing concentration of sodium nitrite were observed (Figure 4A). Moreover, less green color
for sausage with DD95 only (sample no. 5 in Figure 4) was observed in comparison with the control
sausage (sample no. 1). The light red color for sausages with DD95 and nitrite (40-120 ppm) was
observed (Figure 4B). In addition, a similar or even better appearance for the sausages containing DD95
and 40 ppm nitrite (sample no. 6) was observed in comparison with that for the sausage containing
120 ppm nitrite only (sample no. 4). The color appearance of sausages shown here correlated well with
the a* values shown in Table 2.

In this study, except for sodium nitrite and/or DD95, we did not add any other curing agents such as
salt and sugar to eliminate the probable combination effects of these curing agents with nitrite and DD95
on color development in pork sausage. Itis well known that the oxidation of deoxymyoglobin (red color)
to metmyoglobin (brown color) in meat causes the decrease of a* value. The nitrosomyoglobin formation
after nitrite reaction with myoglobin results in red color formation [29]—that is, it increased the a*
value. The antioxidant activity of chitosan may retard the oxidation of myoglobin [30]. Accordingly,
the higher a* value was obtained in sausages containing DD95 after storage at 25 and 4 °C in this study.

In addition, sulfmyoglobin formation by H,S induced by some putrefactive bacteria including
Pseudomonas spp. [31] causes the greenish color of meat. This study clearly demonstrates that the
addition of DD95 in sausage during storage not only retards the increase of TAC, because of its strong
antibacterial activity [18], but also effectively prevents green color formation in sausages.

Owing to the carcinogenic potential of nitrite in sausages, the consumers’ interest in “synthetic
nitrite-free” meat products is continuously increasing nowadays [31]. As a result, several studies have
tried to use natural ingredients, such as potato paste and cured brine, to replace nitrite. However,
lower L* and a* values were obtained for these products, compared to sausage added with sodium
nitrite [32,33].
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Figure 4. Appearance of pork sausage containing various concentrations of sodium nitrite only (A)
and sodium nitrite plus 3000 ppm chitosan (B) after storage at 25 °C for 2 days. No. 1, no. 2, no. 3,
and no. 4, containing 0, 40, 80, and 120 ppm nitrite only, respectively; no. 5, no. 6, no. 7, and no. 8,
containing chitosan plus 0, 40, 80, and 120 ppm nitrite, respectively.

2.5. Volatile Basic Nitrogen (VBN)

In the meat industry, the VBN value is used to indicate the level of putrefaction. As shown in
Figure 5, the VBN values in sausages usually increased during storage at 25 °C (Figure 5A) and 4 °C
(Figure 5B). Nitrite addition at 40-120 ppm significantly retarded the increase of VBN values, and
a dose-dependent response was observed. The VBN values were further decreased by adding both
DD95 and nitrite in sausage. We also observed that VBN values between the sausage with DD95 and
40 ppm nitrite and the sausages with 120 ppm nitrite only were quite similar after storage at 25 °C
for 48 h (Figure 5A) and 4 °C for 6 days (Figure 5B). In addition, the shearing force and hardness of
pork sausages with or without DD95 and nitrite during storage at 25 and 4 °C were not significantly
different (data not shown).

47



Mar. Drugs 2020, 18,70

50
[ control
B2 40 ppm nitrite
40 | =¥ 80 ppm nitrite
B2 120 ppm nitrite
—_ E= DD95
o) [T 40 ppm nitrite with DD95
8 30 4 [ 80 ppm nitrite with DD95
: I 120 ppm nitrite with DD95
o
é b S
c
= 20 - ddd
[11]
S
10
0
Storage times (hour)
(A)
50

[ control

B2 40 ppm nitrite

40 = 80 ppm nitrite

B 120 ppm nitrite

E=J DD95

[0 40 ppm nitrite with DD95
[EEE 80 ppm nitrite with DD95
I 120 ppm nitrite with DD95

w
o
L

(=]
L

VBN (mg / 100g)

Storage times (day)
(B)

Figure 5. Changes in the volatile basic nitrogen (VBN) of pork sausage containing various concentrations
of sodium nitrite and/or 3000 ppm chitosan (DD95) during storage at 25 °C (A) and 4 °C (B).

3. Material and Methods

3.1. Bacterial Strains and Chemicals

C. perfringens CCRC 10,648 and CCRC 13,019 were purchased from the Biosources Collection
and Research Center (Hsinchu, Taiwan, China). Acetic acid, acetonitrile, dimethyl sulfoxide (DMSO),
glycerol, methanol, and sodium hydroxide (NaOH) were purchased from Fluka (Garage Gmbh, Buchs,
Switzerland). Meanwhile, sodium azide (NaN3), phenol red, and sodium bicarbonate (NaHCO3) were
purchased from Sigma Chemical Co. (Gillingham, UK). Cellulase (3000 U/g) from Trichoderma viride
was purchased from Challenge Bioproducts Co., Ltd. (Taichung, Taiwan, China), whereas chitin
powder was obtained from Applied Chemical Co., Ltd. (Kaohsiung, Taiwan, China). LIB, plate count
agar (PCA), tryptose-sulfite—cycloserine (TSC) agar base, bacto agar, proteose peptone no. 3, yeast
extract, and 50% egg yolk saline were supplied by Becton Dickinson (Sparks, MD, USA).
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3.2. DD95 Chitosan Preparation

On the basis of the method described by Chang, Lin, Wu and Tsai [6], chitosan with 95.0%
deacetylation degree, as measured using the colloid titration method [34], was obtained after
deacetylation of a shrimp chitin powder suspension in 50% NaOH (1.0 g chitin per 13 mL NaOH) at
140 °C for 1 h. DD95 chitosan MW was 300 kDa, as determined by size-exclusion high-performance
liquid chromatography using a column packed with TSKgel G4000 PWXL and G5000 PWXL [35].

3.3. Culture Conditions

C. perfringens CCRC 10,648 and CCRC 13,019 were stored in LIB containing 50% sterile glycerol at
—80 °C. To prepare the bacteria cultures, the strains stored at =80 °C were inoculated into 50 mL LIB
and anaerobically incubated at 37 °C for 18-24 h. All strains were subcultured twice in LIB at 37 °C for
18-24 h, and the cultures were diluted to 1.0 x 103 CFU/mL with sterile 0.1% peptone water before use.

3.4. Spore Preparation

Briefly, 1 mL of the 18-24 h C. perfringens culture in LIB was added in 9.0 mL of the modified
Ducan-5Strong (DS) medium [36], and incubated for 18-24 h under anaerobic conditions. Next, 1 mL of
the cultivated DS medium broth was added into 9 mL fresh modified DS medium and heated at 70 °C
for 20 min, then incubated anaerobically for 2024 h; the process was repeated twice. Cultivated broths
were subsequently placed under centrifugation at 1500x g for 30 min; precipitates were washed under
suspension in 10 mL phosphate-buffered saline (PBS) and heated at 70 °C for 20 min to inactivate the
cells, and then spores were collected and stored at 4 °C until use.

3.5. Antibacterial Test

A 1% chitosan stock solution was prepared by adding 0.2 g of DD95 chitosan to 10 mL distilled
water, sterilizing at 121 °C for 15 min, and then adding 10 mL sterile 0.2 N HCl. In 50 mL flasks
containing 10 mL of LIB, DD95 chitosan in 0.1 N HCl was added to obtain concentrations of 50, 100,
and 250 ppm. Next, 1 mL of C. perfringens spore suspension was added into a flask to an initial spore
density of ca. 10 CFU/mL, and incubated at 37 °C for 24 h under anaerobic conditions. Then, 0.1 mL
aliquots of decimal dilutions of LIB culture were spread onto LIB agar plates, which were incubated
under anaerobic conditions at 37 °C for 24 h before colonies were counted. For evaluation of chitosan
against spores, spores of two strains were collected into PBS added with 250 ppm DD95 chitosan,
and further incubation was performed as described in the above test. The experiments were run
in triplicate.

3.6. Measurement of Heat Resistance of C. perfringens Spores

On the basis of the method of Tsai, Tsai, Lee and Zhong [16], 1 mL of C. perfringens spore suspension
(1 x 107 spore/mL) in sterile saline alone or in sterile saline containing 250 ppm chitosan was injected
into glass microhematocrit tubes (inside diameter, 5 mm; length, 20 cm; wall thickness, 0.5 mm) and
submerged in an oil bath at 90 or 100 °C. Three tubes for each strain were removed at intervals and
cooled immediately in ice water. The initial spore concentration and the number of spores that survived
heating were determined by spreading 0.1 mL of decimal dilutions of spore suspension on LIB agar.
Colonies were counted after incubation at 37 °C for 2 days. The log transformed number of surviving
spores was plotted against the corresponding heating time. Data points were fitted using the least
squares method, and the reciprocal of the slope was taken as the D value.

3.7. Application of DD95 Chitosan to Pork Sausage

Raw pork sausage was added to an equal amount (w/w) of chitosan at the final concentration of
3000 and 6000 ppm. The two sausages with or without DD95 chitosan were added with C. perfringens
strain spore cells to a density of ca. 10* spore/g, then vacuum-packed and stored at 4 and 25 °C during

49



Mar. Drugs 2020, 18,70

storage until use. Then, 25 g of vacuum-packed pork sausage was poured into a sterile stomacher bag
with 225 mL of 0.1% peptone water and homogenized with a stomacher (Stomacher 400 Lab Blender;
Seward Medical, London, UK), and the resulting solution was diluted serially with 0.1% peptone water.
The total aerobic bacterial count and the CPC for each sample were determined by spread plating
0.1 mL of sample decimal dilutions onto PCA at 37 °C for 48 h and TSC agar (250 mL TSC agar base
+20 mL 50% egg yolk saline +20 mL cycloserine (0.5%)) under anaerobic conditions at 37 °C for 24 h.

3.8. Application of DD95 Chitosan and Nitrite for Pork Sausage

Pork sausage was added to an equal amount (w/w) of chitosan and finally to 3000 ppm of DD95
chitosan and 0, 40, 80, and 120 ppm of nitrite substitution for pork sausage. The two sausages with or
without DD95 chitosan were added with C. perfringens strain spore cells to a density of ca. 10* spore/g,
then vacuum-packed and stored at 4 and 25 °C during storage until use. The survival counts were
measured as described in Section 3.7.

3.9. Color and Color Difference Measurement

On the basis of the method described by [37,38], samples were cut into 2 cm-thick pieces and
measured on the plate of the Color Difference Meter (Spectrophotometer CM-3500d; Minolta Co., Ltd.,
Osaka, Japan). The instrument was calibrated to standard black and white tiles before analysis. Eight
pieces per treatment were evaluated, and mean values were used for replication. A medium-size
aperture was used, and the measurement was duplicated. The Hunter color L*, a*, and b* values
were reported through the computerized system using Spectra Magic software (version 2.11; Minolta
Cyberchrom Inc. Osaka, Japan).

3.10. Volatile Basic Nitrogen

According to the method described by Saito et al. [39], 5 g of the sample was homogenized with
45 mL 7% trichloroacetic acid (TCA) to obtain a final concentration of 50 mL. A volume of 0.02 N boric
acid as a VBN absorber was placed in the inner section of a Conway microdiffusion cell [40]. Then,
1 mL of the homogenized solution was pipetted to the Conway dish containing 1 mL saturated K,CO3
solution and allowed for reaction at 37 °C for 90 min. The boric acid solution containing indicator
(methyl red and bromocresol green) was used to absorb volatile nitrogen. The solution was titrated
with 0.01 N HCL. The VBN value, expressed as mg %, was calculated as follows: VBN value (mg %) =
0.02 x 14 x (a — b) X F x V/W x 100, where a is the titration volume of sample solution, b is the titration
volume of water blank, V is the final volume with TCA of sample after extraction, W is the mass of the
sample (g), and F is the unit of 0.02 HCL

3.11. Statistical Analysis

Data were analyzed using the general linear model (GLM) of Statistical Analysis System’s
Procedures (SAS Institute Inc., Cary, NC, USA) with a 5% level of significance. Means were separated
using Duncan’s new multiple range test.

4. Conclusions

Sodium nitrite at 40-120 ppm significantly retarded the proliferation of C. perfringens and VBN
values, and increased red color retention in pork sausage during storage. However, sodium nitrite at
the tested concentration had little inhibition effect on the growth of the aerobes. DD95 chitosan clearly
inhibited the growth of C. perfringens and reduced the heat resistance of the spore of this pathogen. The
addition of DD95 chitosan effectively slowed down the increase of TAC and VBN values, preserved
the red color, and inhibited the growth of C. perfringens. In effect, DD95 chitosan could serve as a
substitute for part of the total amount of sodium nitrite used in pork sausages as a way to reduce
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the sodium nitrite content in pork sausages. DD95 chitosan shows strong potential as an alternative
natural preservative and can help maintain the stability of color in pork sausages.
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Abstract: Women are still at high risk of contracting the human immunodeficiency virus (HIV)
virus due to the lack of protection methods under their control, especially in sub-Saharan countries.
Polyelectrolyte multilayer smart vaginal films based on chitosan derivatives (chitosan lactate, chitosan
tartate, and chitosan citrate) and Eudragit® 5100 were developed for the pH-sensitive release of
Tenofovir. Films were characterized through texture analysis and scanning electron microscopy
(SEM). Swelling and drug release studies were carried out in simulated vaginal fluid and a mixture
of simulated vaginal and seminal fluids. Ex vivo mucoadhesion was evaluated in bovine vaginal
mucosa. SEM micrographs revealed the formation of multilayer films. According to texture analysis,
chitosan citrate was the most flexible compared to chitosan tartrate and lactate. The swelling studies
showed a moderate water uptake (<300% in all cases), leading to the sustained release of Tenofovir
in simulated vaginal fluid (up to 120 h), which was accelerated in the simulated fluid mixture
(4-6 h). The films had high mucoadhesion in bovine vaginal mucosa. The multilayer films formed
by a mixture of chitosan citrate and Eudragit® 5100 proved to be the most promising, with zero
toxicity, excellent mechanical properties, moderate swelling (<100%), high mucoadhesion capacity,
and Tenofovir release of 120 h and 4 h in vaginal fluid and the simulated fluid mixture respectively.

Keywords: chitosan lactate; chitosan tartrate; chitosan citrate; Eudragit® 5100; layer-by-layer
film; mucoadhesive film; Tenofovir controlled release; pH responsive release; vaginal preexposure
prophylaxis; HIV sexual transmission

1. Introduction

Acquired immunodeficiency syndrome (AIDS) is still the leading cause of death among young
women. According to United Nations Joint Programme on HIV/AIDS (UNAIDS), 460 adolescent
women contract human immunodeficiency virus (HIV) each day and 350 women of the same age
group die weekly of AIDS-related complications. In fact, almost 80% of people infected with HIV in
the 10-19 age group in sub-Saharan Africa in 2017 were women [1]. Unfortunately, women in these
countries do not benefit from options to prevent the sexual transmission of HIV such as condoms, due
to gender differences which prevent them from negotiating with their sexual partners. This highlights
the need to develop prevention systems that women can initiate without their partner’s consent [2].
In this scenario, topical preexposure prophylaxis (PrEP) with antiretroviral drugs is one option to
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prevent the sexual transmission of HIV, since they can be applied in the vagina and serve as a method
of protection that can be controlled by women themselves, thus empowering them in the fight against
HIV-1 infection without the consent of their sexual partner [3].

Tenofovir (TFV) is an ideal candidate for use as a topical microbicide for preventing the sexual
transmission of HIV due to its efficacy, long half-life, and safety profile [4]. Clinical trials have been
carried out with this drug in different dosage forms such as rings [5] and gels [6].

However, adherence is central to PrEP effectiveness, and it is essential to develop products that
are easy to use and support high adherence [7]. Vaginal films are emerging as a promising option
among the pharmaceutical dosage forms in developmental stages, as they are preferred over other
dosage forms due to their advantages of portability, storage and handling, and also ensure comfort
and ease of insertion [8,9]. Fast dissolving films based on TFV have been produced and show lower
leakage and similar vaginal drug concentrations to those obtained with vaginal gels for pericoital
administration. Nevertheless, sustained release formulations must be developed to provide lasting
protection to women [7].

One approach to obtaining films for the sustained release of drugs is the use of the layer-by-layer
(LbL) technique, which produces films composed of two or more layers of different polymers. This offers
great versatility, since it combines the properties of the constituent polymers of each layer [10].
For instance, the combination of a highly mucoadhesive polymer to increase vaginal retention [11]
with another polymer capable of modulating the release of the drug [12] can achieve effective and
long-lasting drug release in the vaginal mucosa. The combination of polyanionic polymeric layers with
polycationic polymeric layers by means of this technique also produces polyelectrolyte multilayers
(PEM) [13,14], with the advantage that these polymers have a pH-dependent behaviour [15,16]. This is
of great interest when developing formulations for the prevention of sexual transmission of HIV,
since accelerating vaginal drug release at the time of ejaculation can increase the effectiveness of the
protection [17].

Among the polycationic polymers that are being explored, chitosan is a copolymer composed of
(1—4)-linked 2-acetamido-2-deoxy-B-p-glucopyranose (N-acetylglucosamine) and o(1—4)-linked
2-amino-2-deoxy-p-p-glucospyranose (glucosamine). Chitosan has been widely explored in the
development of several pharmaceutical dosage forms such as tablets [11,18], hydrogels [19] and
bigels [17], and attempts have recently been made to develop chitosan-based films as drug delivery
systems [20,21]. Chitosan has mucoadhesive properties and antimicrobial activity; is from a renewable
source and is completely devoid of toxicity, and has many applications in the pharmaceutical industry
such as wound dressing and drug delivery systems [22,23]. This polymer has a pH-dependent solubility
due to the presence of the amine groups in its structure [24], and the protonation of these groups in
dilute acids allows the gelation of the polymer. Acetic acid is widely used among the various acids
applied for the gelation of chitosan [25], although its strong and unpleasant smell induces rejection
when applying the formulations [26]. For this reason, other acids are beginning to be used that allow
the gelation of chitosan with better organoleptic properties, such as lactic acid [26], tartaric acid [27],
and citric acid [28]. It has even been proven that the dilute acid used to dissolve the chitosan can
condition the polymer’s properties [29].

In order to improve its properties, it possible to add suitable fillers [30,31] or combine it with
different polymers such as hypromellose [32], sodium alginate [33], pectin [18], poly(vinyl alcohol) [34]
and different types of Eudragit® [35,36], among which it is particularly worth highlighting Eudragit®
5100 (ES100), a polyanionic copolymer derived from metacrylic acid and methyl metacrylate. It is
non-soluble in acids and water but soluble in dissolutions with a pH of over 7 [37]. This behaviour
makes it an interesting candidate for the development of pH-sensitive drug delivery systems for oral,
ocular, vaginal and topical administration [38]. Mixtures of chitosan and ES100 have been explored
with promising results, due to their ability to form polyelectrolyte complexes [39].

Although nowadays films are a promising tool for vaginal administration, the development of
controlled release films is a field yet to be explored. Furthermore, the use of pH-sensitive polymers may
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allow obtaining novel drug delivery systems for the prevention of sexually transmitted diseases [40].
Against this backdrop, the aim of this study is to develop PEM vaginal films based on optimized
chitosan derivatives and ES100 using the LbL technique and evaluate them through scanning electron
microscopy, texture analysis, swelling, ex vivo mucoadhesion and drug release tests and materials
citotoxicity. These films would allow a high mucoadhesion capacity due to the presence of the
chitosan-based layer, and a sustained release in the vaginal environment thanks to the ES100 layer.
After ejaculation during intercourse, the release of the drug would accelerate, thus maximizing the
effectiveness of the formulations in the prevention of the sexual transmission of HIV.

2. Results and Discussion
2.1. Characterization of Chitosan Gels

The results of the characterization of the gels are shown in Figure 1.
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Figure 1. Results of the characterization of the chitosan gels prepared with lactic acid (gChL), tartaric
acid (gChT) and citric acid (gChC) at different concentrations (0.25 M (a), 0.5 M (b) and 1 M (c)). (A) and
(B) show the texture analysis results (maximum penetration force (MPF) and maximum detachment
force (MDF) respectively). (C) shows the pH values obtained for the gels.

According to these data, all the gels had identical results for maximum penetration force (MPF,
Figure 1A) and maximum detachment force (MDEF, Figure 1B), indicating that the consistency of chitosan
gels, represented by the MPF, is not modified by the acid used for its gelation. The adhesiveness of the
gel, represented by the MDF, is also equal in all the gels. These properties are therefore characteristic of
the polymer and are not modified by the acid. Previously published results show that pure water has
similar values of MPF and MDF (7.90 + 00 g and 1.49 + 0.07 g) [41], so at these concentrations, chitosan
gels have a similar consistency and adhesiveness to pure water. However, a comparison of the pH of
the different gels in Figure 1C reveals some differences. In all cases an increase in the acid concentration
leads to a decrease in the pH of the gel. The gels prepared with lactic acid show the highest values
of pH (x2.5-4), while citric acid and tartaric acid generate more acid gels, with pH values in the
range of ~2-3. According to the literature, the use of acidic substances in the vaginal environment
may be beneficial for the prevention of sexually transmitted infections [42,43]. These formulations
would therefore allow the acidification of the medium after administration, making them interesting
candidates for the development of formulations for the prevention of sexual transmission of HIV.

2.2. Chitosan Derivative-Based Films
2.2.1. Attenuated Total Reflection Fourier Transform Infrared (FTIR-ATR) Spectroscopy

Figure 2 shows the spectra obtained for the raw materials. In the spectrum corresponding to raw
chitosan, bands are observed at 1655 cm™! and 1325 cm™!, corresponding to the C=0 bond of amide I
and the N-H bond of amide III respectively. A band appears at 1585 cm™!, corresponding to the free
amine [44]. In the lactic acid spectrum, a peak can be observed at 1720 cm~! corresponding to the
C=0 bond of the acid group, and a band at 1210 cm™ that can be attributed to the C-O carboxylic
acid bond [45]. In tartaric acid, the peak observed at 1720 cm™! corresponds to the C=0 bond of the

57



Mar. Drugs 2020, 18, 44

carboxylic acid. Another peak at 1445 cm™! corresponds to the O-H bond of the carboxylic groups.
The peaks at 1185 cm™?, 3328 cm™! and 3400 cm ! are also attributable to O-H links [46]. In the citric
acid spectrum, the peaks that appear around 1720 cm™! are due to the C=0 bonds of carboxylic acids.
A band corresponding to the O-H bond of carboxylic acids is observed at 1390 cm™~!. The 3492 cm™!
peak is also attributable to free hydroxyls [47].

Chitosan
__—i—\i\\—,,,f~\,——————_____——:;Z<§\~i:\\V/J.\\“
Lactic acid 1585 1325

Tartaric acid

3400
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Figure 2. Spectra obtained through FTIR-ATR for the raw materials used to manufacture the chitosan
derivative films.

The spectra corresponding to chitosan films prepared with different amounts of lactic acid (ChL-a,
ChL-b and ChL-c) are shown in Figure 3. All have a broad band between 1660-1475 cm™!, caused by
the overlapping of the chitosan amide (1655 cm™') and the C=0O bond corresponding to the amide
formed with lactic acid [48]. Since the carbonyl in the acid (1720 cm™1) changes to amide, a reduction
in the intensity of this peak can be seen in samples ChL-a and ChL-b. The peak is also observed to
decrease to 1210 cm ™!, due to the replacement of hydroxyl in the formation of this amide (Scheme 1a).
When the amount of lactic acid in the film is increased (especially in ChL-c), esters form between the
lactic acid molecules, creating oligomers of polylactic acid (Scheme 1b) [48] and causing the intensity
of the band to increase at 1720 cm ™! due to the C=0 bonds corresponding to the esters. The formation
of these esters is favoured by the high concentration of lactic acid, so this peak is more intense than
the peak attributable to the C=0 of the amide. The band at 1210 cm™! also increases, indicating the
presence of the C-O bond, which is absent in the amide but present in the ester [48].

ChL-a 1660-1475

Transmittance (u.a.)

4000 3500 3000 2500 2000 1500 1000
Wavelength (cm™)

Figure 3. Spectra obtained through FTIR for the films manufactured by solvent casting chitosan gels
prepared with different concentrations of lactic acid: 0.25 M (ChL-a), 0.5 M (ChL-b), and 1 M (ChL-c).
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Scheme 1. Chemical reaction between chitosan and lactic acid. First, the carboxylic group of lactic
acid reacts with the amine group of chitosan, forming the corresponding amide (henceforth chitosan
lactate) (a). If there is an excess of lactic acid, the carboxylic groups of free molecules react with the free
hydroxyl of the lactic group in chitosan lactate, forming polylactate groups (b).

The spectra corresponding to chitosan films prepared with tartaric acid are shown in Figure 4.
A broad band appears between 1660 cm™! and 1475 cm™!, with two peaks attributable to the amide
group [49]. In ChT-a and ChT-b, the peak disappears at 1445 cm™!, corresponding to the O-H bond
of the carboxylic acid of the tartaric acid. Other peaks that disappear with the lowest proportions
of tartaric acid are 1185 cm™!, 3400 cm™! and 3328 cm™!, which also indicates the replacement of
hydroxyls in tartaric acid and confirms the formation of the amide between chitosan and tartaric
acid (Scheme 2) [27]. The absence of these peaks corresponding to the O-H bonds of the carboxylic
acids indicates that all acid groups react with the chitosan amines, suggesting that tartaric acid acts as
a crosslinker of the chitosan chains. The peaks corresponding to O-H bonds (1445 cm™!, 1185 cm™?,
3328 cm™!, and 3400 cm 1) [46] reappear with the highest amount of tartaric acid (ChT-c), indicating
that not all the tartaric acid is used in the reaction at this proportion.
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Figure 4. Spectra obtained through FTIR for the films manufactured by solvent casting chitosan gels
prepared with different concentrations of tartaric acid: 0.25 M (ChT-a), 0.5 M (ChT-b) and 1 M (ChT-c).
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Scheme 2. Chemical reaction between chitosan and tartaric acid. The carboxylic groups of tartaric
acid react with the amine group of chitosan, forming the corresponding amide (henceforth chitosan
tartrate). The complete reaction with the two carboxylic groups in the molecule of tartaric acid leads to
the crosslinking of chitosan.

According to the spectra obtained for the chitosan films prepared with citric acid shown in Figure 5,
a wide band appears between 1660 cm™! and 1475 cm ™}, attributable to the formation of the amide
group [50]. The bands at 1390 cm™! and 3492 cm™! disappear in samples ChC-a and ChC-b due to
the replacement of all free carboxylic hydroxyls by the chitosan amines. This indicates that amide is
formed between chitosan and citric acid, and that citric acid acts as a crosslinker for chitosan chains
through an amide formed between both compounds (Scheme 3) [51]. The peaks at 1390 cm ! and 3492
cm™! reappear in the sample with the highest proportion of citric acid (ChC-c), suggesting that the
reaction with citric acid in these proportions is incomplete.
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Figure 5. Spectra obtained through FTIR for the films manufactured by solvent casting chitosan gels
prepared with different concentrations of citric acid: 0.25 M (ChC-a), 0.5 M (ChC-b), and 1 M (ChC-c).
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Scheme 3. Chemical reaction between chitosan and citric acid. The carboxylic groups of citric
acid react with the amine group of chitosan, forming the corresponding amide (henceforth chitosan
citrate). The complete reaction with the three carboxylic groups in the citric acid molecule leads to the
crosslinking of chitosan.
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2.2.2. Appearance and Mechanical Properties

The films made with chitosan derivatives were visually evaluated. The pliability and organoleptic
characteristics of each batch are shown in Table 1.

Table 1. Characteristics observed by visual evaluation of films based on chitosan derivatives.

Batch  Pliability Organoleptic Characteristics Comments

ChL-a v Homogeneous. Translucent, yellowish and shiny.  Although somewhat flexible,
Odourless. Soft touch. it breaks if folded in half.
Homogeneous. Translucent, yellowish and shiny.

ChL-b i Odourless. Soft touch.

ChL-c x Homogeneous. Translucent, yellowish and shiny.  The film can barely be handled
Odourless. Sticky touch. due to its stickiness.
Homogeneous. Translucent, yellowish and shiny.

ChT-a i Odourless. Soft touch.
Homogeneous. Translucent, yellowish and shiny.

ChTb M Odourless. Soft touch.

ChT-c x Heterogeneous. Opaque, yellowish and matt. Completely rigid, it breaks when
Odourless. Rough touch. even slight force is applied.

ChC-a N, Homogeneous. Translucent, yellowish and shiny.

Odourless. Soft touch.

Homogeneous. Translucent, yellowish and shiny.

ChC-b R Odourless. Soft touch.

Heterogeneous. Opaque, yellowish and matt. Completely rigid, it breaks when
Odourless. Rough touch. even slight force is applied.

X: Unacceptable; v': Acceptable; v'v: Good; vV V: Excellent.

ChC-c X

The mechanical properties of the system must be taken into account when developing films for
vaginal administration, as they can determine comfort and acceptability for the patient and may even
be related to the performance of the film once administered. In the case of ChL-c, the formation of
polylactic acid is so pronounced that the film is sticky and becomes impossible to handle. ChT-c and
ChC-c films were also observed to be rigid and irregular, which can be attributed to the excess of
acid during the reaction, as corroborated by FTIR studies (Section 2.2.1). The excess of tartaric acid or
citric acid stiffens the film, as they are solid substances. These films were therefore discarded from
further studies.

The comparison of the other films in terms of the acid used for their preparation revealed that
the films with chitosan lactate had the lowest deformation capacity, while those containing chitosan
tartrate or chitosan citrate had a higher capacity. This may be related to the ability of tartaric acid and
citric acid to act as crosslinkers, possibly facilitating the mobility of the chitosan chains [52]. In all cases
the films prepared with the diluted acids at 0.5 M (CaL-b, ChT-b, and ChC-b) were more flexible than
those obtained with the diluted acids at 0.25 M (ChL-a, ChT-a, and ChC-a).

2.2.3. Drug Release Assessment

Chitosan derivative films prepared with the previously determined optimal concentration of
diluted acids (ChL-b, ChT-b, ChC-b) were loaded with 30 mg of TFV (batches ChL-TFV, ChT-TFV and
ChC-TFV). The drug release profiles from these chitosan derivative-based films are shown in Figure 6.

In all cases, the entire Tenofovir dose is released in 6 h, revealing the inability of these films to
control the release of the drug. The crosslinking of chitosan chains generates complex three-dimensional
structures, so ChC-TFV and ChT-TFV could be expected to show a greater capacity for controlled
drug release than ChL-TFV, which should release the drug at the fastest rate. While this behaviour is
indeed observed, there are insufficient differences between the formulations. This can be explained by
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the fact that they form gels with a very low consistency, as was observed in the gel characterization
studies (Section 2.1). For this reason, and to modulate the gelation rate of chitosan derivatives,
and consequently the release of TFV, it was decided to prepare LbL films using ES100.
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Figure 6. Tenofovir release from the films containing chitosan lactate (ChL-TFV), chitosan tartrate
(ChT-TFV) and chitosan citrate (ChC-TFV).

2.3. Layer-by-Layer Films

In order to improve the properties of the chitosan derivatives, LbL films were prepared using the
previously selected chitosan derivative-based films (ChL-TFV, ChT-TFV and ChC-TFV). Six different
batches were obtained by adding a layer of ES100 (plasticized with Triethylcitrate (TEC)) of 75 mg
(ChL/E-a, ChT/E-a and ChC/E-a) or 150 mg (ChL/E-b, ChT/E-b and ChC/E-b). As seen in the SEM
micrographs (Figure 7), the layers were tightly joined and LbL films were obtained.

WES100 layer

Figure 7. Micrographs of the cross-section of LbL films at 100 times magnification, with 75 mg of
ES100 (A) and 150 mg of ES100 (B).

2.3.1. Texture Analysis
Figure 8 shows the deformability of the films, determined through texture analysis.
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Figure 8. Results of the deformability of the LbL films containing chitosan derivatives and ES100,
determined through texture analysis.
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The films containing chitosan lactate (ChL/E 1 and ChL/E 2) have the lowest deformability values.
Films based on chitosan tartrate (ChT/E 1 and ChT/E 2) exhibit a higher deformation capacity compared
to ChL/E films. Chitosan citrate-based films (ChC/E 1 and ChC/E 2) have the highest deformability.
According to the ANOVA processing, the differences are statistically significant (p-value = 1.85 x 10711).
The proportion of ES100 also conditions the deformability of the systems with statistically significant
differences (p-value = 7.73 x 1073), which can be attributed to the thickness of the ES100 layer. It is
therefore necessary to apply a slightly greater force to obtain the same deformation when this layer is
double the thickness.

These results can be explained by the fact that lactic acid is unable to crosslink chitosan chains.
Conversely, tartaric acid and citric acid act as crosslinkers for chitosan, which is why these films
(ChT/E and ChC/E) present better mechanical properties, as the mobility of the polymer chains may be
enhanced by the presence of crosslinkers [52]. Among the films evaluated, those based on chitosan
citrate (ChC/E-a and ChC/E-b) can therefore be considered to have the best mechanical properties,
followed by films based on chitosan tartrate (ChT/E-a and ChT/E-b); films prepared with chitosan
lactate (ChL/E-a and ChL/E-b) are the least appealing. However, all the films show good properties for
handling and application, since they are highly resistant and flexible.

2.3.2. Swelling Behaviour

The results of the swelling behaviour assessment in simulated vaginal fluid (SVF) are shown in
Figure 9. In the case of films based on chitosan lactate and ES100, it can be observed that the maximum
amount of water imbibed is significantly greater when the ES100 layer is thicker. ChL/E-a shows
a maximum swelling ratio (SRmax) of & 200% while ChL/E-b has a SRimax of ~ 320%. The complete
dissolution of the derivative (which leads to the constant weight of the formulation) occurs in both
cases at 168 h. These results show a certain incompatibility between the layers, since an increase in the
thickness of the ES100 layer leads to an increase in the water uptake rate and in the SRnax.
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Figure 9. Swelling profiles of the LbL films in SVE.

The profiles of the batches based on chitosan tartrate (ChT/E-a, ChT/E-b) are practically overlapping,
which implies that the presence of the ES100 layer does not condition the swelling process in this
medium. Their low SRmax (less than 100%) indicate that these films swell very little. The swelling
profiles of the films based on chitosan citrate and ES100 (ChC/E-a and ChC/E-b) also overlap, suggesting
that the thickness of the ES100 layer does not condition the water uptake capacity, as observed in
ChTJE films. These films also have the lowest SRmax values in SVF (less than 75%).
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These results can be explained by the fact that that the three-dimensional structure generated by
crosslinkers in chitosan hinders water penetration [53], so although CL/E films show a higher swelling
capacity, all the films could be useful for developing mucoadhesive vaginal formulations, since they
swell so little that they would be extremely comfortable for the patient.

2.3.3. Ex Vivo Mucoadhesion

Ex vivo mucoadhesion was determined through texture analysis on excised bovine vaginal mucosa
in SVF, and the data are shown in Figure 10. According to the results, ChL/E films have the lowest
values for mucosal stickiness (represented by the work required to detach them) and adhesiveness
(detachment force). This is because these films show the highest SRnax. According to previously
published results [54], the amount of water imbibed is inversely related to the mucoadhesion capacity
of a formulation, as water hinders the interaction between the polymer and the mucosa. ChT/E and
ChC/E therefore show higher values for mucosal stickiness, adhesiveness or both. The results reveal
that the amount of ES100 also conditions the mucoadhesion capacity of the ChT/E and ChC/E films,
probably because ES100 acts as a support capable of holding the chitosan derivative. Thus the greater
the amount of ES100, the greater the ability of the chitosan to bind to the mucosa. In the case of ChC/E
films, the difference between the formulations points to a synergy between the layers, and shows
that increasing the thickness of the ES100 layer substantially improves the mucoadhesion capacity of
the chitosan derivative-based layer. Finally, it should be noted that ChC/E-b shows a slightly higher
mucoadhesion capacity than ChT/E-b. The ChC/E-b film thus has a high mucoadhesion capacity,
superior to the formulations previously developed, which remained mucoadhered for 120 h [18].
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Figure 10. Ex vivo mucosal adhesiveness and stickiness obtained for the LbL films, determined in
excised vaginal bovine mucosa and SVE. Mucosal adhesiveness is represented by the white bars (values
on the left axis), and mucosal stickiness is by the black bars (values on the right axis).

2.3.4. Drug Release

Drug release data from the systems in SVF and SVF/SSF are shown in Figure 11. All the systems
exhibited an ability to release the drug in a controlled manner in SVF (in all cases the release lasts more
than 48 h), while a burst release is observed in SVF/SSF for all the systems (the complete amount of
drug is released in less than 6 h).
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Figure 11. TFV release profiles in SVF and SVF/SSF from the LbL films based on chitosan lactate (A),
chitosan tartrate (B) and chitosan citrate (C). The first 6 h of testing are amplified in the lower right
corner of each graph.

According to Figure 11A, films based on chitosan lactate (ChL/E-a and ChL/E-b) show a sustained
release of TFV of up to 48 h in SVF and 6h in SVF/SSE. In films based on chitosan tartrate (ChT/E-a and
ChT/E-b), whose release profiles are shown in Figure 11B, TFV release in SVF extends up to 96 h, and 4 h
in SVF/SSE. In films containing chitosan citrate (ChC/E-a and ChC/E-b), the release of TFV in SVF is
maintained for 120 h, while in SVF/SSF the totality of the drug is released in 4 h, as seen in Figure 11C.
These findings are closely related to the swelling behaviour of LbL films, where the swelling of ChL/E-a
and ChL/E-b is greater in SVF; as they have the highest penetration of water in the system, the TFV
molecules are more easily accessed by the water in the medium, accelerating the drug dissolution.
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The SRmax is slightly higher in ChT/E films than in ChC/E films, which explains why ChC/E films
show the most extended release and also confirms that crosslinking chitosan improves the capacity to
control drug release, as chitosan tartrate and chitosan citrate-based films show better controlled release
than chitosan lactate-based films. A comparison of tartaric acid and citric acid suggests that citric acid
is the best crosslinker and has the most persistent TFV release. However, this confirms the need for
an upper layer based on ES100 to enhance the properties of the crosslinked chitosan.

According to the f; statistic (Table 2), no significant differences are observed in the release profiles
for ChL/E and ChT/E in SVF when comparing the release from films in SVF based on the amount of
ES100 in the upper layer. As seen in the swelling test results, this implies that the entry of water into
the formulation is modulated by the presence of ES100 regardless of the thickness of the layer, which
is key to the capacity to modulate drug release. However, ChC/E films show differences in release
depending on the thickness of the ES100 layer, once again indicating a synergy between the chitosan
citrate and ES100, as was observed in the mucoadhesion studies (Section 2.3.3). In SVE/SSF the entry of
water is so accelerated that the difference in release based on the thickness of this layer is negligible,
and they all release the drug in similar times. It is verified by statistical f, that the release profiles of
LbL films are strongly conditioned by pH, due to the fact that ES100 is a pH-sensitive polymer that
becomes soluble in aqueous media at a pH of over 7 [55]. In consequence, the dissolution of the ES100
in the medium leaves the chitosan solely responsible for the release of Tenofovir, and this polymer will
release the drug in less than 8 h, as already verified in the release profiles of chitosan derivative-based
films (Section 2.2.3).

Table 2. Results of 2 processing for drug release from LbL films.

ChL/E-a SVF ChL/E-b SVF/SSF
ChL/E-a SVF/SSF 19.68 59.96
ChL/E-b SVF 73.63 21.21
ChT/E-a SVF ChT/E-b SVF/SSF
ChT/E-a SVF/SSF 14.34 3443
ChT/E-b SVF 64.99 9.72
ChC/E-a SVF ChC/E-b SVF/SSF
ChC/E-a SVF/SSF 13.00 50.80
ChC/E-b SVF 43.01 11.71

The interest of this finding lies in the ability of the ChC/E-b film to offer women effective protection
for a maximum of 120 h, generating a much higher concentration of TFV in the vaginal environment
after ejaculation during sexual intercourse. This points to a high efficiency in the prevention of sexual
transmission of HIV, and therefore justifies future evaluations.

2.4. Material Cytotoxicity

To study cell toxicity, the materials were incubated in culture media at 37 °C and 5% CO, for 48 h
before the assay to ensure that any potential toxic component would be present in the dilutions to
be tested. The cell culture was then treated with a suspension of base 5 serial dilutions of the most
concentrated suspension (1000 pg/mL). Experiments were performed in lymphoblastic (MT-2) and
macrophage-monocyte (THP-1) derived cell lines to evaluate toxicity on the immune cells present in
vaginal or uterine mucosae, and in a uterine epithelial cell line (HEC-1A) to evaluate the potential
damage to mucosal integrity (Figure 12).

As shown in Figure 12 and Table 3, lactic acid and ES100 were biocompatible in the three cell types,
displaying CCs( values of over 1000 pg/mL, the maximum concentration tested. Citric acid CCsg value
in THP-1 was around 1000 ug/mL, which is high enough to rule out a toxic effect in vivo, since it must
pass through the epithelium layers at that concentration to reach the monocytes/macrophages that are
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only present on the inside of the epithelium. The same can be said of TEC since its CCsy of around
1000 pg/mL is only seen in MT-2 cells, which is a lymphocyte type cell line. The only compound
showing cell toxicity below 1000 ug/mL was tartaric acid, with a CCsp of around 200 pug/mL in HEC-1A
cells, with no effect on THP-1 and MT-2 cells. In this case tartaric acid is toxic to the epithelium cells,

which could lead to the disruption of the layer and to a potential inflammatory response, facilitating
viral entry through the vaginal mucosa, as other substances as nonoxynol-9 have been found to do [56].
Therefore, although the concentration needed to obtain the toxic effect is quite high (200 ig/mL), tartaric
acid should be avoided in any formulation to be applied to the vaginal and/or uterine epithelium.
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Figure 12. Graphic representation of the cytotoxic evaluation of lactic acid, tartaric acid, citric acid,
TEC and ES100 in MT-2, THP-1 and HEC-1A cells. Cell viability is expressed as a percentage of living
cells (%RLUs) as compared to a non-treated control (100%). RLUs: relative luminescence units.

Table 3. Results of the cytotoxicity analysis of lactic acid, tartaric acid, citric acid, TEC and ES100 in
MT-2, THP-1 and HEC-1A cells. Cytotoxic concentrations 50 (CCs)) were calculated using GraphPad

P

rism software.

CCsp pg/mL (C195%; R?)

Lactic acid
Tartaric acid
Citric acid
TEC

ES100

HEC-1A THP1
>1000 >1000
~200 >1000
>1000 ~1000
>1000 >1000
>1000 >1000

MT-2
>1000
>1000
>1000
~1000
>1000
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3. Materials and Methods

3.1. Materials

Tenofovir (TFV, lot: FT104801401, MW: 287.21 g/mol, purity > 98%) was provided by Carbosynth
Limited (Berkshire, UK). Low molecular weight chitosan [18] (CH, lot: 0055790, MW = 32KDa,
purity > 90%) was supplied by Guinama (Valencia, Spain). L(+)-Lactic acid (lot: 0001552193, MW:
90.08 g/mol, purity = 90.8%) was purchased from PanReac AppliChem (Barcelona, Spain). L(+)-Tartaric
acid (lot: BCBW8050, MW: 150.09 g/mol, purity = 99.97%), citric acid (lot: BCBV9045, MW: 192.12 g/mol,
purity > 99.5%) and triethylcitrate (TEC, Lot: BCBN8745V, MW: 276.28 g/mol, purity = 99.9%)
were supplied by Sigma Aldrich (Saint Louis, MO, USA). Eudragit® S100 (ES100, lot: B071005090,
MW = 135KDa [57]) was a kind gift from Evonik (Darmstadt, Germany). All other reagents used in
this study were of analytical grade and used without further purification. Demineralized water was
used in all cases.

3.2. Methods

3.2.1. Manufacture and Characterization of Chitosan Gels

Diluted acids must be used to obtain chitosan gels in aqueous media [54]. 50 mL of chitosan gels
were therefore prepared with three different organic acids (lactic acid, tartaric acid and citric acid) at
three concentrations, as shown in Table 4. The gels obtained were stored for 24 h at room temperature
to ensure the correct hydration of the polymer, then immediately evaluated.

Table 4. Composition of the chitosan gels.

Batch Chitosan (%) Lactic Acid (M) Tartaric Acid (M) Citric Acid (M)

gChL-a 0.25
gChL-b 0.5
gChL-c 1

gChT-a
gChT-b
gChT-c
gChC-a
gChC-b
gChC-c

@

0.25

0.25
0.5

G W W W wWwwww

The influence of the acid used and its concentration on the chitosan gels was studied by evaluating
their textural properties with a TA XTplus Texture Analyser (Stable Micro Systems, Surrey, UK) using
a 5 kg load cell, and following a previously described method [54]. A 20 mm-diameter stainless-steel
probe with an activation force of 2 g was introduced in each gel at a rate of 0.5 mm/s to a depth of 15 mm,
and returned to the initial height at the same rate. 500 points per second were monitored during data
collection, and the maximum penetration force (MPF)—an accurate prediction of gel consistency—was
calculated. The maximum detachment force (MDEF), said to be a predictor of adhesive performance,
was also recorded. The test was performed in triplicate for all the gels evaluated.

The pH of the gels was also determined using a pH-meter (GLP 21, Crison Instruments® S.A.,
Barcelona, Spain).

3.2.2. Chitosan Derivative-Based Films

Film Manufacture

Films were obtained from 5 mL of the previously prepared and evaluated gels using the solvent
casting method [9] (Table 5) in silicon moulds. Once the solvent was completely dried at room
temperature, 45-mm diameter circular films were stored until further analysis.
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Table 5. Composition of the chitosan derivative films manufactured with the solvent casting method.

Batch Chitosan (mg) Lactic Acid (mg) Tartaric Acid (mg) Citric Acid (mg) TFV (mg)

ChL-a 150 112.5 (0.25 M)

ChL-b 150 225 (0.5 M)

ChL-c 150 450 (1 M)

ChT-a 150 187.5 (0.25 M)

ChT-b 150 375 (0.5 M)

ChT-c 150 750 (1 M)

ChC-a 150 240 (0.25 M)

ChC-b 150 480 (0.5 M)

ChC-c 150 960 (1 M)
ChL-TFV 150 225 (0.5 M) 30
ChT-TFV 150 375 (0.5 M) 30
ChC-TFV 150 480 (0.5 M) 30

The films were visually assessed to determine the optimum concentration of the different acids
to obtain films based on chitosan derivatives. Their organoleptic properties were observed and their
pliability was determined by folding the films, considering their capacity to deform and recover their
form. The optimal proportions were then prepared using the same method with the addition of 30 mg
of TFV to the gel. The amount of TFV for the development of the films was carefully selected according
to literature and previous evaluations. Among the different dosage forms for the vaginal administration
of this drug in clinical trials, lower and higher doses have been tested, showing adequate efficacy and
security [7]. It has also been proved that extremely low cervicovaginal fluid concentration of TFV
(1000 ng/mL) confer protection against HIV in women, ensuring the efficacy of these films during the
release period [58]. As for the security of the films, it was confirmed in cytotoxicity studies that the
dose included is not toxic for the vaginal tissue [59].

Attenuated Total Reflection Fourier Transform Infrared (FTIR-ATR) Spectroscopy

Attenuated total reflection Fourier transform infrared (FTIR-ATR) spectroscopy was used to
characterize raw materials and chitosan derivative-based films with a Perkin-Elmer spectrophotometer,
equipped with a MIRacle™ accessory designed for measurements (Perkin-Elmer). 16 scans were

recorded for all the spectra at a resolution of 4 cm™!.

Drug Release

Drug release was evaluated following the method described by Sanchez-Sanchez et al. [60].
Each sample was inserted in a borosilicate glass bottle with a 45 mm diameter base containing 80 mL
of SVF and then placed in a shaking water bath (37 °C, 15 opm). Samples were taken every hour until
the release of TFV was completed. 5 mL aliquots were removed and filtered, and the medium was
replaced with the same volume of SVF at the same temperature. TFV concentrations were quantified
by UV spectroscopy at a wavelength of 260 nm (Absgyr = 482.05-C(mg/mL)-0.0019; 2 = 0.9996)
in an Evolution 60S spectrophotometer (Thermo Scientific, Kyoto, Japan). The test was performed
in triplicate.

3.2.3. Layer-by-Layer Films

Manufacture

Although the chitosan derivative-based films had an acceptable texture, they appear unable to
sufficiently modulate the release of the drug. The optimal proportions of each chitosan derivative-based
film were selected to prepare LbL films, adding different proportions of ES100 to prepare the second
layer (Table 6). Since ES100 is an acidic polymer, the interaction between the surface of the chitosan film
and the film based on ES100 occurs through electrostatic interactions, and both layers become tightly
joined. These systems were obtained using the solvent casting method. First, chitosan derivative-based
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films containing TFV were prepared according to the method described above, then after the complete
evaporation of water, a solution of ES100 in 10 mL acetone was added with TEC as a plasticizer.
When this solvent was completely dry at room temperature, the resulting films were stored until
further assessment.

Table 6. Composition of the LbL films manufactured with the solvent casting method.

ChL/E-a ChL/E-b ChT/E-a ChT/E-b ChC/E-a ChC/E-b

Chitosan (mg) 150 150 150 150 150 150
CHITOSAN Lactic acid (mg) 225 225
DERIVATIVE-BASED Tartaric acid (mg) 375 375
LAYER Citric acid (mg) 480 480
Tenofovir (mg) 30 30 30 30 30 30
EUDRAGIT® Eudragit® 5100 (mg) 75 150 75 150 75 150
S100-BASED LAYER Triethylcitrate (mg) 375 75 375 75 375 75

SEM Microscopy

To verify the structure of the film and the arrangement of the layers, the cross-sections of the
films were analysed by electron microscopy using a field emission scanning electron microscope (JEOL
JSM-6335F, Tokyo, Japan) at an accelerating voltage of 20 V and a work distance of 15 mm.

Texture Analysis

Although the pliability of the chitosan derivative-based films has already been assessed,
the incorporation of the ES100-based layer may lead to a significant modification in the mechanical
properties of the system. The texture of the LbL films was therefore evaluated according to a previously
set up methodology [61] using a TA.XTplus Texture Analyser (Stable Micro Systems, Surrey, UK) with
a 30 kg load cell. Before starting the experiments, each film was fixed to a support rig. A 5mm-diameter
spherical stainless probe with an activation force of 5 g applied increasing force to each film to
maintain a moving rate of 0.5 mm/s. 500 points per second were monitored during data collection,
and the force applied (N) and the distance travelled by the probe (mm) were registered at each point.
The measurement ended when the film burst at the maximum registered force. The distance travelled
by the probe at the burst of the films was also recorded. The deformability of the systems was then
determined as the average distance travelled by the probe when applying a force of 1 N.

All assays were performed in quadruplicate, and the data were statistically processed using
two-way ANOVA (p-value 0.05) with the nature of the chitosan derivative and the proportion of ES100
as factors.

Swelling Behaviour

Swelling studies were performed on the LbL films to characterize the swelling of the formulations
in SVF as a function of time.

The swelling processes of the different batches in SVF were analysed following the method
described by Mamani et al. [62]. Fragments of each formulation with a diameter of 3 cm were fixed
with cyanoacrylate adhesive to stainless steel discs of the same size, with the chitosan derivative-based
layer facing the disc and the ES100 layer facing outwards, thus reproducing the expected conditions
after administration. They were then placed in beakers containing 100 mL of SVF and introduced in
a shaking water bath (37 °C, 15 opm). At given times (every hour during the first six hours and once
a day up to constant weight), the discs were extracted from the medium and weighed after removing
excess liquid. Swelling ratio (SR) was calculated according to Equation (1):

SR (%) = [(Fs - Fq)/(F4-SF)]-100, M
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where Fs and Fy correspond to the swollen and dry film weights respectively, and SF represents the
swellable fraction of the film. All the assays were performed in triplicate.

Ex Vivo Mucoadhesion

The mucoadhesion force and work were assessed ex vivo using the TA XTplus Texture Analyser
(Stable Micro Systems) to check whether the formulations show sufficient mucoadhesion capacity
to adhere to the vaginal mucosa at the time of administration, using a modification of a previously
described method [17]. A 2 X 2 cm fragment of excised bovine vaginal mucosa (obtained from a local
slaughterhouse) was fixed to the bottom of a Petri dish and hydrated with 5 mL of SVE. The LbL
film was fixed to a 1 cm-diameter cylindrical probe, with the chitosan derivative layer facing the
vaginal mucosa, as expected at the time of administration. The preparation was moved at a speed of
1 mm/s until it came into contact with the vaginal mucosa, applying a contact force of 500 g for 30 s.
The probe was then separated from the sample at a speed of 1 mm/s up to the starting height of the test.
The maximum force required to separate the film from the vaginal mucosa (detachment force) was
recorded as the mucosal adhesiveness. The area under the curve between the force-distance profiles
(detachment work) was determined, which is considered to be the mucosal stickiness. Each batch was
evaluated in triplicate.

Drug Release

To verify that the release of TFV from the films is pH dependent, the drug release from the LbL
films was evaluated in SVF (pH = 4.2) and in a SVF and simulated seminal fluid mixture (SVF/SSE, ratio
1:4, pH = 7.5 [63]) to reproduce the conditions after ejaculation during intercourse. Each sample was
inserted in a borosilicate glass bottle with a 45-mm diameter base containing 80 mL of medium, with
the hydrophilic layer of the film in contact with the glass and the hydrophobic layer in contact with the
medium, as it would be positioned in the vagina. The preparation was then placed in a shaking water
bath (37 °C, 15 opm). Samples were taken every hour during the first six hours and every day after
that at given times. 5mL aliquots were removed and filtered, and the medium was replaced with the
same volume of either SVF or SVF/SSF at the same temperature. TFV concentrations were quantified
by UV spectroscopy at a wavelength of 260nm (Absgyg/ssp = 482.23-C(mg/mL)—0.0145; 2 = 0.9990)
in an Evolution 60S spectrophotometer (Thermo Scientific, Kyoto, Japan). The test was performed
in triplicate.

The release profiles of the LbL films were compared using a f, statistic [64] in order to determine
whether there are significant differences between the two media, and whether the thickness of the
ES100 layer determines the release of the drug.

3.2.4. Material Cytotoxicity

Three human cell lines were used: a lymphoblastic cell line, MT-2 [65], a macrophage-monocyte
derived cell line, THP-1 (ATCC® TIB-202) and a uterine/endometrial epithelial cell line, HEC-1A
(ATCC® HTB-112™) (kindly provided by Maria Angeles Muiioz). All the cell lines were cultured in
RPMI 1640 medium supplemented with 10 % (v/v) fetal bovine serum, 2 mM L-glutamine and 50 mg/mL
streptomycin (all Whittaker M.A. Bio-Products, Walkerville, MD, USA) at 37 °C in a humidified
atmosphere of 5 % CO,. To detach the HEC-1-A cells, the medium was removed and the flask was
rinsed during 10 min with 1 to 2 mL of trypsin 0.25%—EDTA 0.03% solution. The medium was
replaced every three days after cell centrifugation at 1500 rpm for 5 min.

Cell toxicity was measured using the CellTiter Glo kit (Promega, Madison, WI, USA). Cells were
incubated in 96-well plates at a density of 10 x 10° cells per well (MT-2 and THP-1) and 2 x 10*
(HEC-1A) in complete medium. To assess the cytotoxic effect, cells were exposed to fresh medium
containing different concentrations of lactic acid, tartaric acid, citric acid, TEC and ES100 suspensions,
or the same concentration of PBS 1x as control. Experiments were performed in triplicate and the
culture was maintained at 37 °C and 5% CO, humidified atmosphere for 48 h. A standard method was
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followed to suspend the materials in PBS 1x [66]. After incubation for 48 h, the medium was removed
from cell cultures and 50 uL of CellTiter Glo reactive was added to each well on the plate. Relative
luminescence units (RLUs) were measured in a luminometer (Sirius, Berthold Detection Systems).
Cytotoxic concentration 50 (CCsp) values were calculated using GraphPad Prism Software (non-linear
regression, log inhibitor versus response). The results of the cytotoxic assay are shown as the average
of at least three individual experiments.

4. Conclusions

The gelation of chitosan in different diluted acids allows the production of chitosan derivative-based
films with different mechanical properties without the need to include plasticizers. It has been
confirmed that the crosslinking of the chitosan chains with tartaric acid or citric acid generates films
with improved mechanical properties. The combination of these films with a polymer with pH-sensitive
solubility (Eudragit® 5100) produces formulations that exhibit a pH-dependant Tenofovir release, high
mucoadhesion, and a moderate swelling profile, which would make them comfortable for the patient.

Among the films obtained through the layer-by-layer technique, those based on the combination
of chitosan citrate and Eudragit® 5100 in a 1:1 ratio (ChC/E-b) allow a sustained release of Tenofovir
for up to five days in simulated vaginal fluid and release all the drug in less than 4 h after sexual
intercourse, with very moderate swelling and a high mucoadhesion capacity. The materials used
were also non-toxic in the vaginal environment. These formulations are thus a future option for the
prevention of the sexual transmission of HIV in women.
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Abstract: Although collagens from vertebrates are mainly used in regenerative medicine, the most
elusive issue in the collagen-based biomedical scaffolds is its insufficient mechanical strength.
To solve this problem, electrospun collagen composites with chitins were prepared and molecular
interactions which are the cause of the mechanical improvement in the composites were investigated
by two-dimensional correlation spectroscopy (2DCOS). The electrospun collagen is composed of two
kinds of polymorphs, «- and -chitin, showing different mechanical enhancement and molecular
interactions due to different inherent configurations in the crystal structure, resulting in solvent and
polymer susceptibility. The collagen/o-chitin has two distinctive phases in the composite, but (3-chitin
composite has a relatively homogeneous phase. The 3-chitin composite showed better tensile strength
with ~41% and ~14% higher strength compared to collagen and x-chitin composites, respectively,
due to a favorable secondary interaction, i.e., inter- rather than intra-molecular hydrogen bonds.
The revealed molecular interaction indicates that 3-chitin prefers to form inter-molecular hydrogen
bonds with collagen by rearranging their uncrumpled crystalline regions, unlike x-chitin.

Keywords: chitin; collagen; electrospinning; mechanical property; 2D correlation spectroscopy;
polymorph

1. Introduction

Collagen is one of the most popular materials used as a tissue scaffold, drug carrier, cosmetic
ingredient, bio-ink, dentistry and guide membrane in regenerative medicine and has been significantly
utilized in medical fields [1-5]. Collagen mainly consists of repeating units of triplet sequence
[Gly—Xaa—-Yaa] with a hierarchically assembled triple helix and forms matrices of most of the vertebrate
organs [6,7]. Collagen xenografts that are generally extracted from bovine or pig are non-cytotoxic,
biocompatible, and easily resorbable in the human body; which is why clinicians prefer using
collagen for human tissue regeneration [8,9]. However, the collagen xenografts have inherently
lower mechanical strength than the native collagen tissues in humans with the hierarchical structure
reinforced by Ca-based biomineralization [10,11].

Mar. Drugs 2019, 17, 318; d0i:10.3390/md 17060318 77 www.mdpi.com/journal/marinedrugs
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To overcome the mechanical weakness of the collagen xenograft, without the cost of the fibrous
feature, researchers have been trying to make collagen composites with varied synthetic and natural
polymers including polycaprolactone, polylactic acid, polyvinyl alcohol, silk fibroin, chitosan, cellulose,
and chitin [12-16]. Among them, chitin is the second most abundant natural polymer on Earth and
can be acquired from marine creatures such as crab, shrimp, and squid. In addition, chitin has several
attractive bioactivities, including environmental friendliness, biocompatibility, antibacterial activity,
cost-effectiveness, and stiffness [17,18]. However, practical applications of chitin as a reinforcing
material for mechanically weak polymers, such as collagen, have been impeded due to its insolubility in
common solvent systems [19]. A highly crystalline structure which results from tight chain arrangement
with multiple hydrogen bonds in chitin [20], limits its solubility in common organic solvent systems,
thus only relatively low molecular weight and low concentrations of chitin could be dissolved in
hexafluoro-2-propanol (HFIP). HFIP is a well-established halogenated solvent for electrospinning by
dissolving the internal structure of polymers. However, in the case of chitin, HFIP is not a good solvent
because strong hydrogen bonds in chitin prevent HFIP from infiltrating into its structure. However, it
was suggested that chitin is electrospinable in acidic solvents, such as formic acid, methanesulfonic
acid, basic lithium chloride (LiCl)/dimethylacetamide (DMAc), or ionic liquids [21,22]. However,
only a small amount of chitin (<1%) is soluble in the above solvent systems.

In addition, the type of chitin resource that can be utilized for making the composite has been
overlooked. Chitin has two naturally occurring polymorphs that are in the & and 3 phase. Two different
phases occur by different inter- and intra-hydrogen bonds from a myriad of hydroxyl and amide groups,
resulting in «- and 3-chitin having different solvent susceptibilities. Therefore, it is a prerequisite
to explore which solvent system can be used for dissolving both the chitins and collagen to make
a mechanically reinforced composite material. Furthermore, we investigated which chitin phase
will form inter-chain interactions with collagen which are preferential for the resultant mechanical
prowess. Until now, molecular interactions that determine the mechanical properties have scarcely
been investigated for a chitin adjuvant.

The aim of this work is exploring the solvent system that dissolves both the chitins as well as
collagen and unraveling different molecular interactions for mechanical improvement. We electrospun
the composite of chitins and collagen and investigated which chitin phase is more effective to improve
the mechanical stability of the collagen and further estimated the molecular interactions behind
the improvement.

2. Results and Discussion

Relatively high molecular weights of - and 3-chitin were adopted as an adjuvant for generating
collagen composites to investigate the different molecular interactions. Depending on the intrinsic
crystal structure and inter- and intra-chain hydrogen bonds, chitins showed different solvent
susceptibilities as well as blending properties. Before blending with collagen, an appropriate solvent
ratio for chitins was found by an «-chitin dissolution test at various ratios between HFIP and
trifluoroacetic acid (TFA) (Figure S1). We found that the combination of a halogenated solvent with a
small amount of acidic solvent is effective to dissolve chitin. In the HFIP/TFA (85:15, v/v) chitin was
dissolved at a maximum concentration of 5% (w/v). In Figure 1, x- and 3-chitin that had been dissolved
in HFIP/TFA (85:15, v/v) showed distinct film morphologies which were cast on Teflon-covered dishes
in the same conditions. Interestingly, the cast film of x-chitin was opaque and had broccoli-like grain
structures (~5 pm), as observed in the scanning electron microscopy (SEM) image (Figure 1a). On the
contrary, 3-chitin formed a relatively unstructured smooth surface, resulting in a transparent film
(Figure 1b). This means that different chain arrangements and crystal structures derived from different
hydrogen bond configurations affect the solvation properties and reconstructing factors. Generally,
a-chitin has an orthorhombic crystal structure with unit cell dimensions of a = 4.74 A, b=1886A,
and ¢ = 10.32 A from the anti-parallel chain configuration and tight hydrogen bonds [18] (Figure 1c).
However, a relatively loose configuration by the parallel assembly of (3-chitin with a particularly
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short inter-plane distance, b, equal to 9.26 A, compared to that of a-chitin makes a monoclinic crystal
structure. Consequently, we hypothesized that the collagen/chitin composite probably exhibits different
fiber formations and macroscopic mechanical properties depending on the type of chitin added to
the composite.

(b)

4 ﬁfcﬁ{tin céstin C

S Transparent

SEl 10KV WD10mmSS55
POSTECH
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a-chitin: orthorhombic, anti-parallel
two chain/unit cell:
(a=4.74 A, b=18.86 A, ¢=10.32 A)

B-chitin: monoclinic, parallel
One chain/unit cell:
(a= 4.85 A, b=9.26 A, c=10.38 A)

Figure 1. Scanning electron microscopy (SEM) micrographs of cast (a) «-chitin (opaque) and (b) 3-chitin
(transparent) film for different solvent susceptibilities to hexafluoro-2-propanol (HFIP)/ trifluoroacetic
acid (TFA) solvent systems (magnification: 2000x). Different chain arrangements and crystal structures
of (¢) a-chitin and (d) B-chitin [18].

To confirm the macroscopic mechanical effect achieved by adding the chitins into collagen,
electrospinning was utilized to obtain well-blended composites [23]. For the mat formation,
relevant electrospinning conditions were evaluated in terms of the voltage, pumping speed, and
needle tip-to-collector distance. A custom-made iron block was placed on the collector to harvest
homogeneously made mats, as illustrated in Figure 2a. The tip-to-plate distance was set at 8 cm,
otherwise, the fiber would snap (>8 cm) or it would be too difficult to form fiber, due to lack of the
solvent vaporization (<8 cm). Furthermore, optimized electrospinning conditions of applied voltage
and flow rate were 25-30 kV and 0.25 mL/h, respectively. The concentration of chitin and collagen was
set to 1% (w/v) and 13% (w/v), respectively, for electrospinability. As a result, we successfully made
three kinds of mats—collagen (Col), collagen/x-chitin (Col/x-Chi), and collagen/B-chitin (Col/B-Chi).
The Col composed of collagen nanofibers which had a fiber diameter of ~0.210 um (Figure 2b).
However, changes in the diameter of the nanofiber by adding different chitins showed a different
appearance, which can be determined by the pattern of molecular interaction, including molecular
distance, the nanocrystalline structure, and distribution of the crystalline phase [24]. The Col/x-Chi
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showed a diameter that was ~29% greater than that of Col (~0.271 um) (Figure 2c). This increase was
due to the added crystalline phase o-chitin, which probably indicates that inhomogeneous blending of
collagen and a-chitin occurred. On the other hand, nanofibers in Col/3-Chi showed a similar diameter
to that of Col, achieving a slight increase to ~0.223 pum.

Syringe & pum
(a) v Taylor cone
...... %
Solution "iil-+
Needle +
............. 1
Liquidjet— | e +
Whipping -
region
Collector
- - -) Iron block

Power supply
(Voltage at a range of 25~30 kV)

80 0a '62"
Diameter (um) Diameter (um) Diameter (um)

Figure 2. (a) Schematic illustration for electrospinning on iron block in HFIP/TFA (85:15, v/v).
SEM observation of electrospun (b) Col, (c) Col/x-Chi, and (d) Col/B-Chi mats and corresponding
width distributions constituting the nanofibers (n = 100, inset: magnified images and all scale bars are
3 pum).

To reveal how the blending characteristics at the molecular level and interactions between collagen
and chitin affect the macroscopic mechanical properties, electrospun mats were subjected to a uniaxial
tensile test (Figure 3a). The tensile strength was increased from 3.4 + 0.7 t0 3.9 + 0.3 and 4.8 + 0.3 MPa for
Col/a- and Col/B-Chi, respectively (Figure 3b). As expected, Col/3-Chi showed better tensile strength,
with a value that was ~41% and ~14% greater than Col and Col/x-Chi, respectively, due to a favorable
secondary interaction, i.e., intermolecular hydrogen bonds. This could be explained by homogeneous
crystal dissolution and the formation of new hydrogen bonds. Furthermore, increased uncrumpled
regions of 3-chitin enable more collagen—chitin interactions than intra-molecular interactions within
the chitin. It manifests as an effective energy dissipation by collaborating between collagen and
chitin despite the loss of the crystalline phase of 3-chitin. However, Young’s modulus of Col/p-Chi
(177.3 + 16.6 MPa) was comparable to that of Col/x-Chi (180.6 + 14.07 MPa), even though both the
mats were stiffer than Col (116.2 + 0.7 MPa) (Figure 1c). We anticipate that these interesting features
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are probably due to solvent susceptibility, which could originate from the inherently developed chain
arrangement and the resultant crystal structure.

(a)

=
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Figure 3. Mechanical improvement of Col by adding «- and p-chitin. (a) Representative stress—strain
curves of electrospun mats during uniaxial tensile test. Statistical evaluation of (b) tensile strength and
(c) Young’s modulus (the mean value + SD; n = 6, * p < 0.05; ** p < 0.01; NS, not significant).

To understand the mechanical behavior derived from x- and (3-chitin, it is important to re-evaluate
the structural properties of chitins and collagen. As mentioned, chitin has two major naturally occurring
crystalline polymorphs, «- and B-chitin. The proposed unit cell for «-chitin is orthorhombic with an
antiparallel arrangement [25]. This structure allows «-chitin to have a three-dimensional cooperative
hydrogen bond network that includes inter-sheet hydrogen bonds, making it thermodynamically more
stable than B-chitin [26]. The unit cell of 3-chitin is monoclinic with a parallel chain arrangement.
It consists of well-defined sheets but lacks hydrogen bonding. Such an anisotropic nature and weak
association of the sheets leads to an unstable state, which results in the superior susceptibility to
other materials compared to the susceptibility of a-chitin [27,28]. In detail, there are three major
hydrogen bonds, two intermolecular and one intramolecular, that are not cooperative. Unlike x-chitin,
unoccupied hydrogen-bonding acceptors in (3-chitin are isolated, which act as hydrogen bonding
terminators [29].

Meanwhile, collagen mainly consisting of glycine, proline, and hydroxyproline are structured
as a supercoil intertwined with triple helices. Unlike a globular structure, the close association of
three chains leaves no room for interior spaces or cavities in the triple helix [30]. It protrudes polar
domains/side chains, such as carbonyl (C=0) and amine (N-H) functional groups, to the surface of
the fibrous structure and exposes them for interaction. In theory, 3-chitin with susceptible structural
characteristics could form a complex through extensive hydrogen bonding on the surface of fibrous
collagen. The mechanical result of incorporating chitin to collagen supports such a theory. This can
be seen in Figure 3b, Col/B-Chi showed a tensile strength of 4.8 MPa that is 14% higher than that of
Col/x-Chi.

To determine the effect of x- and B-chitin on the structure of collagen, XRD and thermal analysis
were conducted. As presented in Figure 4a, the peak position of collagen at 19.56° shifted to 18.62° and
18.86° corresponding to o- and (-chitin, respectively [31-33]. A decrease in the 26 value implies that
chitin polymorphs are able to penetrate and position themselves in the space between collagen fibers,
facilitated by the strong dissolution effect of TFA [34]. However, there was a noticeable shoulder peak
at 14.56° in «-chitin, which signifies that there are two distinctive phases in the composite, originating
from the lack of any secondary interaction between a-chitin and collagen. It is also interesting to note
that the peak intensity of Col/3-Chi is approximately half that of collagen or Col/x-Chi. This means
that the structural integrity of collagen has significantly decreased with the addition of 3-chitin by
the formation of new secondary interactions. This observation supports the result of mechanical
properties where the formation of new hydrogen bonds between 3-chitin and collagen is stronger
than the intermolecular interaction between collagens. Additional evidence can be obtained from the
thermal behavior. In the dehydration region, AH of Col, Col/x-Chi, and Col/B-Chi corresponds to
~184.54, ~215.02, and ~142.03 J/g, respectively. The energy required for thermal dehydration can imply
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the hydrogen bonding state of collagen and chitin. As expected, Col/x-Chi shows the highest AH since
the sites (acceptor and donor) from collagen and «-chitin would not interact and would be occupied by
water. A low AH value of Col/B3-Chi emphasizes that hydrogen bonding sites occupied by water are
replaced by a new interaction formed between p-chitin and collagen. The temperatures at which the
deconstruction of the crystalline region for Col, Col/x-Chi, and Col/B-Chi begin are ~145 °C, ~139 °C,
and ~132 °C, respectively. Since the structural integrity of collagen is heavily affected by the addition
of p-chitin, diverse crystalline structures and sizes are present in the system. Thus, the regional
area is extended while the starting point for crystal deconstruction shows the lowest value, ~132 °C.
Further evidence of new secondary interactions can be observed in the denaturation region of collagen.
As indicated with the green arrow at ~229 °C, Col/p-Chi showed a distinctive shoulder in this region
followed by a peak at a temperature of ~237 °C, identical to collagen. This shoulder peak is an
indication that a new structural interaction between (3-chitin and collagen has been formed.
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Figure 4. (a) Changes in the X-ray diffraction pattern and (b) differential scanning calorimetry depending
on the corresponding chitin adjuvants (each powder indicates raw materials without electrospinning).

The absence of a secondary interaction by «-chitin and additional hydrogen bonding formation
by B-chitin in the collagen composites are visualized using two-dimensional correlation spectroscopy
(2DCOS). 2DCOS is one of the most powerful and versatile spectral analysis methods that can highlight
the perturbation factors, such as time, temperature, concentration, or pressure. The result of such
perturbations applied to the system transforms the behavior of the chemical constituents that can
be produced into a simplified result [35]. Synchronous and asynchronous 2DCOS obtained from
FT-IR spectra of collagen/«- and p-chitin with increasing chitin contents identify the effect on the
collagen structure. Since the intensity of the FT-IR peak is heavily dependent on the concentration
of the specific functional group, an increasing or decreasing intensity with increasing chitin content
would reveal the presence of a new interaction between them. With the exception of diagonal positive
autopeaks (a result of the autocorrelation function of intensity variation) in synchronous 2DCOS,
the positive cross peak (red) represents the intensity of the two bands changing in the same direction,
either increasing or decreasing together, whereas the negative cross peaks (blue) indicates that one
band is increasing as the other is decreasing. When designated cross-peaks from the synchronous
2DCOS match the sign of the asynchronous 2DCOS, the intensity on the x-axis occurs before that of the
y-axis and vice versa. Given this information, 2DCOS was conducted and the result is presented in
Figure 5a,b with all the peak assignments summarized in Tables S1 and S2. The identical peaks that
represent the basic functional groups of chitins and collagens are at 3160-3176, 3045-3050, 1633-1634,
1520-1522, 1370-1372, 1176, and 1110 cm™, which share identical increases/decreases in intensity [36,37]
(Figure 5¢). Moreover, C-H related peaks such as 2982 and 2866 cm™, are not considered due to a
lack of information. Without these groups of peaks, the remaining information from the sequence
clearly represents the difference in the interactive behavior between «/3-chitin and collagen. Initial
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impressions of the sequence reveal that there are higher wavenumbers of peaks in collagen/p-chitin
2DCOS sequences compared to collagen/a-chitin. This alone passively informs that collagen is more
interactive and sensitive to the concentration of 3-chitin than to x-chitin. The peaks at 3442 and
1013 cm™!, corresponding to free O-H and chitin C=0, respectively, function as hydrogen-bonding
acceptors and these are only present in collagen/-chitin 2DCOS sequences [38,39]. The decrease in the
intensity indicates that the number of acceptors is decreasing with the formation of new hydrogen bonds
with collagen. Additionally, the initial stage of collagen/B-chitin sequence (1280, 3310, and 3176 cm™!
representing N-H) are donor-focused and the intensity increases, meaning that the addition of 3-chitin
creates a donor-friendly environment that increases the chance of new hydrogen bonding formations
since characteristically, B-chitin has an abundance of acceptors. Additionally, the peak at 3436 cm™!,
which represents intramolecular hydrogen bonding of a-chitin is at the start of the collagen/x-chitin
2DCOS sequence. This means that as the concentration of added chitin increases, «-chitin loses its
ability for intramolecular hydrogen bonding.
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Figure 5. Two-dimensional correlation spectroscopy (2DCOS) analysis to confirm different
molecular interactions between collagen and chitins in an HFIP/TFA system. A synchronous
contour map from concentration perturbation of (a) «-chitin and (b) B-chitin in the collagen
composites. (c) Relative interaction sequence and peak intensity variation of characteristic peaks from
concentration perturbation.
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3. Conclusions

In summary, we prepared electrospun collagen composites with «-chitin and 3-chitin to improve
the mechanical properties of the collagen. (3-chitin/collagen composites showed better mechanical
properties than those of «-chitin/collagen composites. 2DCOS analysis indicates that (3-chitin
prefers to form intermolecular hydrogen bonds with collagen by rearranging its crystalline regions,
which contributes to the increase in the mechanical properties. Consequently, we suggested a means to
make the composite through which the chitin phase will achieve a mechanical improvement of collagen.

4. Materials and Methods

4.1. Materials

Type I collagen from porcine skin (PSP-141706, Mw ~30,000) was purchased from SK Bioland
Co., Ltd (Cheonan, Korea). High-purity x-chitin (from shrimp, C9752) and p-chitin (from squid pen,
ARA-170124FC) were purchased from Sigma-Aldrich and AraBio Co., Ltd. (Seoul, Korea), respectively.
The unit cell of a-chitinisa =4.74 A, b = 18.86 A, and ¢ = 10.32 A, whereas the (3-chitin is structurally
different, with a = 4.85 A, b=9.26 A, and c=10.38 A. In addition, different 20 values of «- and p-chitin
were 9.1 and 7.9 ° for (020); 20 and 19.6 © for (110), respectively [40,41]. Hexafluoro-2-propanol (HFIP,
A1247, Alfa Aesar) and trifluoroacetic acid (TFA, L06374, Alfa Aesar) were used to dissolve collagen
and the two types of chitins.

4.2. Electrospinning

Collagen, a-chitin, 3-chitin, and their blends were dissolved in HFIP/TFA (85:15, v/v) solvent
at a concentration of 14% (w/v). The collagen/chitin blend was prepared in a ratio of 13:1. For the
complete dissolution of chitin, the corresponding amount of chitin was first dissolved in the solvent in
a 40 °C oven for 24 h, followed by the addition of collagen for another 12 h. Pure collagen for use as
a control was dissolved in the solvent for 12 h at a concentration of 14% (w/v). Electrospinning was
then performed with a customized electrospinning machine (Nano NC, Seoul, Korea) and syringe
pump (KDS100, KD Scientific, Holliston, MA, USA). The solution was placed in a 1 mL syringe with a
26-gauge needle with a clamp connected to serve as an anode with a collector to serve as the cathode,
both of which were connected to a high-voltage power supply. The iron block made of 2 X 2 X 1 cm was
used as the collector. The distance between the needle edge from the polymer jet and the collector was
maintained at 8 cm. The polymer jets generated from the needle by the strong voltage formed ultra-fine
nanofibers that accumulated down at the collector in the form of a membrane. The applied voltage and
solution feed rate was adjusted to 30 kV and 0.25 mL/h, respectively. All the experiments were carried
out at room temperature under 40 + 2% relative humidity. All the membrane samples were vacuum
dried in a 40 °C oven overnight to remove any solvents which had remained prior to characterization.

4.3. Scanning Electron Microscopy

SEM (JSM-6010LV, JEOL, Tokyo, Japan) was used to observe the morphology of the electrospun
nanofiber at an accelerating voltage of 10 kV. Sputter coating is performed for 100 s using a gold
coating machine (108 Auto Sputter Coater, Cressington Scientific Instruments Co., Ltd., Watford, UK)
to observe the nanofibers. Based on the SEM photographs, the average diameter of the nanofibers
was analyzed using the Image ] software (Wayne Rasband, National Institutes of Health, USA,
http://imagej.nih.gov/ij).

4.4. Fourier Transform—Infrared Spectroscopy

A Fourier transform-infrared spectroscopy (FT-IR) spectrophotometer (Nicolet™ iS™ 50 FT-IR
Spectrometer, Thermo Scientific Co., Ltd., Waltham, MA, USA) was used for FT-IR analysis and
measurements were carried out in the range of 4000 to 400 cm~! by using the absorption mode.

84



Mar. Drugs 2019, 17,318

To observe the interaction between collagen and chitin, the concentration of collagen and chitin was
adjusted to a 13:1, 12:2, 11:3, 10:4, and 9:5 ratio, and the concentration of blends was adjusted to 14%
(w/v) in a HFIP/TFA (v/v, 85/15) solution. The polymer solution was poured onto a silicon wafer and
cast for more than 24 h. The vibration modes of each specimen were then recorded for 2DCOS.

4.5. 2DCOS Analysis

2DCOS was used to differentiate between the effects of «- and B-chitin on collagen by setting
the content of chitin as a perturbation factor. Synchronous and asynchronous 2D correlation spectra
were obtained using the 2DShige program (freely downloadable software developed by Prof. Shigeaki
Morita (Osaka Electro-Communication University, Japan)), where the red and blue lines in the 2D
correlation spectra represent positive and negative cross peaks, respectively.

4.6. Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) (DSC 4000, Perkin Elmer, Waltham, MA, USA) was used
to observe the thermal behaviors of the electrospun mat. Five milligrams of each specimen were heated
at a scan rate of 10 °C/min from 30 to 300 °C under nitrogen gas conditions.

4.7. X-ray Diffraction

Crystal X-ray analysis was taken with Ni-filtered CuKw radiation (A = 1.5418 A) using a
D/MAX-2500/PC instrument (Rigaku, Tokyo, Japan) under 40 kV/100 mA. The diffractogram was
recorded in an angular range of 5° to 60° (20) with a step size of 0.02° and a scanning speed of 2° min~!,

4.8. Uniaxial Tensile Test

Mechanical properties of the electrospun collagen/chitin mats were applied to a universal testing
machine (UTM, 3344, Instron, Norwood, MA, USA) for confirmation of the reinforced mechanical
properties. It was equipped with a 2 kN load cell and a 1 mN resolution with +0.5% uncertainty.
All samples were cut into 5 mm X 20 mm sizes, and the portion held by the jig was 5 mm in the up and
down direction, and the length of the extended portion was 10 mm. The tensile speed was adjusted to
10 mm/min. The tensile test was carried out at room temperature with a relative humidity of 40 + 2%.
The thickness was measured using a Digimatic Micrometer (293-240, Mitutoyo, Kawasaki-shi, Japan)
using the values averaged by five points for each sample.

4.9. Statistical Analysis

All of the experimental data were presented as the mean + standard deviation (SD) and were
performed at least three independent times. The differences between the experimental data were
examined using a student’s t-test. A p-value < 0.05 was considered to be statistically significant.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/6/318/s1,
Figure S1: Solubility test, Figure S2: Heterogeneous and asynchronous contour map of 2DCOS, Table S1-S2:
Results of 2DCOS, Table S3: DSC peak assignment and calculated AH values.
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Abstract: Chitin was extracted from Polybius henslowii, a swimming crab, captured in large
quantities throughout the Portuguese coast by purse seine vessels as bycatch. After standard chitin
extraction procedures, water-soluble chitosan products were obtained via two different methods:
(1) N-acetylation with the addition of acetic anhydride and (2) a reaction with hydrogen peroxide.
The chemical structure and molecular weight of chitosan derivatives, water-soluble chitosan (WSC)
and chitooligosaccharides (COS), were confirmed by Fourier Transform Infrared Spectroscopy (FT-IR)
and gel permeation chromatography (GPC). Antioxidant and metal chelation activities were evaluated,
and the growth inhibition capacity was tested on four phytopatogens. The chitooligosaccharides
from pereopods (pCOS) and shell body parts (sCOS) inhibited all fungal species tested, particularly
Cryphonectria parasitica with 84.7% and 85.5%, respectively. Both radical scavenging and antifungal
activities proved to be dose-dependent. Chitooligosaccharides with a low molecular weight (2.7,
7.4, and 10.4 Kg'mol™') showed the highest activity among all properties tested. These results
suggested that chitosan derivatives from P. henslowii raw material could potentially be used against
phytopathogens or as ingredient in cosmetics and other products related to oxidative stress.

Keywords: Polybius henslowii; marine resources; chitosan; chitooligosaccharides; antifungal activity;
antioxidant activity

1. Introduction

Fungal pathogens are responsible for huge economic losses worldwide. These pathogens may cause
damage to roots, crowns, stems, leaves, and fruits of a large range of economically important plants.
In Portugal, several fungi species, such as Phytophthora cinnamomi, Botrytis cinerea, Cryphonectria parasitica,
and Heterobasidion annosum cause considerable damage in cork oak forests [1], vegetable crops [2], chestnut
trees [3], pines, and conifers [4], respectively. Since chemical fungicides such as sulfur dioxide [5] raise
health concerns, the agrochemical industry has been searching for less toxic products.
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Chitosan, a straight-chain polymer of glucosamine and N-acetylglucosamine [6] has emerged
as a promising antimicrobial material [7]. As they are obtained from chitin present in crustacean’s
exoskeleton and fungi cell walls, chitosan products are biocompatible and biodegradable, with a wide
range of applications such as in wastewater treatment, food, cosmetics, agrochemicals, cell culture,
textiles, and medical devices [8]. Chitosan also exhibits antioxidant activity [9,10] and, therefore, could
also be used as a replacement for synthetic antioxidants such as butylated hydroxytoluene (BHT),
butylated hydroxy-anisole (BHA), and tert-butylhydroquinone (TBHQ) [11].

In recent years, the valorization of fisheries discards by-products has received much attention due
to the increasing awareness of its economic potential and environmental impacts [12]. Polybius henslowii,
a benthopelagic species is found at depths between 0 and 650 m along the eastern Atlantic coasts from
Ireland and Britain to the Albordn Sea [13,14] and Morocco [15]. Despite its benthic habit, it also has
periodic pelagic phases when larges swarms move along the surface to coastal waters, gathering at high
densities from 0 to 14812 individuals per ha [16], with strong interannual oscillations [17]. Although being
an extremely abundant marine resource, it is not presently subject to commercial use, and approximately
1240 tonnes/year (mean values from 2004 to 2009) are discarded annually [18]. In Portugal, it is captured as
bycatch during the purse seining of Sardina pilchardus [18], having a destructive impact on the fishing nets.
As such, it is regarded as a plague by the fisherman and not as a potential source of economic incomes.

The objective of the present study was to determine if this bycatch could be converted into a
value-added product by chitin extraction and chitosan production. The products were characterized by
gel permeation chromatography (GPC) and FI-IR, and their antioxidant, metal chelation, and antifungal
properties were evaluated.

2. Results and Discussion

2.1. Polybius henslowii Characterization

The biochemical composition in terms of protein, minerals, lipids, and chitin of the swimming
crab Polybius henslowii exoskeleton is shown in Table 1.

Table 1. The characterization of dried P. henslowii expressed as a percentage of dried weight (% of DW).

Mean value (+ SD).
Raw Material Protein (%) Ash (%) Lipids (%) Chitin (%)
Shell 32.1+6.68 445 +0.57 13.2+0.25 9.7 £0.57
Pereopods 16.6 +1.21 49.3 +£5.86 1.6 +0.14 114 +0.19

The shell samples showed a higher percentage of protein and lipids than pereopods. The ash
percentage, directly correlated with the calcium carbonate in the exoskeleton, was similar in both
body parts. The protein and ash results are in accordance with those reported in previous studies [19],
suggesting a higher yield of ash than protein, lipids, or chitin from the crab samples (about 16.6% for
protein and 66.6% for ash content). The protein values are in line with the literature [20] for Alaska king
crab (from 16.3 to 20.7%) but are lower than those reported for other crab species such as the Metacarcinus
magister [21], Callinectes sapidus [22], and Carcinus maenas [23]. Previous studies [23] suggested that
differences in the diet of crab at the harvesting site influences their biochemical composition, which
could contribute to differences reported in the protein and lipid contents.

Previously published studies on crab species reported values of chitin from 14 to 28% of their total
dry weight [24]. The pereopods of the swimming crab showed a higher chitin content than the shells.
The chitin values shown in Table 1 are lower than those from other published studies [19,25]; however,
authors [25] suggested that differences in chitin yield could be related to such factors as harvest year
and/or shell storage duration, which could explain the low yield.
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2.2. Chitin Extraction Optimization

The conventional demineralization process of crustacean waste uses strong acids such as
hydrochloric acid (HCI). This chemical treatment can result in changes to the physiochemical
properties of chitin (the hydrolysis of the chitin chains that reduces the average molecular weight of the
biopolymer), produces harmful effluent wastewater, and contributes to the cost of the chitin purification
process [26]. A mineral-free chitin with a very low ash content is usually required for applications with
a very low impurity tolerance, such as biomedical and nutrition products [8]. Therefore, three different
HCl concentrations were tested to minimize chitin chain damage and acid use.

The mineral content in pereopods and shell samples after treatment with HCI was different
regarding calcium carbonate removal (Table 2). The lowest ash content was found for the pereopods
and shells after treatment with 1 M HCI (Table 2). Nevertheless, all treatments (0.5, 0.75, and 1 M)
promoted a high ash removal.

Table 2. The ash and protein contents of segmented body parts of P. henslowii after treatment with 1 M,
0.75M, and 0.5 M HCl and NaOH. Mean value (+ SD).

Shells Samples

NaOH/HCl
Protein Content (%) Protein Removal (%) Ash Content (%)  Ash Removal (%)
1M 20+0.12 96.1 +0.25 0.8 +0.01 98.2 +0.02
0.75M 23+0.14 95.35 + 0.28 1.0 £ 0.05 97.8 +0.11
0.5 M 2.29 +0.15 95.39 + 0.31 1.2+0.17 97.3 +0.38
Pereopods Samples
NaOH/HCl1
Protein Content (%) Protein Removal (%) Ash Content (%)  Ash Removal (%)
1M 1.2 +£0.12 92.2+0.78 0.4 +0.19 99.1 +04
0.75 M 1.5+ 0.07 90.5 + 0.48 0.5 +0.01 98.9 + 0.8
0.5 M 1.8 £ 0.06 88.2 + 043 0.7 +0.05 98.6 + 0.1

For an efficient chitin extraction, the associated proteins should be removed at a second stage.
Deproteinization carried out with sodium hydroxide (NaOH) at elevated temperatures promoted the
removal of protein from crab wastes. Residual protein was determined after each wash in order to
evaluate the efficiency of each concentration applied. After treatment with NaOH, the protein values
were highest in shells and pereopods treated with 0.5 M NaOH. The residual protein concentration
was higher when 0.5 and 0.75 M of NaOH were used, rather than 1 M NaOH (Table 2).

A high-quality chitosan product should have less than 1% protein [27]. Moreover, a complete
removal of protein is desirable, since it allows a higher solubility of chitosan after deacetylation [28].

2.3. Chitosan and Water-Soluble Chitosan Characterization

The data for chitosan samples characterization in terms of yield, dynamic viscosity, degree of
deacetylation, and molecular weight are shown in Table 3. The degree of deacetylation (DD) of chitosan
products was determined by infrared spectroscopy analysis. The ratio A;3p0/A1420 was slightly different
between the samples. The degree of deacetylation of chitosan obtained from shell chitin was 95.1 +
0.01%, while the samples from pereopods were 91 + 0.04% deacetylated. The difference is probably
due to the longer deacetylation process of 7 h, the time needed to allow a complete dissolution in 1%
acetic acid. Therefore, chitosan from pereopods resulted in a higher My, (378 kg.mol™!) and dynamic
viscosity (749.2 + 62.7 cP). Since the average M,, and dynamic viscosity are closely related, the decrease
in these values is consistent with a prolonged reaction time. Previous work [29] demonstrated that a
longer exposure to NaOH during deacetylation resulted in a decrease in M, and dynamic viscosity.
The yield of chitosan as a percentage of the crab dry weight from both body parts also showed lower

91



Mar. Drugs 2019, 17,239

values when compared with those from other studies [30], a consequence of the small amount of chitin
extracted from the initial raw material.

Table 3. Chitosan yield (%), dynamic viscosity (cP), deacetylation degree (DD%), and molecular
weight (kg.mol ™) obtained from Polybius henslowii raw material. pWSC—Pereopods water-soluble
chitosan; pCOS—pereopods chitooligosaccharides; sSWSC—shells water-soluble chitosan; sCOS—shells
chitooligosaccharides. Mean value (+ SD).

Chitosan Products Yield (%) Dynamic Viscosity (cP) DD (%) M, (kg:mol™)
Pereopods chitosan 9.7 £ 0.62 749.2 + 62.69 94.3 +0.04 378.2 + 78.00
pWSC - - 62 +0.53 404.0 + 45.00
pCOS - - 93.3 + 0.04 74 +1.20
Shells chitosan 8.0 +0.24 417.2 +94.99 95.1 +0.01 247.0 +31.20
sWSC - - 55.0 +3.21 279.0 + 33.00
sCOS - - 95.0 + 0.62 2.7+0.40
Commercial chitosan - - 87.0 780.0
ccWSC - - 57.0 +0.83 775.0 +42.00
ccCOS - - 86.0 + 1.4 10.4 £ 0.70

Chitosan is only soluble in acidic solutions, which limits its applications. The solution viscosity is
usually also quite high, which makes it difficult to prepare highly concentrated solutions. In contrast,
chitooligosaccharides and other water-soluble chitosan derivatives allow highly concentration solution
with low viscosities [31].

In the present study, hydrogen peroxide proved to be an efficient tool for chitosan degradation
due to the formation of reactive hydroxyl radicals by the dissociation of hydrogen peroxide [32].
The results in Table 3 show the production of chitooligosaccharides (COS) from both segmented body
parts with 7.4 kg.mol™! for pCOS and 2.7 kg.mol™! for sCOS, as well as for commercial chitosan
chitooligosaccharides (ccCOS) with 10.4 + 0.7 kg.mol‘l. Due to the decrease in molecular weight
and degree of deacetylation, these products showed a good solubility in distilled water as previously
observed by other authors [33].

Besides COS, another derivative soluble in water (WSC) was prepared through the N-acetylation
of degraded chitosan. The water-soluble chitosan (WSC) products had a molecular weight range
of 378 to 404 kg.mol~! in pWSC, of 247 to 279 kg.mol™! in sWSC, and of 780.0 to 775 Kg.mol™! in
ccWSC. According to previous studies [34], the reason for the increased solubility of chitosan was
the destruction of intramacromolecular and interchain hydrogen bonds, which alters the secondary
structure of chitosan, decreasing its crystallinity and unfolding its molecular chains. Also, the degree
of deacetylation decreased likely due to the acetylation reaction induced by the acetic anhydride acting
as a source of acetyl group for the amines.

2.4. DPPH Radical Scavenging Activity

One important mechanism of antioxidation involves scavenging of hydrogen radicals.
DPPH (2,2-diphenyl-1-picrylhydrazyl) has a hydrogen-free radical with a characteristic absorption at
517 nm, allowing its detection as the purple color of the DPPH solution fades rapidly when it reacts
with proton radical scavengers [35].

The DPPH radical scavenging activity of WSC, COS, and ascorbic acid is shown in Figure 1.
At 1 mgmL, all chitosan products exhibited the highest scavenging ability. The scavenging ability
proved to be dose-dependent.
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Figure 1. The scavenging ability of water-soluble chitosan (WSC), chitooligosaccharides (COS),
and ascorbic acid on 1,1-diphenyl-2-picrylhydrazyl radicals: The values are means of eight replicates +
standard errors.

pCOS, sCOS, and ccCOS showed the highest scavenging activity. The WSC products showed
a lower activity than COS at all concentrations tested (Figure 1). Also, no differences were noted
between products obtained from P. henslowii and the commercial product. However, compared to the
scavenging ability of ascorbic acid, all products had lower values.

Previous studies proved that the antioxidant activity of chitosan depends on the molecular weight
and the degree of deacetylation [36,37].

Since chitosan chains have active hydroxyl and amino groups that can react with free radicals [38],
the scavenging activity of chitosan may be due to the reaction between the free radicals and protonated
amino groups [38]. Several researchers suggested that the scavenging mechanism of chitosan was based
on the reaction of hydroxyl and superoxide anion radicals with active hydrogen atoms in chitosan
to form a stable macromolecule radical. In the chitosan structure, there are three hydrogen sources,
at the C—2 (NH;), C-3 (OH) and C—6 (OH) positions respectively [39]. The present results support this
theory, suggesting that the number of free amino groups is definitely important to a good antioxidant
performance, since a high degree of deacetylation resulted in chitosans (COS) with better antioxidant
properties. Other studies revealed the contribution of a prolonged N-deacetylation and its impact on
the scavenging activities through the production of highly deacetylated products [40,41]. Once again,
this seems to be in line with our findings, when compared the chitooligosaccharides (DD: 86—-93%) and
water-soluble chitosan (DD: 55-62%), proving that amino groups are a possible major factor for free
radical scavenging activity.

In addition, previous investigations have revealed that the DPPH radical scavenging activity
of chitosan increased with a decreasing molecular weight (Mw) [36,41]. According to previous
studies [36], a high-My chitosan (WSC) would have a lower mobility than a low-My chitosan
(COS). Consequently, this would increase the possibility of inter- and intramolecular bonding of the
high-Myy chitosan molecules; thus, the chance of exposure of their amine groups might be restricted.
An approximate 20% scavenging ability with 1 mg-mL~! of chitosan from crustaceans has been reported
previously [41].

The results obtained in the current study suggest that the degradation of chitosan by hydrogen
peroxide enhanced not only the solubility but also its antioxidant activity, supporting the use of
P. henslowii as raw material for the manufacturing of chitosan products towards antioxidant applications.

2.5. Superoxide Radical (O,~) Scavenging Ability

Superoxides are radicals of which unpaired electrons are on oxygen. Despite their limited
chemical reactivity, they can form more dangerous species, including singlet oxygen, hydrogen
peroxide, and hydroxyl radicals in living organisms [42,43]. Further, superoxides were also known to
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indirectly initiate lipid peroxidation as a result of HO, formation, creating precursors of hydroxyl
radicals [44].

In the present study a superoxide radical scavenging assay was based on the capacity of
water-soluble chitosan (WSC) and chitooligosaccharides (COS) to inhibit the reduction of nitro blue
tetrazolium (NBT).

Figure 2 summarizes the scavenging effects of WSCs and COSs produced from P. henslowii raw
material (pereopods and shells) and commercial chitosan on superoxide radicals within a concentration
range from 0.0625 to 1 mg-mL~1. All the products scavenged superoxide in a concentration-dependent
manner. The figure showed that chitooligosaccharides (COSs) had the highest scavenging activity
towards superoxide anion radicals with concentrations above 0.25 mg-mL~!. Again, no differences
were reported between products obtained from P. henslowii and commercial samples for both WSCs and
COSs. At 0.0625 mg-mL™?, all samples proved a low scavenging activity with values changing from
9.2 £ 1.9% (ccWSC) to 16.1 + 2.9% (pCOS). On the other hand, EDTA proved much higher superoxide
scavenging values (65.1 = 3.6%) within the same concentrations (0.0625 mg-mL™!). While testing the
highest concentration at 1 mg-mL~!, the pCOS, sCOS, and ccCOS samples clearly exhibited a higher
scavenging activity (61.9 + 7%, 60.1 + 5.2%, and 57.5 + 4.1%, respectively) when compared to pWSC,
sWSC, and ccWSC (28.7 + 2.7%, 31.9 + 4.5%, and 28.5 + 1.5%, respectively)
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Figure 2. The scavenging ability of water-soluble chitosan (WSC), chitooligosaccharides (COS),
and ascorbic acid on superoxide radical: The values are means of eight replicates + standard errors.

Previously published studies [45-47] suggested a relationship between molecular weight and
the ability to scavenge superoxide anions. Compared with chitosan, chitooligosaccharides have very
short chains and the ability to form intramolecular hydrogen bonds (O3-Os and N»-Og) decreases,
which means that the hydroxyl and amino groups are activated, being helpful to the reaction with
superoxide anions. This fact may be related once again to the formation of strong intermolecular
and intramolecular hydrogen bonds that reduced the reactivity of hydroxyl and amino groups in
the polymer chains. Other authors [48] proved the influence of hydroxyl and amino groups in the
scavenging process, showing lower scavenging values for chitosan-thiamine pyrophosphate (CS-TPP)
and chitosan-hydroxybenzotriazole (CS-HOBt) when compared to chitosan-acetate and chitosan-EDTA.
According to the author, it might be due to the higher ability of TPP and HOBt to bond with the
hydroxyl and amino groups of chitosan, blocking the reaction with the superoxide.

2.6. Chelating Ability on Ferrous lons

The generation of radicals can be retarded by chelation of ferrous ions [49], being chitosan and
chitosan derivatives reported as significant chelators [50]. This is why chitosan can be considered as a
potential natural antioxidant to prolong food shelf life [40].
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Figure 3 shows the ferrous-ion chelating ability of WSCs and COSs produced from P. henslowii
raw material (pereopodes and shells) and from commercial chitosan within a concentration range from
0.0625 to 1 mg-mL .
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Figure 3. The chelating ability of water-soluble chitosan (WSC), chitooligosaccharides (COS),
and ethylenediaminetetraacetic acid (EDTA) on ferrous ions: The values are means of eight replicates +
standard errors.

In general, the chelation ability of all WSCs with concentrations ranging from 0.0625 to 1 mg-mL™!
was relatively low. On the contrary, EDTA exhibited an excellent ferrous ion-chelating capacity
of approximately 74.6 + 4.1% at a concentration of 0.0625 mg-mL~!. Nevertheless, all products
proved a high chelation ability within 1 mg-mL~!, showing COSs the highest activities, from 40.7 +
10.1% (sCOS) to 45.2 + 10% (pCOS). When tested at 0.5 and 1 mg-mL~!, COSs almost presented a
two-times-higher chelating power than WCSs. Also, no differences were seen between sCOS, pCOS,
and ccCOS. Still, EDTA proved to be much more potent at 1 mg-mL~}, chelating all ferrous ions (100%).
Other authors [51] reported similar activities for EDTA when compared to the N-alkylated disaccharide
chitosan derivative. Despite the close relation of the chitosan metal ion absorption capability to its
amino acid content and their distribution, other factors such as affinity for water, pH, temperature,
and crystallinity also affected the ion-chelating activity [52,53].

In addition, the ion-chelating activity of chitosan seems to be strongly affected by the degree of
acetylation, with the fully acetylated chitosan showing very little chelating activity [54]. Similar findings
were reported in the present study, revealing higher degrees of deacetylation (COSs) and a stronger
effect on metal chelation abilities, when compared to low deacetylated products (WSCs).

2.7. Antifungal Assay

The molecular weight of chitosan is known to influence its ability to inhibit the activity of several
fungal species [55]. The antifungal activity of WSC and COS products towards the plant pathogens
B. cinerea, H. annosum, P. cinnamomi, and C. parasitica is shown in Figure 4. The concentrations of
chitosan ranged from 0.0125 to 0.1 mg-mL~!. The antifungal activity of all chitosan products proved to
be dose-dependent, but despite the observed inhibitory effect, none of the tested fungal species were
completely inhibited by COS or WSC at the highest concentrations. However, pCOS and sCOS showed
a good inhibition against Cryphonectria parasitica. Overall, pCOS exhibited a higher activity against all
other tested species than sCOS, pWSC, and sWSC.
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Figure 4. The effect of COS and WSC products (concentration ranging from 0.0125 to 0.1 mg-mL™")
on the growth of Heterobasidion annosum (a), Phytophthora cinnamomi (b), Cryphonectria parasitica (c),
and Botrytis cinerea (d): The values are means of eight replicates + standard error.

Furthermore, the results showed that the capability to inhibit fungal growth was clearly
higher for COS from both segmented body parts, especially the pereopods, than for WSC products.
While P. cinnamomi exhibited a lower vulnerability towards all chitosans, B. cinerea and C. parasitica
were highly inhibited by COS. B. cinerea sensitivity to chitosan has been reported previously [56].

Several mechanisms have been proposed for the antimicrobial action of chitosan. It has been
suggested that chitosan may inhibit microbial growth by acting as a chelating agent rendering
metals, trace elements, or essential nutrients unavailable for the organism to grow at a normal
rate [57]. This could be caused by the accumulation of chitosan precipitates on the membrane surface,
as the physiological pH in microbial cells is around neutral [58,59]. On the contrary, water soluble
chitosan derivatives, due to their solubility in neutral solutions, would be unable to form such a layer,
and therefore, no antimicrobial activity would be expected.

Another hypothesis explains the activity of chitosan as being based on the electrostatic interaction
of the protonated amino groups with the negatively charged cell wall surface of the targeted
microorganisms, which can lead to the disruption of the cell wall and, therefore, to its death [60].
The importance of protonation has been reported by several studies [61-63], which proved that only
positively charged chitosan’s are able to inhibit microbial growth.

Moreover, the degree of deacetylation certainly plays an important role not only on the antioxidant
activity but also in antifungal activity, since the products with a higher degree of deacetylation (COS),
exhibited a higher growth inhibition. Again, the number of free amino groups seems to influence
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bioactivities. Also, it is possible that chitosan’s antifungal activity is caused by its chains, which interact
with the cell’s membrane and inhibits the intracellular functions [64]. Recently published studies [65]
suggested that interactions between low molecular weight chitosans, DNA, RNA, and protein could
partly explain the effects of chitosan on translation efficiency. In addition, other studies showed that
the effectiveness of chitosan did not depend solely on the chitosan formulation but also on the fype of
fungi [61]. This is in accordance with our findings, since both pathogens from the phylum Ascomycota
(Botrytis cinerea and Cryphonectria parasitica) were highly inhibited at 0.1 mg-mL~! when compared to
the remaining species, Heterobasidion annosum (phylum Basidiomycota) and Phytophthora cinnamomi
(phylum Heterokontophyta).

3. Experimental Section

3.1. Biochemical Characterization of Raw Materials

Swimming crab, Polybius henslowii was by-catched by fishing vessels when capturing Sardina
pilchardus along the west coast of Peniche (39°2422.19"°N, 9°35°50.51"°0O), Portugal. Dead organisms
were first boiled, then dried in an oven at 100 °C for 2 days, and segmented into shell and pereopods.
The raw material was powdered into particles with diameters ranging from 150 to 500 um. The ash
content was determined by initially drying the raw material in an oven at 100 °C for 6h. The dried
samples were placed in a furnace at 530 °C for 20 h, and the remaining material was weighed after
cooling in a desiccator. The microbiuret method was used for protein assays [66], and the values were
compared with a standard curve established with known concentrations of bovine serum albumin (BSA).
Free fat was extracted from the raw material by Soxhlet using ether as the solvent [67]. Three replicates
were conducted for each sample.

3.2. Chitin Extraction and Deacetylation

Chitin was isolated according to Reference [19] with some modifications. Demineralization was
carried out with three different concentrations of HCI in order to optimize the extraction of calcium
carbonate: 0.5, 0.75, and 1 M at 21°C for 30 min (ratio of 1:30, w/v). After washing with distilled water
and drying in an incubator for 24 h at 40 °C, the samples were subjected to different concentrations of
sodium hydroxide (0.5 M, 0.75 M, and 1 M of NaOH; ratio of 1:15, w/v), thereby removing the organic
matter. The shells and pereopods were incubated at 70 °C for 2 h in a water bath and washed with
distilled water until a neutral pH was achieved. The demineralization and deproteinization efficiencies
were respectively determined through the ash content and microbiuret assay measurements.

The chemical deacetylation of chitin was achieved by subjecting chitin to 12 M of NaOH solution at
120 °C for 3 h (pereopods) and 7 h (shells). After the alkali treatment, chitosan was collected and washed
with distilled water to remove NaOH residues until a neutral pH was reached. These conditions
yielded chitosan products from both body parts, which exhibited a complete dissolution in acetic acid
(1%, v/v) at 25 °C.

Three batches were performed in each step, therefore having a minimum of three replicates
per sample.

3.3. Chitooligosaccharides and Water-Soluble Chitosan Production

Water-soluble chitosan (WSC) was prepared according to a previously published procedure [34],
through N-acetylation with acetic anhydride (Ac;O). One gram of chitosan was dissolved in 25 mL of
2.8 % acetic acid, and 25 mL of ethanol were added. Acetic anhydride was charged after a complete
dissolution of chitosan and left shaking for 4 h. The reaction mixture was precipitated with ethanol
and dried at 55 °C for 24 h.

The production of chitooligosaccharides (COS) was derived by adding hydrogen peroxide (H,O) [32].
One gram of chitosan was dissolved in 20 mL of 2% (w/w) acetic acid. After a complete dissolution, 5.5%
H,0O, was added to the mixture and incubated at 37 °C for 4 h. Then, chitooligosaccharide products
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were precipitated with ethanol and dried at 55 °C for 24 h. The same procedure was carried out with the
commercial chitosan (cc) product (Altakitin S.A., Portugal) in order to compare its physical and biochemical
properties. All samples were performed in triplicate.

3.4. Chitosan Product Characterization

The dynamic viscosity was determined in triplicate with a rotational Haake viscotester 7 plus at
(20 £ 1) °C after the samples were dissolved in 1% (u/v) acetic acid. The molecular weight (M,,) of
chitosan products was determined by gel permeation chromatography (GPC) [68] with some variations.
A Varian PL aquagel-OH MIXED bed column (Varian, France) 8-um column was used. The samples
(approx. 5 mg) were dissolved in 1 mL of eluent (AcOH/AcONa buffer pH 4.5, Panreac Spain) and
filtered through a microsyringe filter prior to injection. The flow rate was 1 mL/min. A calibration
curve was obtained by using Varian pullulan polysaccharides certified standards (Varian, France) at
the same chromatographic conditions. FTIR spectroscopy (Bruker FTIR-ATR spectrophotometer) was
employed to determine the degree of acetylation (DA) [69]. The spectra of all samples were recorded
in KBr pellets (Sigma Aldrich, Steinheim, Germany) by the accumulation a minimum of 64 scans with
a resolution of 4 cm™!.

3.5. Scavenging of 1,1-diphenyl-2-picrylhydrazyl Radicals

The chitosan scavenging of 1,1-diphenyl-2-picrylhydrazyl radicals (DPPH) was determined
according to a previously described method [70]. DPPH (Sigma Aldrich, Steinheim, Germany) solution
was prepared at 0.1 mM with methanol. A volume of 10 pL of each sample was added to 990 puL of a
DPPH solution. The sample concentrations varied from 0.0625 to 1 mg-mL~". The reaction mixture
was shaken vigorously and stored in the dark at room temperature for 30 min. The absorbance was
read at 517 nm in a microplate reader (Biotek, Vermont, USA). All samples were run in triplicate.
Ascorbic acid was used for comparison. The free radical scavenging activity was calculated by the
following Equation (1):

Scavenging activity (%) = (1 — Abssampie/ AbScontrol) X 100 1)

3.6. Superoxide Radical (O;~) Scavenging Activity

The superoxide scavenging ability of all water-soluble chitosan (WSC) and chitooligosaccharide
(COS) samples was assessed by the method of Reference [71]. This assay was based on the reduction
of nitro blue tetrazolium (NBT) in the presence of NADH and phenazine methosulphate (PMS)
under aerobic condition. The 3.00 mL reaction mixture contained 50 pL of IM NBT, 150 uL of 1 M
nicotinamide adenine dinucleotide (NADH), and Trisbuffer (0.02 M, pH 8.0). The samples were added
with concentrations ranging from 0.0625 to 1.0 mg-mL~!. The reaction started by adding 15 uL of
IM phenazine methosulfate (PMS). After incubation at room temperature for 5 min, 300 uL of each
reaction were transferred to a 96-well plate, and the absorbance was recorded at 560 nm against a blank
in microplate reader (Biotek, Vermont, USA). EDTA was used as a positive control. The capability of
scavenging to superoxide radical was calculated using the following Equation (2):

Scavenging effect (%) = (1 = Asample/Acontrol) X 100 )

3.7. Chelating Ability on Ferrous lons

The ferrous ion-chelating potential of all chitosan products (WSC and COS) was investigated
according to the method of Decker and Welch [72]. Each WSC and COS sample (0.0625-1.0 mg~mL’1) in
a0.2% acetic acid solution was mixed with 0.1 mL of FeCl, (2 mM) and 3.7 mL of methanol. The reaction
was initiated by adding 2.0 mL ferrozine (5 mM), shaken vigorously and incubated for 10 min in the
dark at room temperature. The ferrous ion-chelating ability was determined by the absorbance at
562 nm against a blank in a microplate reader (Biotek, Vermont, USA). EDTA was used as a positive
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control. The ability of WSC and COS to chelate ferrous ions was calculated according to the following
Equation (3):
Chelating activity (%) = (1 — Absgample/AbScontrol) X 100 3)

3.8. Effect of Chitosan on Mycelial Growth

Cryphonectria parasitica (DSMZ 62626), Phytophthora cinnamomi (DSMZ 62654), Botrytis cinerea
(DSMZ 4709), and Heterobasidion annosum (DSMZ 1531) were all purchased from the Leibniz Institut
DSMZ (German Collection of Microorganisms and Cells Cultures), Germany. The four strains were
grown for 5 days at 28 °C on potato dextrose agar (PDA) plates. The antifungal assessment of the
chitosan products was conducted through the mycelial radial growth inhibition technique on a PDA
medium according to El Ghaouth et al. [73]. Mycelial discs 4 mm in diameter were cut from the margins
of the initial colony and placed on PDA plates containing different concentrations of chitosan, ranging
from 0.0125 to 0.1 mg-mL~!. Control plates of PDA were prepared without chitosan. The PDA plates
were incubated at (23 + 2) °C for 7 days. The mycelial radial growth was measured when the control
colony had grown to the edge of the plate. The diameter of each fungal colony prepared in triplicate
was measured in mm. and the activity was expressed as the inhibition of mycelial growth.

4. Conclusions

This study shows that P. henslowii captured as bycatch could be applied as a source of chitosan
derivatives. The swimming crab characterization clearly showed that, considering its composition,
different segments of its body could be applied to several biotechnological applications such as feed
supplements, adding value to the raw material. Moreover, the bioavailability of this marine resource,
the optimization of chemical processes (through solvent reuse), and, considering all production costs,
the final price could be highly competitive compared to the current market offer. The results suggested
that the chitosan derivatives, mainly chitooligosaccharides obtained through processing of P. henslowii
raw material, could be effectively employed as an ingredient in cosmetics or functional products in
order to decrease oxidative stress. In general, the chitosan derivatives produced from the raw material
of P. henslowii remarkably inhibited the tested phytopathogenic fungi, mainly Cryphonectria parasitica.
In addition, these samples produced an interesting inhibitory activity when compared with commercial
chitosan derivatives. However, in order to promote the use of this raw material, extensive research
on its characterization (RNM) and other applications (antibacterial activity and allergenic tests) must
be addressed.
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Abstract: Chitosanase has attracted great attention due to its potential applications in medicine,
agriculture, and nutraceuticals. In this study, P. mucilaginosus TKU032, a bacterial strain isolated from
Taiwanese soil, exhibited the highest chitosanase activity (0.53 U/mL) on medium containing shrimp
heads as the sole carbon and nitrogen (C/N) source. Using sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) analysis, a chitosanase isolated from P. mucilaginosus TKU032
cultured on shrimp head medium was determined at approximately 59 kDa. The characterized
chitosanase showed interesting properties with optimal temperature and thermal stability up to 70 °C.
Three chitosan oligosaccharide (COS) fractions were isolated from hydrolyzed colloidal chitosan that
was catalyzed by TKU032 chitosanase. Of these, fraction I showed the highest x-glucosidase inhibitor
(aGlI) activity (65.86% at 20 mg/mL); its inhibitory mechanism followed the mixed noncompetitive
inhibition model. Fractions II and III exhibited strong 2,2-diphenyll1-picrylhydrazyl (DPPH) radical
scavenging activity (79.00% at 12 mg/mL and 73.29% at 16 mg/mL, respectively). In summary,
the COS fractions obtained by hydrolyzing colloidal chitosan with TKU032 chitosanase may have
potential use in medical or nutraceutical fields due to their aGI and antioxidant activities.

Keywords: chitin; chitosan; Paenibacillus; chitosanase; chitosan oligomers; «-glucosidase
inhibitor; antioxidant

1. Introduction

Chitosan is a polymer composed of 3-1,4 linked D-glucosamine with varying amounts (under
50%) of N-acetyl-D-glucosamine [1]. Chitosan is of interest to many researchers as it exhibits various
biological activities and has many biotechnological uses [2—4]. Unfortunately, chitosan has poor
solubility at neutral pH, potentially limiting its application. Chitosan oligosaccharides (COS) are
products obtained from hydrolyzed chitosan with an average MW of less than 3900 Da and degrees of
polymerization (DP) under 20 [5]. Unlike chitosan, COS possess great solubility in water. Furthermore,
COS also demonstrate antidiabetic [6,7], prebiotic [8,9], antioxidant [5,8], anti-inflammatory [5,10],
anticancer [10], antitumor [11], and antibacterial biological activities [12,13]. The enzymatic method
was recently reported as an efficient and environmentally friendly process for producing bioactive
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COS [5,8,9,14-16]. However, the high cost of enzyme production limits its application on a larger scale.
As such, an inexpensive and efficient protocol for producing chitinolytic enzymes and converting
chitosan into bioactive COS is needed.

Chitosanase (EC 3.2.1.132) is a group of enzymes which hydrolyzes chitosan [17]. It is a useful
tool for depolymerizing chitosan into oligosaccharides with various biological activities and degrees of
DP [5,9]. Important sources for chitosanase production have primarily been found in bacteria, including
Paenibacillus [9,18], Bacillus [5,19-23], Serratia [24], and Streptomyces [25]. Until now, the common C/N
sources for chitosanase production via bacteria were chitin and chitosan. Commercialized chitin
and chitosan products are mostly prepared from fish processing by-products, such as shrimp shells,
crab shells, or squid pens, using chemical methods like strong alkaline and acid treatments to remove
proteins and mineral salts. To reduce costs, shrimp shells, shrimp heads, crab shells and squid pens
have been used as the sole C/N sources for enzyme production via microbial conversion [18-22,26-31].

Recently, several strains of Paenibacillus showed excellent ability in producing a-glucosidase
inhibitors [32-36], proteases [18], chitosanase [9,18], and exopolysaccharides [37,38] when marine
chitinous materials were used as the sole C/N source. In the previous report, P. mucilaginosus
TKUO032, a bacterial strain isolated from Taiwanese soil, produced exopolysaccharides with high
antioxidant activity from a medium containing squid pens [37]. Moreover, the culture supernatant also
showed chitinolytic, proteolytic and aGI activities [18]. This suggests that P. mucilaginosus TKU032
has the potential to produce various biological activities using low-cost chitinous materials. However,
an investigation into TKU032’s enzyme production was not fully explored.

In this study, chitosanase production of P. mucilaginosus TKU032 was tested using four kinds of
marine chitinous materials: squid pens powder (SPP), shrimp heads powder (SHP), demineralized
shrimp shells powder (deSSP), and demineralized crab shells powder (deCSP) to determine the most
suitable C/N source for bioconversion. The isolation and characterization of P. mucilaginosus TKU032
chitosanase was performed. Furthermore, the COS obtained by hydrolyzing colloidal chitosan with
P. mucilaginosus TKUO032 chitosanase were fractionated and characterized. The aGI and antioxidant
activities of the COS fractions were also estimated and compared to commercial compounds.

2. Results and Discussion

2.1. Screening of Chitinous Materials as Sole C/N Source for Chitosanase Production

To explore chitosanase production by P. mucilaginosus TKU032, four chitinous materials from
fish processing (SPP, SHP, deCSP, and deSSP) were used as the sole C/N sources during incubation.
As shown in Figure 1, TKU032 chitosanase was found to exhibit the highest activity at day 2 of the
cultivation on all types of chitinous material sources, in which the maximum enzyme activity was
expressed with SHP (0.53 U/mL) higher than SPP (0.42 U/mL, p-value 0.0384), deCSP (0.25 U/mL,
p-value 0.0028), and deSSP (0.18 U/mL, p-value 0.0005), respectively. The reason might be related to
the difference in protein/chitin/mineral salts ratio of each chitinous material, in which SHP contents
had higher amounts of protein and mineral salts but lower amount of chitin than those of the other
materials [36,39]. This result was also unlike previous reports, which suggested that chitosanase from
Paenibacillus strains often show the highest activity on medium containing SPP [9,18].

In the search to find a suitable and cost effective source for producing bioactive compounds via
microorganism conversion, shrimp heads, a by-product from shrimp processing, were suggested as
potential material as they have been reported as the best sole C/N source for producing chitosanase
(B. cereus TKU027) [14], aGI (Staphylococcus sp. TKU043) [29], nattokinase (B. subtilis TKU007) [30],
and protease (B. cereus TKUO022, B. licheniformis TKU004) [22,31]. Since TKU032 showed the highest
chitosanase activity on medium containing SHP, it was chosen as the sole C/N source.
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Figure 1. Production of chitosanase by P. mulaginosus TKU032; (A) using different chitin-containing
materials as the C/N source; (B) using different concentrations of SHP.

Further experimentation determined the optimal SHP concentration for chitosanase conversion
by P. mulaginosus TKU032. As shown in Figure 1B, the highest chitosanase activity was found
at 1% SHP (0.53 U/mL) and 1.5% SHP (0.54 U/mL). Since there was no significant difference
in maximum chitosanase activity (p-value 0.5037) and less material loss, 1% SHP was chosen for
subsequent experiments.

2.2. Comparison of Chitosanase Production from SHP Using Different Bacteria

Chitinase/chitosanase production by chitinolytic Paenibacillus and Bacillus strains on SPP and
deCSP-containing media were introduced in our previous report [18]. In this study, the potency
of SHP in chitinase/chitosanase production via microorganism conversion was also investigated.
The results in Table 1 show that all tested species of Paenibacillus and Bacillus exhibited chitinase and
chitosanase activities. The highest chitosanase and chitinase activities were found in P. mucilaginosus
TKUO032 (0.58 U/mL and 0.37 U/mL) and P. macerans TKU029 (0.59 U/mL and 0.28 U/mL) with
no significant difference in their activities (0.88 and 0.1563 of p-value, respectively); the results were
better than those of Paenibacillus sp. TKU037 (0.05 U/mL and 0.06 U/mL), Paenibacillus sp. TKU042
(0.12 U/mL and 0.12 U/mL), B. subtillis TKU007 (0.05 U/mL and 0.11 U/mL), and B. licheniformis
TKU004 (0.01 U/mL and 0.04 U/mL) with a p-value range from 0.0004 to 0.0025. By expressing
the higher chitinolytic activity on chitosan (0.58 U/mL) than on chitin (0.37 U/mL), P. mucilaginosus
TKUO032 could be considered as a chitosanase-producing bacterium. Similar to the previous study,
none of the tested Paenibacillus species, including P. mucilaginosus TKU032, showed exochitinase
activity [18]. Taken together, this result confirmed that SHP was the most suitable C/N source for
chitosanase production via P. mucilaginosus TKU032 conversion.

Table 1. Comparison of chitosanase, chitinase, and exochitinase production by different Paenibacillus
and Bacillus strains.

Bacterial Strain Chitosanase Activity Chitinase Activity Exochitinase Activity

(U/mL) (U/mL) (U/mL)
P. mucilaginosus TKU032 0.58 £+ 0.10 0.37 + 0.04 -

P. macerans TKU029 0.59 + 0.04 0.28 4 0.08 -
Paenibacillus sp. TKU037 0.05 £ 0.02 0.06 £ 0.05 -
Paenibacillus sp. TKU042 0.12 £ 0.04 0.12 + 0.05 -

Bacillus licheniformis TKU004 0.01 £0.01 0.04 +0.01 10.21 £ 0.89

B. subtillis TKU007 0.05 £ 0.02 0.11 £ 0.01 -

Bacterial strains were cultured in 100 mL of liquid medium in an Erlenmeyer flask (250 mL) containing 1% SHP,
0.1% K,HPO, and 0.05% MgSO4-7H,O in a shaking incubator for 2 d at 37 °C.
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2.3. Purification and Characterization of Chitosanase

In order to characterize TKU032 chitosanase, a series of steps was used to purify the enzyme,
including (NHy),SO4 precipitation, Macro-prep High S ion exchange chromatography and KW802.5
gel filtration. The chitosanase was eluted by 20 mM Tris-HCl buffer (pH 7) with a linear gradient
of 0-1 M NaCl on a Macro-prep High S column. As shown in Figure 2, there was only one peak of
chitosanase activity, located at the washing stage of the ion-exchange chromatography separation. This
result indicated that pI of TKU032 chitosanase might be >7. The peak fractions (fraction numbers
5-15) showing chitosanase activity were collected. After Macro-Prep High S chromatography, 15.98
mg of protein was obtained with an increase in the specific activity from 0.7 U/mg to 4.25 U/mg and
a slight reduction in the activity yield from 31.69% to 24.06%. The purification was then confirmed
by HPLC gel filtration using the KW802.5 column. Similar to the ion-exchange chromatography,
only one peak of chitosanase activity was found by the HPLC analysis (data not showed). After
purification, one chitosanase was obtained; its profile is summarized in Table 2. In other reports,
only one chitinase/chitosanase was isolated from the culture medium of Paenibacillus species [1,
9,18,40-48]. The specific activity and recovery yield of the purified chitosanase were 5.13 U/mg
and 10.94%, respectively. By using SDS-PAGE analysis, the molecular weight (MW) of the TKU032
chitosanase was determined as approximately 59 kDa (Figure 3), which fell within the MW’s range
(85-85 kDa) of chitinase/chitosanase from most Paenibacillus strains [1,9,18,40-48], with an exception
from Paenibacillus sp. FPU-7 chitinase (150 kDa) [49].
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Figure 2. A typical elution profile of chitosanase on Macro-prep High S column.
Table 2. Purification of chitosanase from P. mucilaginosus TKU032.
Total Protein Total Specific Activity o Purification

Step (mg) Activity (U) (U/mg) Recovery (%) (Fold)
Cultural supernatant 1499.13 282.28 0.19 100.00 1.00
(NHy),S0y precipitation 126.97 89.44 0.70 31.69 3.74
Macro-Prep High S 15.98 67.92 4.25 24.06 22.57
KW-802.5 5.13 30.89 6.03 10.94 32.01

P. mucilaginosus TKU032 was cultured in 100 mL of liquid medium in an Erlenmeyer flask (250 mL) containing 1%
SHP, 0.1% K,HPOy and 0.05% MgSO4-7H,0 in a shaking incubator for 2 d at 37 °C.
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Figure 3. SDS-PAGE analysis of the chitosanase produced by TKU032. A: protein markers;
B: Purified chitosanase.

2.4. Effects of pH and Temperature on Activity and Stability of Chitosanase

The effect of pH on P. mucilaginosus TKUO032 chitosanase is shown in Figure 4A. The optimum
pH for the enzyme was 6.0. This result is consistent with most research, which showed
chitinase/chitosanase from Paenibacillus species expressing the highest activity in acidic conditions [1,
41,45-47], with the exceptions of P. macerans TKU029 [9], P. pasadenensis NCIM5434 [43] and P. elgii
HOAZ73 [42]. P. mucilaginusus TKUO032 was stable over a broad pH range (Figure 4A), with over 80%
of activity retained from pH 4 to 8. Once the pH dropped below 4, activity disappeared completely,
whereas 50% of activity was retained at pH 9. Several chitinase/chitosanase from Paenibacillus showed
the same broad pH stability as P. mucilaginosus TKU032 [9,46,48,50].
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Figure 4. Effect of pH (A) and temperature (B) on activity (e) and stability (CJ) of TKU032 chitosanase.

The effect of temperature on the activity and stability of P. mucilaginosus TKU032 chitosanase
were studied herein (Figure 4B). The optimal temperature was 70 °C, but even at 80 °C, it still showed
more than 80% activity. P. mucilaginosus TKU032 chitosanase demonstrated thermal stability up to
70 °C, with over 80% of activity retained. This suggests that both the optimal temperature and thermal
stability of P. mucilaginosus TKUO032 chitosanase were higher than most chitinase/chitosanase from
other Paenibacillus species [9,41-47]; only a chitosanase from Paenibacillus sp. 1794 showed similar
results [1]. Due to its higher thermal stability, P. mucilaginosus TKU032 chitosanase may have potential
use in industrial applications.

2.5. Effect of Metal Ions on Activity of Chitosanase

The effects of known divalent metals and enzyme inhibitors on the activity of TKU032 chitosanase
were examined; the results are summarized in Table 3. All chemicals reduced the activity of
TKUO032 chitosanase, a result markedly different from other reports, which showed that the addition
of some metal ions, Na* and Fe?* for instance, could enhance the activity of chitosanases from
Paenibacillus [9,50].

Table 3. Effect of metal ions on the activity of chitosanase

Metal Ion Relative Activity (%)

Control 100.00 + 6.39
Cu?* 74.37 4 3.95
Zn%+ 76.78 + 3.25
Mg?* 84.39 +4.51
Na* 91.71 +5.21
BaZ* 62.14 4 12.29
Ca%* 77.07 & 5.68
FeZ* 65.13 + 6.77
EDTA 84.39 +7.53

2.6. Substrate Specificity of Chitosanase

The activity of the purified P. mucilaginosus TKU032 chitosanase on various substrates is shown in
Figure 5. Chitosanase activity was expressed in the descending order of colloidal chitosan > cellulose
> chitosan > colloidal chitin > water-soluble chitosan > 3-chitin > «-chitin. No activity was shown
on dextran, starch, or p-nitrophenyl-N-acetyl-f3-D-glucosaminide (pNPG). These results suggest that
the physical form of the substrate had a strong effect on the rate of hydrolysis. Unlike P. macerans
TKUO029 chitosanase, where the most suitable substrate was water-soluble chitosan [9], P. mucilaginosus
TKUO032 chitosanase demonstrated excellent activity on colloidal chitosan (338.74%), followed by
chitosan powder (185.38%). It also showed good activity on chitin substrates, expressing 113.24%,
67.19%, and 27.67% on colloidal chitin, 3-chitin, and «-chitin, respectively, as well as on cellulose
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(196.84%). These results indicate that P. mucilaginosus TKU032 chitosanase could express good activity
on various types of substrates, including cellulose, chitin, and chitosan. Since pNPG is a specific
substrate of exochitinase, it was logical that P. mucilaginosus TKU032 chitosanase would not show any
exochitinase activity.
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Figure 5. Substrate specificity of P. mucilaginosus TKU032 chitosanase.
2.7. COS Production

Since P. mucilaginosus TKUO032 chitosanase expressed the best activity on colloidal chitosan,
this substrate was used to produce COS using the enzyme hydrolysis method. After the reaction
finished, a series of steps were used to separate COS from the hydrolyzed solution, including pH
neutralization, centrifugation, and dialysis by a 10,000 Da membrane. The obtained COS was then
fractionated by MeOH 90% precipitation and gel filtration on a Toyopearl HW-40f column. As shown
in Figure 6, 3 COS fractions were collected from the hydrolyzed chitosan solution. The molecular
weights of the obtained fractions were determined by HPLC analysis using a KS-802 column (Figure 7).
The molecular weights of fractions I, II, and III were approximately 1600-6500 Da, 424-6500 Da,
and 221-424 Da, respectively. Fraction I only contained COS with higher MW, while fraction Il was a
mixture of COS with high and low MW, and fraction III included COS with the lowest MW. Compared
to the reference peaks, fraction III mainly contained COS with DP from 1 to 2.

2.8. Evaluation of Antioxidant and aGI Activities of COS Fractions

Free radicals negatively affect living organisms, resulting in DNA mutation, lipid and protein
damage, cancer, and cardiovascular or neurodegenerative diseases [51]. The harmful actions of free
radicals could be reduced or prevented by antioxidant compounds. In the current study, the DPPH
radical scavenging ability was assayed to explore the antioxidant activity of the three obtained COS
fractions. As shown in Figure 8A, within a concentration range of 1-20 mg/mL, only fractions Il and III
showed DPPH radical scavenging activity with a dose-dependent increase. The maximum antioxidant
activity of fraction II was 79.00% at a concentration of 12 mg/mL, while fraction III was 73.29% at
16 mg/mL. This suggests that fraction II is the strongest antioxidant among the three fractions. It is
well known that COS is a potential candidate for antioxidant activity; however, its antioxidant ability
was strongly affected by its MW [5,8]. The obtained results indicated that COS with lower MW
could possess higher antioxidant activity. Moreover, this study also showed that low MW COS with
DP > 2 expressed higher DPPH radical scavenging activity than COS with DP < 2. Compared to
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ascorbic acid, a commercial antioxidant compound, fraction II expressed weaker activity. The two
compounds generated maximum activity at concentrations of 4 mg/mL and 12 mg/mL, respectively.
However, as there was no significant difference (p-value 0.404) between the maximum activity of
ascorbic acid (82.29%) and fraction II (79.00%), fraction I may have comparable antioxidant activity.
As such, COS fraction II could be an acceptable antioxidant compound for use in the medical or
food industries.

1% chitosan
in 50 mM phosphatebuffer pH 6

l TKUO032 chitosanase

Hydrolyzed Chitosan

pHneutralization by 0.1 M NaOH
Centrifugation, 9000 rpm, 30 min

v v

Precipitation Supernatant
(Residual Chitosan) (Water soluble Chitosan)
Dialysis against deionized water by a
| dialyzer membrane (10.000Da)
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Figure 6. Flow chart for the isolation of COS produced by hydrolyzing chitosan with
TKUO032 chitosanase
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Figure 7. HPLC profiles of chitosan oligosaccharide fractions: (A) references; (B) chitosan
oligosaccharide fractions
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Figure 8. (A) antioxidant and (B) aGI activities of COS fractions.

As a-glucosidase inhibitors are an important therapy for type 2 diabetes, the COS fractions were
also investigated for a-glucosidase inhibitor activity. As shown in Figure 8B, only fraction I expressed
dose-dependent aGI activity within a range of 1-20 mg/mL. At 20 mg/mL, fraction I exhibited 65.86%
inhibitory activity on yeast a-glucosidase, which was weaker than acarbose (88.21% at 10 mg/mL)
with 0.0005 of p-value. Only COS with higher MW showed aGI activity, unlike the results of Jo et al.
(2013) who found similar aGI activity in rat x-glucosidase from 3 different molecular weight COS
fractions [6]. For further investigation, the inhibition model of fraction I on yeast x-glucosidase was
analyzed using a Lineweaver-Burk plot. Figure 9 shows that when the concentration of COS fraction I
increased from 0 to 20 mg/mL, 1/Vy increased but -1/Ky; varied. This suggests that the aGI activity
of COS fraction I follows the mixed noncompetitive inhibition model. Although chitosan and COS
have been widely studied for treating diabetes [52], there have been few reports on their inhibition of
a-glucosidase, a key enzyme in the digestive system that hydrolyzes dietary carbohydrates to increase
blood glucose concentration. As such, this result could prove a novel contribution to aGI research.
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Figure 9. Lineweaver-Burk plot analysis of aGI activity by COS fraction 1.
3. Materials and Methods

3.1. Materials

Shrimp shells, squid pens, and crab shells were purchased from Shin-Ma Frozen Food Co. (I-Lan,
Taiwan). Shrimp heads was bought from Fwu-Sow Industry (Taichun, Taiwan). Shrimp shells
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and crab shells were demineralized by acid treatment [8]. All bacterial strains were provided by
the Microorganisms and Biochemistry Laboratory, Department of Chemistry, Tamkang University,
New Taipei, Taiwan. Chitosan, DPPH, yeast a-glucosidase and 3,5-dinitrosalicylic acid (DNS) reagents
were all bought from Sigma-Aldrich Corp. (Singapore). Macro-Prep High S was bought from Bio-Rad
(Hercules, CA, USA). All other reagents used were the highest grade available.

3.2. Measurement of Chitosanase Activity

The chitosanase activity assay was modified from previously described methods [18].
The substrate solution was prepared by adding water-soluble chitosan into 20 mM Tris-HCl buffer at
pH 7 to reach a final concentration of 1% (w/v). The hydrolysis reaction of chitosan was performed
with 100 uL of the sample and 100 p1 of substrate, and maintained at 37 °C in an incubator for 30 min.
The DNS method was used to detect the amount of reducing sugar produced, with D-glucosamine
used as the reference. The definition of a unit of chitosanase activity was the amount of enzyme
catalyzed to produce 1 umol of reducing sugar in one min.

3.3. Screening of Chitinous Materials as Sole C/N Source for Chitosanase Activity

Four fishery by-products: deCSP, SPP, SHP, and deSSP, were added to 100 mL of basal medium
(0.1% Ko;HPOy4 and 0.05% MgSO4-7H,0) in 250 mL Erlenmeyer flasks at similar concentrations (1%) [9].
Fermentation was performed with 1% of seed culture at 37 °C and a shaking speed of 150 rpm for 3 d.
The culture supernatant was measured daily for chitosanase activity.

3.4. Purification of Chitosanase

Protein precipitation was performed by adding 480 g of (NH4),SO4 to 600 mL of culture
supernatant. The solution was kept at 4 °C overnight. The precipitate was centrifuged at 12,000
x g for 30 min and then dissolved in 50 mL of 20 mM Tris-HCl buffer (pH 7) to produce the crude
enzyme solution. The enzyme solution was then loaded onto a Macro-Prep High S column, which had
been equilibrated with 20 mM Tris-HCl buffer, and eluted by a linear gradient of 0-1 M NaCl in the
same buffer. The obtained fraction, which showed the chitosanase, was then further purified by HPLC
analysis using the KW802.5 column following the conditions: mobile phase, 0.3 M NaCl in 20 mM
Tris-HCl buffer (pH 7); injection volume, 20 uL; temperature, 20 °C; flowrate, ImL/min; and detector,
ultraviolet 230 nm. The MW of the purified chitosanase was determined using the SDS-PAGE method.

3.5. Effects of pH and Temperature on Activity and Stability of Chitosanase

The optimal temperature for the reaction of TKU032 chitosanase was determined over a range
of 4-100 °C with 30 min incubation. Thermal stability was determined by treating the enzyme at a
range of temperatures for 30 min. The residual activity of the treated enzyme was measured under the
standard conditions of the chitosanase activity assay.

The effect of pH on TKU32 chitosanase activity was investigated using the buffer systems,
including glycine-HCl, acetate, sodium phosphate, and Na,CO3-NaHCOs. The optimal pH of TKU032
chitosanase was tested using a range of 2 to 11. To investigate the pH stability of TKU032 chitosanase,
the enzyme was pre-treated from pH 2 to 11 for 30 min; its residual activity was measured at pH 7,
as described above.

3.6. Effect of Metal Ions on Chitosanase Activity

TKUO032 chitosanase was pre-incubated for 30 min at 37 °C with various metal ion salts and an
enzyme inhibitor (5 mM), including: Cu?*, Zn?+, Mg2+, Na®, Ba2*, Ca2*, Fe?t, and EDTA. The residual
chitosanase activity was then measured, using the methods described above.
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3.7. Substrate Specificity of Chitosanase

TKUO032 chitosanase was incubated in 20 mM Tris-HCl buffer with numerous substrates at 70 °C
for 30 min. These included: dextran, potato starch, cellulose powder, x-chitin powder, 3-chitin powder,
chitosan powder, colloidal chitin, colloidal chitosan, and pNPG. The enzyme activity in water-soluble
chitosan was used as a control.

3.8. Antioxidant Activity Assay

DPPH radical scavenging activity was tested as per the previous methods, with modifications [51].
Briefly, 20 uL of sample was mixed with 980 uL. DPPH-methanol solution and the mixture was kept in
the dark for 20 min. The solution was then measured for optical density at 517 nm. The antioxidant
activity was calculated using formula (1):

DPPH radical scavenging activity (%) = (A1 — Ap)/A; x 100 (1)
where A is the optical density of a blank sample and B is the optical density of the sample solution.

3.9. aGI Activity Assay

The aGI activity test followed the previously described methods [18]. In brief, 10 uL of sample
was mixed with an equal amount of yeast x-glucosidase solution (1 U) and 100 uL phosphate buffer
(100 mM, pH 6.8). The mixture was immediately incubated at 37 °C for 30 min. The reaction of the
enzyme and substrate was started by adding 10 pL p-nitrophenyl glucopyranoside to the mixture,
and then incubating at 37 °C for a further 30 min. 130 uL Na,COj solution (1 M) was added to
the mixture to stop the reaction. The final solution was measured at 410 nm. The aGI activity was
calculated using the following formula (2):

aGl activity (%) = (B; — Bp)/B; x 100 )
where By is the optical density of the blank sample, and B is the optical density of the sample solution.

4. Conclusions

Chitosan oligosaccharides with various degrees of polymerization and biological activities could
be efficiently produced using chitosanase to hydrolyze chitosan. In the current study, P. mucilaginosus
TKUO032 achieved the highest chitosanase production using shrimp head powder, an inexpensive
material, as the sole C/N source. The P. mucilaginosus TKUO032 chitosanase was purified and unlike
other Paenibacillus strains, had a MW of 59 kDa and a high optimal temperature (70 °C). In order to
evaluate the bioactivity of COS, the oligomers obtained by hydrolyzing colloidal chitosan with TKU032
chitosanase were fractionalized and tested for aGI and antioxidant activities. The COS fraction with
the highest MW (fraction I) demonstrated aGI activity, whereas the COS fractions with lower MW
(fractions II and IIT) showed antioxidant activity. For the first time, the inhibitory mechanism of COS
on yeast a-glucosidase was investigated; the results suggest that it follows the mixed noncompetitive
inhibition model. As such, chitosanase from P. mucilaginosus TKU032 may have potential applications
in bioactive COS production for the food and pharmaceutical industries.
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Abstract: Sponges are a valuable source of natural compounds and biomaterials for many
biotechnological applications. Marine sponges belonging to the order Verongiida are known to
contain both chitin and biologically active bromotyrosines. Aplysina archeri (Aplysineidae: Verongiida)
is well known to contain bromotyrosines with relevant bioactivity against human and animal
diseases. The aim of this study was to develop an express method for the production of naturally
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prefabricated 3D chitin and bromotyrosine-containing extracts simultaneously. This new method is
based on microwave irradiation (MWI) together with stepwise treatment using 1% sodium hydroxide,
20% acetic acid, and 30% hydrogen peroxide. This approach, which takes up to 1 h, made it possible
to isolate chitin from the tube-like skeleton of A. archeri and to demonstrate the presence of this
biopolymer in this sponge for the first time. Additionally, this procedure does not deacetylate chitin
to chitosan and enables the recovery of ready-to-use 3D chitin scaffolds without destruction of
the unique tube-like fibrous interconnected structure of the isolated biomaterial. Furthermore,
these mechanically stressed fibers still have the capacity for saturation with water, methylene
blue dye, crude oil, and blood, which is necessary for the application of such renewable 3D chitinous
centimeter-sized scaffolds in diverse technological and biomedical fields.

Keywords: chitin; marine sponges; scaffolds; Aplysina archeri; express method; bromotyrosines;
crude oil; blood; methylene blue

1. Introduction

Chitin is composed of 3(1,4)-linked N-acetyl-glucosamine units and represents the most abundant
structural polysaccharide of invertebrates, including such marine phyla as sponges, corals, annelid
worms, mollusks, and arthropods [1]. This biopolymer is mostly found in the skeletal structures
of invertebrates, and plays a crucial role in their rigidity, stiffness, and other mechanical properties.
Chitin is recognized as one of the universal templates in biomineralization, with respect to both
biocalcification and biosilicification [2]. Chitin has been found in diverse organisms as layers—in
mollusks’ shells [3], glass sponges” skeletal frameworks [4], and spicules [5]—or as three-dimensional
(38D) constructs: cuticles of crustaceans [6], skeletons of certain demosponges [7-10], and especially
within mineralized tissues [11]. Very often, chitin is found in association with such organic compounds
as proteins, lipids, pigments, and other polysaccharides [12]. Thus, the efficient extraction of pure
chitin from the marine sources listed above is strongly dependent on methodological progress, which,
however, is usually limited by the presence of corresponding mineral and foreign organic phases.
Consequently, the industrial methods of chitin isolation most used in this case are based on chemical
treatments that enable depigmentation [13], hydrolysis of proteins, and demineralization of inorganic
matter [14-19].

Industrial deproteinization is carried out using a base solution of KOH or NaOH (for review,
see [20,21]). The effectiveness of this treatment depends on the ratio of shells to solution,
the temperature and duration of the process, as well as the concentration of the base. Industrial
methods also include a depigmentation (decolorization) step, which improves the color of the chitin.
For this purpose, hydrogen peroxide or sodium hypochlorite solutions are commonly used [22].

Demineralization can be achieved using chelators (ethylenediamine tetraacetic acid-EDTA [23]),
or various acids, most commonly diluted hydrochloric acid, acetic acid, or sulfuric acid (for examples,
see [22,24,25]). To achieve complete dissolution of all the inorganic salts, the acid intake should be
greater than the stoichiometric quantity of the corresponding mineral phases [26,27]. Furthermore,
the penetration of solvent into the chitin-based matrix is strongly dependent on the particle size [28].
In the case of crustacean shells, due to the heterogeneity of the solid matrix and difficulties in
removing calcium debris, larger volumes, or more concentrated acid solutions, have traditionally been
used [24,29]. Demineralization at higher temperatures has also been reported [30]. Methods based on
long-term demineralization (even up to several days) may cause degradation of the biopolymer [31].
Alternatively, deproteinization and demineralization can also be carried out using microorganisms and
corresponding enzymatic treatment. It has been reported [32] that biological treatment leads to better
results than chemical methods, as it preserves the structure of chitin. New data on methods for chitin
isolation, including applications of ionic liquids and eutectic solvents, have recently been published by
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Berton et al. [33], El Knidri et al. [34], Tokatli & Demirdoven [35], Dun et al. [36], Saravana et al. [37],
Castro et al. [38], Huang et al. [39], and Hong et al. [40].

A schematic overview of biological and chemical methods of chitin isolation for obtaining chitosan,
following the example of crustacean sources based on the literature reports cited above, is presented in
Figure 1.
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Figure 1. Schematic view of the standard biological and chemical approaches to the isolation of
chitin-based biomaterials of crustacean origin.

Unlike chitin of crustacean origin, poriferan chitin has never been used as a source for chitosan.
Besides spongin [41], chitin is one of the main structural biopolymers in demosponges with a 3D
architecture, whose porous, fibrous network supports the sponges’ cells. Moreover, chitin is a key
biological material for the stabilization of the sponges’ skeletons in marine habitats with strong
ocean currents.

Since 2007, when chitin in the form of 3D scaffolds was isolated from selected demosponges
for the first time [4], chitin has been verified in 17 marine species, mostly representing the order
Verongiida [42,43].

For the isolation of chitin from demosponges, a well-established method based on alternating
alkaline (NaOH) and acidic (HF, HCl, CH3COOH) extraction steps, enabling the desilicification and
decalcification of the mineralized sponge skeleton, has been used (for review, see [42,43]). Pigments,
lipids and proteins are removed at the same time. In view of the large quantities of chemicals
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used and the time required by the individual extraction steps (up to 7 days), the method needs
to be improved. In this study, we decided to use, for the first time, a complex approach that
includes microwave irradiation (MWI) together with stepwise treatment using 1% sodium hydroxide,
20% acetic acid, and 30% hydrogen peroxide to isolate chitin from the tube-like skeleton of Aplysina
archeri (Higgin, 1875) (phylum Porifera, class Demospongiae, Aplysineidae: order Verongiida, family
Aplysinellidae) (Figure 2) [44]. An additional goal of the study was to develop an express isolation
method (Figure 3), enabling the production of (i) crude extracts containing the pigments and (ii)
ready-to-use 3D chitin scaffolds for practical applications in technology and biomedicine.

Figure 2. Underwater image (a) of the demosponge A. archeri shows the typical apical growth form of
tube-like sponge bodies measuring up to 50 cm (or in some cases more than 2 m). A dried fragment
of the sponge (b) remains pigmented and is hard enough to be cut using a metal saw (c). See also
Figure 3a.

2. Results

2.1. Isolation and Identification of Chitin

The investigated sponge belongs to the family Aplysinellidae (order Verongiida), and hence is
reported as a renewable source of chitin (for review, see [42,43]) as well as of the pharmaceutically
relevant bromotyrosines [45]. The methodology is described in Figure 3. For comparative purposes,
we carried out preliminary experiments on the isolation of chitin from the sponge fragments using
the standard alkaline-based procedure, which takes up to 7 days (for details, see [9,10]). Using this
approach, the naturally occurring mineralized skeletons of A. archeri became completely soft, colorless,
and demineralized in a time of 114 h. However, the application of microwaves (750 W and 2450 MHz),
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as reported here, decreased the treatment time to only 55 min. The most time (33 min) was taken by the
water rinsing procedures. The estimated chitin content in the skeletons of A. archeri is ~5% by weight.

STEP |
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———
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Figure 3. Schematic view of the microwave-assisted extraction of 3D chitin scaffold from a selected
skeleton fragment (a) of the demosponge A. archeri. In step I, residual water soluble salts were removed
by pretreatment of the sponge skeleton in distilled water under microwave irradiation (MWI) for 3 min.
Afterwards, in step II (b), the sample was treated with 1% NaOH and irradiated with microwaves
for 2 min. This procedure obtained both a 3D scaffold and a dark red-brownish pigment-containing
extract (c). The 3D scaffold was carefully isolated and rinsed three times with distilled water to remove
residual pigments. In step III, the 3D scaffolds were treated with 20% acetic acid under MWI for 1 min,
and afterwards were washed in distilled water up to pH 6.8. In step IV (d,e), the sample was completely
decolorized using 30% H,O, at pH~10 under MWI for 1 min and washed with distilled water up to
neutral pH. Steps II-IV were repeated four times to obtain a pure, colorless, ready-to-use 3D chitinous
scaffold (f).

The microstructure of the demosponge skeletal fibers before (Figure 4a,b) and after isolation of the
chitin scaffold (Figure 5a,b) was investigated using scanning electron microscopy (SEM). The recorded
microphotographs display no visible changes in the microwave-stressed structure of the isolated
material. Similar to the standard alkaline-based method for chitin isolation from demosponges using
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5% NaOH at 37 °C [4,9,10], the new approaches lead to the preservation of the generic fibrous structure.
The microphotographs of the fibers isolated from A. archeri, with the microwave approach also
displaying the typical fibrous structure with concentric layers typical for microtubular chitin, previously
reported in other representatives of the family Aplysinellidae [9,46]. The typical wrinkled structure
(Figure 5a) due to the alkaline treatment occurs in chitinous fibers independent of microwave treatment,
probably due to the very short time of microwave irradiation. EDX analysis of the naturally occurring
skeletal structures of A. archeri (Figure 4c) and of the isolated chitin (Figure 5c) confirms the purity of
the isolated biological material. The lack of characteristic elements in the isolated sample confirms that
this proposed method is effective with respect to both demineralization and deproteinization.

skeletal
fibers

mineral layers

keV

Figure 4. SEM microphotographs of the A. archeri skeletal fibers as collected (see Figure 3a,b) in
different magnifications (a,b). EDX analysis of the fiber cross-section (b) reveals the presence of Ca, Cl,
S and Br (c). This is similar to EDX data reported previously for naturally occurring skeletons of other
verongiid demosponges (see [11]). The presence of bromine is likely determined by the localization of
bromotyrosines within the chitinous layers of the skeletal fibers.

124



Mar. Drugs 2019, 17,131

hollow
fibers

wrf Nk

AuMa

—- | OKa e I ‘L":"M"
|

I |
il oyt
/« Y |W4MI,,-«,V»‘\"”

-.wm%m\.fwuhw,,ﬂw heri Voo -

A A A AT ek e Ao I A = Ay

L) 160 2.40 i 4.0 480 5.60 6.40 120 keV

Figure 5. SEM imagery of the demineralized and depigmented tube-like skeletal fibers (see Figure 3f)
obtained after microwave treatment (a,b). EDX analysis of these hollow structures (initially sputtered
with Au) reveals the presence of C, N, and O only (c).

After isolating completely colorless and mineral-free 3D scaffolds from selected fragments of the
A. archeri skeleton (Figure 3f), we continued experiments in order to identify if either chitin or chitosan
(due to the harsh treatment conditions with pH 14 and 95 °C) were present.

The first step in identifying the isolated biological material as chitin or chitosan was calcofluor
white (CFW) staining. On binding to polysaccharides, such as chitin, this fluorochrome emits a blue
light. The microfibers of the scaffold isolated from A. archeri with the microwave-assisted method
(Figure 3) show characteristic enhanced fluorescence after CFW staining (Figure 6). This result is
similar to CFW-based poriferan chitin identification, as reported previously [4,8-10,42,43,46].

Chitinase digestion is a well-recognized and highly specialized test to determine the chitinous
nature of isolated scaffolds from diverse sponges. The enzyme catalyzes the endo-hydrolysis of
N-acetyl-p-D-glucosamine-3-(1—4)-linkages. The activity of chitinase against microfibers isolated
from the scaffolds being studied is shown in Figure 7.
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Figure 6. Light microscopy (a) and fluorescence microscopy (b) images of the selected fragment
of a A. archeri scaffold after calcofluor white (CFW) staining. Intensive blue fluorescence remains
measurable under a light exposure time of 1/3700 s.

Figure 7. Chitinase test with chitin isolated from A. archeri using the standard method (see for details [9])
(a,b) and the microwave-based method (c¢,d). Images (b) and (d) were obtained after 4 h of incubation

in chitinase solution.

Additionally, we used electrospray ionisation mass spectrometry (ESI-MS) for identification of
N-acetylglucosamine as a characteristic marker of the presence of chitin in unknown biological samples.
Acetic hydrolysis of chitin by strong acids resulted in the formation of D-glucosamine (dGlcN), which
can be easily visualized in ESI-MS spectroscopy. This method is a standard for chitin identification
and has been used to identify chitin in various organisms [5,47] and fossil remains [48]. The ESI-MS
spectrum of the A. archeri hydrolyzed scaffold, shown in Figure 8a, has five main ion peaks at m/z
130.16, 162.08, 180.09, 202.07 and 381.15. Four of the main peaks at /2 162.08, 180.09, 202.07, and 381.15
are similar to those on the spectrum of the dGIcN standard (Figure 8b). These peaks correspond to
dGlIcN species of molecular ion (m/z 180.09), the specie with the loss of one HyO molecule [M — H,O
+H]J* (m/z 162.08), the specie of sodium ion bound dGlcN monomer [M + Na]* (1/z 202.07), and the
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noncovalent dimer [2M + Na]* (1/z 381.15). A similar proton-bound GlcN covalent dimer with n1/z =
359.17 was observed in the spectra. Together, these data indicate the high purity of the chitin in the A.
archeri scaffold.

4x10° —— 8.0x10" ———————————
ESI-MS ESI-MS
3x10° plysina archeri scaffold | 6.0x107. IcN standard ]
180.06
) 162.076 )
"5 2x10°% 130.155/ 180.086 1 S 4.0x107
/2024068 —
1x10% 381.148 {1 20x107 359.03
202.07 \ 381.148
| 1/ /
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Figure 8. Electrospray-ionization mass spectroscopy (ESI-MS) spectra of (a) chitin from the scaffold of
A. archeri; (b) a commercial (dGlcN) standard for comparison.

However, the analytical methods described above cannot provide an answer as to the possible
transformation of chitin from A. archeri into chitosan under the conditions applied. Consequently,
we decided to use both ATR-FTIR and Raman spectroscopy as highly sensitive methods to investigate
this possibility. To exclude the possibility of deacetylation during the isolation of chitin with the
microwave approach (see Figure 3), ATR-FTIR (Figure 9) and Raman spectra (Figure 10) of the scaffolds
isolated from A. archeri are compared with the spectra of a chitosan standard and the «-chitin standard
(Figure 9).

The ATR-FTIR spectrum, obtained for the scaffold isolated from A. archeri, shows a
characteristically split amide I band at the positions 1651 and 1628 cm ™!, associated with the stretching
vibrations of the C=0O bonds (Figure 9). This splitting of the amide I band is observed in the
spectrum recorded for the x-chitin standard and is representative of this polymorph. It is observed
due to the presence of stretching vibrations from intermolecular (C=O- - - HN) and intramolecular
(C=0---HO(C6); C=0O- - - HN) hydrogen bonds in the «-chitin chain [46,49,50]). These peaks are not
visible in the spectrum of chitosan, because chitosan is a deacetylated derivative of chitin. Differences
between the spectra recorded for the isolated scaffold, x-chitin standard and chitosan standard are also
visible in the amide II band. For the isolated scaffold and c-chitin, the amide Il band (N-H stretching
vibrations) is recorded at the positions 1551 cm ! and 1556 ecm ™!, whereas for chitosan it is shifted
to the higher wavenumber, 1587 cm~! (Figure 9). Another distinctive feature is the position of the
amide IIT band (C-N stretching and N-H bending vibrations). In the spectra of A. archeri and a-chitin,
this band is present at 1308 cm~! and 1306 cm ™! respectively, while for chitosan the amide I1T band is
shifted to a higher value (1318 cem 1), and its intensity is significantly lower. As an additional feature,
the characteristic intense bands at 945 cm~! and 950 cm ™!, attributed to wagging vibrations of CHy,
are observed only in the isolated scaffold and the «-chitin standard, respectively (Figure 9). Detailed
analysis of the bands indicates that the spectra of the isolated scaffolds are very similar to those of
the «-chitin standard. It can be concluded that the proposed microwave-assisted extraction, despite
the very high temperature and alkaline pH, does not lead to the deacetylation of chitin, likely due to
the very short time of microwave irradiation. Further studies should be carried out to optimize the
isolation procedure based on microwave-assisted controlled surface deacetylation of tubular chitin
scaffolds of poriferan origin.
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Figure 9. ATR-FTIR spectra of (a) chitosan, (b) a-chitin and (c) chitin isolated from A. archeri using the
microwave-assisted approach (see Figure 3).
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The results of Raman analysis confirm those of ATR-FTIR. The Raman spectra of the scaffolds of
A. archeri isolated using the microwave-assisted method exhibit good equivalence with the spectrum
of a-chitin, and not with that of chitosan (Figure 10). The main differences are clearly visible in the
amide I, amide II, and amide III regions.
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Figure 10. Raman spectra of chitosan standard (red line), a-chitin standard (black line), and chitin
isolated from A. archeri demosponge using the microwave-assisted approach (blue line).

2.2. Capillary Effect of 3D Chitin Scaffolds

We also investigated the properties of 3D microtubular sponge chitin, related to its function
as a capillary system. Previously, we reported that due to their tubular structure, chitinous
scaffolds from the demosponge Aplysina aerophoba swelled with zirconyl salt solution and could
be used as liquid delivery constructs [51]. Here, we chose to use several different model liquids,
such as crude oil, pig blood, and methylene blue dye, particularly due to the differences in their
physicochemical properties.

In spite, of the hydrophilic nature of the purified (lipid- and wax-free) 3D chitin scaffold isolated
from A. archeri, the chitin reacts immediately on coming into contact with the surface of the tested crude
oil (Figure 11). The same effect was observed by the team of Bo Duan when comparing an artificial
chitin sponge synthesized by a freeze-drying method with a modified hydrophobic surface [52]. It has
also been reported that chitin has a low oil absorbance capacity, if there is competition between water
and oil absorption [53,54]. The rapid uptake of oil may result from the capillary action of the 3D
tubular network and the presence of van der Waals forces.
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Figure 11. Capillary effect of the 3D chitinous microtubular scaffold isolated from A. archeri with
respect to crude oil (a). On contact of the chitin with the surface of the oil (arrow, b), the latter is
promptly distributed through the microtubular network (b,c,d). See also Figure 12.

Rinsing the scaffold contaminated with crude oil (Figure 11d) in a soap solution at 40 °C removes
the oil from the scaffold’s surface (Figure 12a). However, light microscopy observation of the inner
surface of the microtubes of the chitinous scaffolds shows a significant presence of oil within those

tubular structures (Figure 12b).
We observed a similar effect when pig blood was used (Figure 13). Due to its red color, this blood,

located within the axial channels of the anastomosing microtubes of the A. archeri chitin microfibers,

is very visible (Figure 13e).
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Figure 12. Rinsing of the chitin scaffold initially contaminated with crude oil (see Figure 11d) in
soap solution promotes its removal from the surface of the scaffold (a). Nevertheless, residual oil is
observable within the chitinous microtubes (arrows, b).

One possible application of 3D structured sponge-like hemostatic biomaterials could be as a
compress during uncontrolled hemorrhaging (open wounds). It has been recognized that chitin
of crustacean origin induces blood coagulation by adhering to platelets, forming a chitin/platelet
complex that accelerates the polymerization of the fibrin monomer to form a blood clot (for review,
see [55]). Consequently, several studies on chitin in the form of nanocrystals [56] or powders [55] as a
potential hemostatic biomaterial have been carried out. However, for example, a hydrosol containing
nanocrystalline particles showed no effect on the aggregation of human platelets and the clotting
time of platelet-poor plasma in corresponding coagulation tests [56]. Therefore, we propose that
experiments using 3D structured sponge chitins, including those from A. archeri, should be carried out
to evaluate their hemostatic properties in future clinical settings.
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Figure 13. Pig blood as a model liquid is adsorbed by chitinous scaffold isolated from the A. archeri
demosponge both from glass (a,b) and from a human skin surface (c,d). The blood remains confined
within the axial channels (arrows) of the microtubular sponge chitin, even after rinsing with distilled
water at room temperature (e).

Chitin has been considered recently as a biopolymer, which can be used as a low-cost and
eco-friendly material for dye adsorption. Dotto et al. [57] reported ultrasonically-modified chitin as

132



Mar. Drugs 2019, 17,131

an effective sorbent for the removal of methylene blue (MB) from aqueous solutions by adsorption.
Correspondingly, we have proven that 3D chitinous tubular scaffolds from A. archeri, obtained by the
microwave-assisted method, can be used as a potential sorbent for MB. The swelling capacity of these
scaffolds, with respect to water, was measured at 255 + 8%. It should be noted that adsorption of
the dye occurs on the surface as well as within the chitinous microtubes, and the dye could not be
removed from the chitin by simply washing the chitin in hot distilled water (Figure 14). This confirms
that the dye is chemically bonded to the chitin through electrostatic interactions with the chitin’'s OH
and N-acetyl groups [57]. The unique 3D morphology and open cell structure of the isolated chitin
scaffold and its observed affinity to MB open the way to use such scaffolds as a new type of renewable
filling for fixed bed reactors used for the purification of dye-contaminated wastewater.

Figure 14. Image illustrating the adsorption of methylene blue (MB) on isolated 3D chitin scaffolds
(a,b). The MB solution clearly reveals the tubular nature of the chitinous fiber in the scaffolds, resulting
in the rising of liquid due to capillary forces. Light microscopy images of chitin after MB adsorption
(c,d) clearly indicate that this dye is chemically adsorbed on the chitin surface as well as inside the
chitinous microtubes, and cannot be removed from chitin by washing in hot distilled water.
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3. Discussion

Microwave radiation has recently been shown to be a useful tool in modern green chemistry,
with potential applications in a wide range of chemical processes [58,59]. Microwave-assisted
extraction (MAE) is a green technique that offers numerous advantages, including the reduction
of both extraction time and solvent consumption [60]. This method allows the acceleration of energy
transfer, facilitating the solvation reaction and promoting the disruption of weak hydrogen bonds.
It is currently considered a very attractive alternative to conventional extraction approaches (e.g., the
Soxhlet method). Recently, microwave irradiation has been shown to be a promising technique for the
extraction and modification of polysaccharides from natural sources [61], including chitin chemistry.
This method is mostly used as an alternative for the preparation of chitosan from various chitinous
sources [62-65]. It has been confirmed that microwave-assisted chitin processing reduces the time of
deacetylation from ~8 h [64] to 5.5 min [65]. The application of microwave irradiation reduces not
only process duration, but also the quantities of energy and chemicals used for highly deacetylated
chitosan production from crustacean shell waste from the food industry. Microwave-assisted chitin
activation was patented by Peniston and Johnson in 1979 [66]. Those authors claimed that exposure to
microwave energy for a period from about 1 to 30 min, for example, can result in greatly increased
reactivity of the chitin. They selected a preferred microwave frequency of about 2450 MHz. While this
is a frequency at which water is absorptive, it is far removed from frequencies causing resonance for
water molecules. It thus appears that effects other than agitation of water molecules are responsible
for the pronounced activation of the chitin. On this basis, we used a similar microwave frequency in
our experiments with A. archeri. Interestingly, Wongpanit et al. [67] reported microwave treatment as
an effective method for activation of carboxymethyl chitin and carboxymethyl chitosan. They showed
that human fibroblasts adhered on the surface of microwave-treated CM-chitosan films much better
than on the surface of microwave-treated CM-chitin films. Our contribution to this area of research is
that both (i) morphologically defined chitinous scaffolds with highly organized architecture and (ii)
pigments can be effectively isolated using microwave-assisted extraction after only 55 min of treatment,
including rinsing procedures.

The obtained pigment-based extracts (see Figure 3) will be studied in our future work with
regard to the identification of bromotyrosines typical for A. archeri. For example, Fistularin 3 and
11-ketofistularin 3, isolated previously from this sponge species, showed antiviral activity against feline
leukemia [68]. Another bromotyrosine, known as archerine, exhibited antihistamine activity on the
isolated guinea pig ileum at concentrations as low as 1 uM [69]. Because of the dark color of the isolated
pigments it is possible that the extract may also contain uranidine [70]. Interestingly, the influence of
alkaline treatment on the yield and molecular structure of bromotyrosines remains unknown.

Practical applications of demosponge chitinous scaffolds for uranium adsorption [71] for the
development of supercapacitors [72] and hybrid composites [73,74], including extreme biomimetics
approaches [75,76], as well as in tissue engineering [10,77-79], have previously been reported. Here,
we describe, for the first time, the ability of 3D chitinous constructs isolated from A. archeri using
an express method to swell with such substances as crude oil, pig blood, and MB dye in a few
seconds, due to a capillary effect. This property may open the way to key applications of the unique
and renewable sponge chitin in remediation, biomedicine, and wastewater treatment. One of the
advantages of such chitin is that it can be quickly isolated as a ready-to-use microtubular scaffold.

Furthermore, a corresponding paper about mechanical properties of selected chitinous scaffolds
isolated from diverse verongiid sponges using different methodological approaches is currently in
preparation. In that work, we will also present data concerning crystallinity index, degree of acetylation,
specific surface area (BET), Young modulus, etc. Obviously, we will present these data in comparison
with chitin of crustacean and fungal origins.

One of the most promising applications of ready-to-use chitinous microtubular scaffolds of sponge
origin is biomedicine. However, it should be noted that both natural as well synthetic biopolymer-based
three-dimensional, open pore scaffolds have evolved as gold standards for biomedicine in recent
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applications, owing to their superior role in tissue regeneration [80]. Three-dimensional polymer
networks have attracted significant attention owing to their “soft-and-wet” nature, which is similar
to biological tissues. The major drawback of such scaffolds is their relatively poor mechanical
strength [81]. However, several possible solutions can be used to overcome this drawback. Among
them, we highlight the controlled remineralization of biopolymers with selected inorganic compounds
(i.e., hydroxyapatite) [82] or silica [83,84]. The infiltration and crystallization of the mentioned
inorganic phases on all three levels of the chitin’s hierarchical organization will definitively lead to the
formation of a mechanically robust scaffold with superior performance in such advanced applications.
Alternatively, to increase mechanical properties, biopolymeric scaffolds are often crosslinked. Inspired
by the sclerotization of an insect cuticle, Chen et al. [85] reported a quinone crosslinking reaction for
chitin hydrogels to increase their mechanical properties. The obtained crosslinked product shown a
tenfold higher mechanical strength. Nevertheless, this is a topic for further studies. We believe that the
present article will trigger scientific interest on the application of naturally pre-structured 3D scaffolds
of sponge origin in biomedicine, and we believe that mechanical reinforcement of such scaffolds will
soon be reported.

However, if the large-scale testing and application of chitin scaffolds is to be promoted, it will be
necessary to secure the supply of such sponges via aquaculture [86], as wild harvest of these organisms
will be not sustainable. Rohde and Schupp [87] have already demonstrated in a study of another
Verongid sponge, Ianthella basta, that growth and regeneration rates in this sponge were sufficient to
secure a supply for potential biomedical application. Further studies with other Verongiid sponges
will be needed to establish this order of sponges as a viable source of chitin scaffolds and to enable the
use of these naturally prefabricated constructs in biomedical applications.

4. Materials and Methods

4.1. Sample Collection

Samples of the demosponge, Aplysina archeri (Higgin 1875), were collected at depths of 10-25 m
by scuba divers around the Caribbean islands of Saint Vincent and Curagao in May 2015 and June 2017,
during the Pacotilles expedition. All permits that were required for the described study were obtained
during this expedition and complied with all relevant regulations. The species was identified by
A. Ereskovsky.

4.2. Isolation of Chitin

4.2.1. Modified Standard Method

The isolation of the chitin scaffold from A. archeri was performed by a modification of the
well-known standard method [4]. Firstly, the organic material was extracted with 2.5 M NaOH
(Th. Geyer GmbH & Co. KG, Renningen, Germany,) at 37 °C for 6 h. Next, the resulting mineral
skeletons of the sponges were treated with 2.5 M NaOH at 37 °C for 18 h. They were then washed with
distilled water. The neutralized skeleton was then treated with 20% acetic acid (Th. Geyer GmbH & Co.
KG, Renningen, Germany) at 37 °C for 6 h and neutralized by washing with distilled water. Alkaline
and acidic extraction was repeated until the skeleton was completely demineralized, transparent,
and soft (114 h).

4.2.2. Microwave-Assisted Approach for Chitin Isolation

The sample material of A. archeri was cut into pieces 5 cm X 2 cm in size and used for chitin
isolation. The isolation procedure is presented schematically in Figure 3. Briefly, in step I the
residual water-soluble salts were removed by pretreatment of sponge skeletons in distilled water
using microwave irradiation (MWI) for 3 min. In step II, the sample was treated with 1% NaOH and
irradiated with microwaves for 2 min. The 3D scaffolds were then carefully isolated and rinsed three
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times with distilled water to remove and separate residual red-brownish pigments. In step III, the 3D
scaffolds were treated with 20% acetic acid under MWI for 1 min and were then washed in distilled
water (up to pH 6.8). In step IV, samples were decolorized using H,O, treatment at pH~10 under MWI
for 1 min and then washed with distilled water until a neutral pH was reached.

Hydrogen peroxide was chosen for bleaching because it is reported that hydrogen peroxide in a
microwave field, under the conditions of the experiment, does not cause significant changes in the
chemical structure of the polymer [88]). Steps II-IV were repeated four times to obtain pure, colorless,
3D chitinous scaffolds.

4.2.3. Fluorescent Microscopy Analysis

The isolated chitin fibers were observed using a BZ-9000 instrument (Keyence, Osaka, Japan) in
fluorescent and light microscopy mode.

4.2.4. Calcofluor White Staining

Upon binding with polysaccharides, calcofluor white (CFW) enhanced their fluorescence.
The isolated fibers from the selected A. archeri skeletons were investigated with light and fluorescent
microscopy before and after staining with CFW (Fluorescent Brightener M2R, Sigma-Aldrich).
For staining, 20 uL of a solution of 10 g glycerin and 10 g NaOH in 90 mL water was applied. After 15s,
the CFW was added and kept for 30 min in darkness at room temperature. The fibers were washed
with distilled water to remove unattached CFW and then dried at room temperature.

4.2.5. Chitinase Digestion Test

To observe the chitinase digestion process of the fibers isolated from sponge skeletons, the BZ-9000
instrument was used in light and fluorescent microscopy mode. Single fibers were rinsed with 50 mL
phosphate buffer (pH 6.0). After the removal of the phosphate buffer, chitinase from Streptomyces
griseus (EC 3.2.1.14, No. C-6137, Sigma-Aldrich) was added. In the following 10 h, the microscope
documented the digestion of the fibers by taking light field and fluorescent images every 30 min.

4.2.6. ATR-FTIR Spectroscopy

Infrared spectroscopy was used for qualitative analysis of the isolated fibers. ATR-FTIR
(attenuated total reflectance Fourier transformation infrared spectroscopy) spectra were recorded
with the Nicolet 380 FTIR spectrometer (Thermo Scientific, Inc., Madison, WA, USA). The spectra
were analyzed with appropriate software (OMNIC Lite Software, Madison, WA, USA). In addition to
the spectra of the fiber material, spectra of the a-chitin standard (INTIB GmbH, Freiberg, Germany)
and a chitosan standard (Sigma-Aldrich) were recorded. Postprocessing of the recorded spectra was
performed with OriginLab 2015.

4.2.7. Raman Spectroscopy

Raman spectra were recorded with a Raman spectrometer (Raman Rxn1™, Kaiser Optical Systems
Inc., Ann Arbor, MI, USA) coupled with a light microscope (DM2500 P, Leica Microsystems GmbH,
Wetzlar, Germany). The laser beam had a power of 400 mW, which resulted in 110 mW at the sample
due to the transmission of the microscope optics. The spectral range was from 200 to 3250 cm ™!, with a
set resolution of 4 cm~!. For improvement of the signal-to-noise ratio, the integration time was set
to 1 s and an addition of 50 spectra was performed. The baseline was implemented with MATLAB
(MathWorks Inc., Natick, MA, USA) and further postprocessing was carried out with OriginPro 2015.

4.2.8. Scanning Electron Microscopy

Scanning electron microscopy was performed using an XL 30 ESEM Philips-Scanning Electron
Microscope (FEI Company, Peabody, MA, USA). Samples were fixed on a sample holder with carbon
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patches, and these were then covered with carbon or with a 5-10 um gold layer using an Edwards
Sputter Coater S150B (BOC Edwards, Wilmington, MA, USA).

4.2.9. EDX

The elements were analyzed by energy dispersive X-ray spectroscopy in the EDX analysis system
from EDAX (Mahwah, NJ, USA) and XL 30 ESEM Philips-Scanning Electron Microscope (FEI Company,
Peabody, MA, USA).

4.2.10. Electrospray lonisation Mass Spectrometry (ESI-MS)

Samples were prepared for ESI-MS as follows. The isolated chitin scaffold was hydrolyzed in
6M HCl for 24 h at 90 °C. The resulting solution was filtered with a 0.4-micron filter, and the filtrate
was freeze-dried to remove excess HCL The solid residue was dissolved in water for ESI-MS analysis.
Standard d-glucosamine, used as a control, was purchased from Sigma (Sigma-Aldrich, Taufkirchen,
Germany). All ESI-MS measurements were performed on an Agilent Technologies 6230 TOF LC/MS
spectrometer (Applied Biosystems, Foster City, CA, USA). Nitrogen was used as a nebulizing and
desolvation gas. Graphs were generated using Origin 8.5 for PC.

4.2.11. Sorption Experiments

For the sorption experiments, crude oil (collected using sterile glass bottles from the oilfield
located in Borislav, Ukraine), pig blood (Stidost-Fleisch GmbH, Altenburg, Germany) and methylene
blue (Sigma-Aldrich) were used.

4.2.12. Swelling Capacity Measurements

The swelling capacity (water) of isolated 3D chitinous scaffolds was calculated using the following
formula [89]:

Swelling capacity (%) = W-loo%
d

where, 1 is the mass of the swollen sponge chitin and 1, is the mass of the dry sponge chitin.

5. Conclusions

In this study, the presence of chitin in the skeleton of A. archeri has been proven for the first time.
Furthermore, microwave-assisted demineralization and deproteinization have been established as
new and rapid methods for both chitin and pigment extraction from verongiid demosponges. It has
been demonstrated, beyond a doubt, that the new approaches enable a significant improvement in the
time efficiency of chitin isolation from Verongiida sponges without destruction of the unique fibrous
interconnected structure of the isolated biological material. Furthermore, these mechanically stressed
fibers still have the capacity for saturation with water, methylene blue dye, crude oil, and blood, which
will be crucial for future applications of such naturally prefabricated 3D chitinous centimeter-sized
scaffolds in diverse technological and biomedical fields. As the analysis of the isolated scaffolds has
shown, under the conditions studied here, the microwaves do not deacetylate the chitin to chitosan.
The method proposed in this study both reduced the consumption of the aggressive chemicals as well
as drastically reduced the time of chitin extraction. Therefore, microwave assisted extraction is a viable,
cost efficient, and fast method for the production of chitin scaffolds from marine sources.
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Abstract: Microbial biofilms are considerably more resistant to antibiotics than planktonic cells. It has
been reported that chitosan coupling with the aminoglycoside antibiotic streptomycin dramatically
disrupted biofilms of several Gram-positive bacteria. This finding suggested the application of the
covalent conjugate of antimicrobial natural polysaccharides and antibiotics on anti-infection therapy.
However, the underlying molecular mechanism of the chitosan-streptomycin conjugate (CS-Strep)
remains unclear and the poor water-solubility of the conjugate might restrict its applications for
anti-infection therapy. In this study, we conjugated streptomycin with water-soluble chitosan
oligosaccharides (COS). Unlike CS-Strep, the COS-streptomycin conjugate (COS-Strep) barely affected
biofilms of tested Gram-positive bacteria. However, COS-Strep efficiently eradicated established
biofilms of the Gram-negative pathogen Pseudomonas aeruginosa. This activity of COS-Strep was
influenced by the degree of polymerization of chitosan oligosaccharide. The increased susceptibility
of P. aeruginosa biofilms to antibiotics after conjugating might be related to the following: Suppression
of the activation of MexX-MexY drug efflux pump system induced by streptomycin treatment;
and down-regulation of the biosynthesis of biofilm exopolysaccharides. Thus, this work indicated
that covalently linking antibiotics to chitosan oligosaccharides was a possible approach for the
development of antimicrobial drugs against biofilm-related infections.

Keywords: chitosan oligosaccharides; streptomycin; Pseudomonas aeruginosa; biofilms; conjugation

1. Introduction

Biofilms are a form of existence of microorganisms encapsulated in an extracellular matrix that
holds cells together and forms a three-dimensional structure against environmental challenges [1].
Recent studies indicated the antimicrobial resistance in bacteria was closely related to the formation of
biofilms, which is associated with about 75% of human bacterial infections [2-5]. The drug-resistance
of bacteria in biofilms raised 10-1000 times compared to their planktonic counterparts [6-8]. Several
factors have been attributed to the resistance, including hampered penetration of antimicrobials
through the biofilm matrix, upregulation of the drug efflux pump system, etc. [9,10]. There are limited
drugs specifically targeting the biofilms of bacteria. The development of biofilm-specific drugs to treat
biofilm-related infections is urged.
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Chitosan coupled with streptomycin (CS-Strep) could efficiently disrupted the pre-formed
bacterial biofilms. However, the anti-biofilm specificity of CS-Strep was likely restricted
to Gram-positive organisms such as Staphylococcus aureus, Listeria monocytogenes, Enterococcus faecalis,
but not Gram-negative bacteria Pseudomonas aeruginosa [11,12]. These findings suggested an innovative
strategy to combat biofilm-related infections by conjugating antibiotics with natural polysaccharides.
However, the mechanism behind this intriguing activity is still unclear. The low water solubility and
high viscosity of chitosan and CS-Strep might restrict their applications on anti-biofilm therapies.

Chitosan oligosaccharides (COS), composed of (3-(1-4)-linked D-glucosamine and N-acetyl-
D-glucosamine with the degree of polymerization (DP) 2-10, were prepared from degradation of
chitosan. Compared to chitosan, COS have a much lower average molecular weight (MW) and
better water-solubility [13]. COS also possess versatile biological activities, such as antimicrobial,
antioxidant, anticancer, and immune-stimulant effects [14]. In this study, we coupled streptomycin
with COS. The anti-biofilm activities of the COS-streptomycin conjugate (COS-Strep) against bacterial
biofilms were evaluated. The structure and function relationships of the anti-biofilm activities were
preliminarily explored.

2. Materials and Methods

2.1. Reagents and Bacteria Strains

COS (DP 2~8, average MW: 835) and COS2 (DP 2~20, average MW: 1419) were purchased from
GlycoBio (GlycoBio, Dalian, China). The average MW and DP of COS was determined by HPLC and
LC-MS [15] (Figure S1). Chitosan with MW of 50-190 kD was purchased from Sigma (Sigma-Aldrich,
St. Louis, MO, USA). Streptomycin (Strep) was purchased from Solarbio (Solarbio, Beijing, China).
The P. aeruginosa (PAO1) strain used in the experiment was generously granted by Prof. Ma Lvyan.
The S. aureus strain (CGMCC1.2910) was purchased from China General Microbiological Culture
Collection Center (CGMCC). L. monocytogenes (CVCC1597) was purchased from China Veterinary
Culture Collection Center (CVCC). P. aeruginosa and L. monocytogenes were cultured with LB medium
at 28 or 37 °C respectively. S. aureus was cultured with TSB medium at 37 °C.

2.2. Synthesis of Chitosan Oligosaccharide-Streptomycin Conjugates

The synthesis of the conjugates was based on the oxidation-reduction reaction between COS and
streptomycin. The COS-Strep conjugates were prepared as previously described [16]. Briefly, 100 mg
COS was first dissolved in 2 mL deionized water, then the pH was adjusted to 4.0 with 0.2 M acetic
acid. Then, 525 mg streptomycin was mixed with COS solution at 35 °C with stirring for 1 h in the
dark. The synthesis reaction was initialized by the addition of 1 mL 113 mg/mL NaCNBHj3 with
stirring for 24 h and terminated with 2 M NaOH. The solution was then dialyzed (molecular weight
cut off: 500-1000 Da) with deionized water for 48 h. A total of 120 mg of COS-Strep conjugates was
collected after lyophilization.

2.3. Matrix-Assisted Laser Desorption/lonization Time of Flight (MALDI-TOF) Mass Spectrometry and
Nuclear Magnetic Resonance (NMR) Analysis

Samples were prepared in 2 mg/mL water solution and filtered with a 0.22 um syringe
filter (Pall, Ann Albor, MI, USA). Then, 1 pL of sample was mixed with the same volume of
2,5-dihydroxybenzoic acid (Sigma-Aldrich, St. Louis, MO, USA) as a sample matrix and air-dried for
MALDI-TOF analysis. The analysis was performed on an Autoflex III Smart Beam MALDI-TOF mass
spectrometer (Bruker, Bremen, Germany) in the positive ion mode. For 'H NMR spectral analysis,
samples were dissolved in D,O (30 mg/mL), and the spectra were carried out on a Bruker AV 500 MHz
(Bruker, Karlsruhe, Germany).
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2.4. Biofilm Formation

P. aeruginosa biofilms were cultured in 96-well polystyrene microtiter plates as previously
described [16]. Briefly, P. aeruginosa was inoculated into LB medium at 28 °C overnight. Then, 100 mL
of diluted cell culture (~2 x 107 colony-forming units, CFU) was inoculated into each well of a sterile
flat-bottomed 96-well polystyrene micro-titer plate. The microtiter plate was incubated statically at
28 °C for 24 h to allow cell attachment and biofilm formation. S. aureus and L. monocytogenes biofilms
were cultured at 37 °C with TSB medium and LB medium, respectively.

2.5. Biofilm Mass and Viability Analysis

In order to evaluate the anti-biofilm activity of COS-Strep conjugates, different treatments
were conducted as indicated below. Blank LB broth, LB broth with COS, and LB broth with
Strep were used as controls. Moreover, LB broth with the mixture of COS and Strep was also
included as a control to determine the necessity of the conjugation. After biofilm formation, the
96-well plate was washed three times with phosphate buffer saline (PBS, pH 7.2) to remove the
unattached cells. COS-conjugate and different controls were added into the washed biofilms
separately, and the 96-well plates were then incubated at 28 °C for 24 h. Biofilms were washed
three times with PBS prior to the analysis. The biofilm mass was determined by the crystal violet
assay [17]. The sample was measured for absorbance at 590 nm with a TECAN Infinite M200
PRO multifunction microplate reader (TECAN, Grodig, Austria). To determine the cell viability
of the biofilm, MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium] assay was performed as
previously described [18]. Briefly, 100 uL of 500 ug/mL MTT was added into each well and the
plate was incubated for 3 h. MTT was then removed and the formed formazan was dissolved in
100 puL dimethyl sulfoxide (DMSO). Optical density (OD) of samples were measured at 490 nm using
a TECAN Infinite M200 PRO multifunction microplate reader (TECAN, Grodig, Austria). The ICsq
of anti-biofilm agents was analyzed using the standard broth microdilution method in accordance
with the Clinical and Laboratory Standards Institute (CLSI) guidelines. All tests were performed in six
replicates for each treatment. Each assay was performed with three biological repeats.

2.6. Fluorescence Microscopy Assay

One milliliter of P. aeruginosa (~2 x 107 CFU) in LB broth was transferred onto 10 x 10 mm
glass coverslips (Citoglas, Guangzhou, China) placed on the bottom of the well of 24-well plates
and cultivated at 28 °C for 24 h to allow biofilm formation. Unattached cells were removed
and coverslips were washed three times with PBS. Formed biofilms were treated with COS-Strep
conjugate and controls as indicated above for 24 h at 28 °C. After washing with PBS, 1 ug/mL
4,6-diamidino-2-phenylindole (DAPI, Abbkine, California, America) and 5 pg/mL WGA-FITC
(Sigma-Aldrich, St. Louis, MO, USA) were added and incubated in dark for 30 min at 37 °C.
Coverslips were then washed and fixed using a 4% paraformaldehyde solution for 30 min at 37 °C.
The corresponding fluorescent images were taken by a fluorescent microscope LEICA CTR4000 (Leica,
Barnack, Germany).

2.7. Cellular Toxicity Assay

Human umbilical vein endothelial cells (HUVECs) were obtained from the American Type Culture
Collection (Manassas, VA, USA). The cells were grown in Dulbecco’s modified eagle medium (DMEM)
containing 10% fetal bovine serum (FBS) and 100 units/mL penicillin under a 5% CO, atmosphere at
37 °C. The toxicity assay was conducted as following: HUVEC cells were incubated in 96-well plates
(3 x 103 cells/well) with Strep or COS-Strep at various concentrations ranging from 50 to 2000 pg/mL
for 24 h. The cell toxicity was then evaluated by the MTT assay performed as above. Cell viability (%)
was calculated as (absorbance of sample/absorbance of control) x 100.
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2.8. gqRT-PCR Analysis

2.8.1. Isolation of Total RNA

Two milliliters of bacterial cells (~2 x 107 CFU) in LB medium were cultured statically
in a 35 x 10 mm style cell culture dish (Corning, New York, NY, USA) for biofilm formation.
Drug treatment was conducted as described above. Total RNA was isolated as previously described
with some modifications [18,19]. Biofilms were dislodged by 1 mL TRIzon reagent of Ultrapure RNA
Kit (CWBio, Beijing, China) and the suspension was collected. The suspension was gently sonicated
with a 0.5 cm probe with 10 KHz amplitude for 5 min in a noise isolating chamber JY92-IIN (Scientz,
Ningbo, China) to release bacteria from biofilms without mechanical cell disruption. Total RNA was
then extracted via acidic phenol-chloroform extraction. The yield and quality of RNA was determined
with NanoDrop 2000C (Thermo, New York, NY, USA).

2.8.2. Synthesis of cDNA and RT-PCR

Purified RNA was reverse transcribed into cDNA with HiFiScript cDNA Synthesis Kit (CWBio,
Beijing, China). Real-time PCR was performed using the Step One™ Real-Time PCR Instrument
Thermal Cycling Block (Applied Biosystems Life Technologies, Foster City, California, USA) with
the UltraSYBR Mixture Kit (CWBio, Beijing, China). The expression level of each target gene was
normalized to that of the 165 rRNA. Each assay was performed in duplicates with three independent
biological repeats. Fold change of mRNA level was calculated according to the 2~22Ct method. Primers
used for real-time PCR were listed in Table 1.

Table 1. Primers used for the qRT-PCR.

Primer Sequence (5'-3')
algD-F AGAAGTCCGAACGCCACA
algD-R TCCAGCTCGCGGTAGAT
pelA-F CCTTCAGCCATCCGTTCTTCT
pelA-R TCGCGTACGAAGTCGACCTT
pslA-F AAGATCAAGAAACGCGTGGAAT
pslA-R TGTAGAGGTCGAACCACACCG
mexY-F TTACCTCCTCCAGCGGC
mexY-R GTGAGGCGGGCGTTGTG
mexZ-F TTACCTCCTCCAGCGGC
mexZ-R GTGAGGCGGGCGTTGTG
16S rRNA-F AACCTGGGAACTGCATCCAA
165 rRNA-R CTTCGCCACTGGTGTTCCTT

2.8.3. Statistical Analysis

Data are presented as means =+ SD. A two-tailed Student’s t-test was performed for the comparison
between two groups and one-way analysis of variance (ANOVA) for multiple group analysis.
The p-value < 0.05 or 0.01 was considered as statistically significantly different. All data were analyzed
using Statistical Product and Service Solutions (SPSS) 13.0 software (SPSS Inc., Chicago, IL, USA).

3. Result

3.1. Synthesis and Characterization of COS-Strep Conjugates

The covalent conjugation between streptomycin and chitosan oligosaccharides was achieved
by reduction of the resulting Schiff base formed by amino groups in chitosan oligosaccharide and
aldehyde groups in streptomycin (Figure 1A), as described [20]. The product of conjugation was
determined by MALDI-TOF-MS analysis (Figure 1B). Peaks had an m/z ratio of 905.6439, 1066.7164,
1227.8052, 1390.9264, 1550.0241, 1711.1075, that represented disaccharides (COS2), trisaccharides
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(COS3), tetrasccharides (COS4), pentasaccharides (COS5), hexaoses (COS6), heptaoses (COS7) coupled
with one streptomycin, respectively. The coupling between streptomycin and COS was evidenced by
'H NMR analysis (Figure S2). The appearance of signals at 2.57 ppm in the spectrum of COS-Strep
was likely attributed to methyl protons (Figure S2A). Weak signals at 9.66 ppm assigned to aldehyde
protons in the spectrum of Strep disappeared in that of COS-Strep (Figure S2B). These results strongly
suggested the formation of the COS-Strep conjugate.
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Figure 1. Reaction scheme of the chitosan oligosaccharides-streptomycin (COS-Strep) conjugate
synthesis and characterization of synthesized products. Schematic diagram represented the reaction to
synthesize of COS-Strep conjugates (A). The mass spectrum of COS-Strep conjugates by matrix-assisted
laser desorption/ionization time of flight (MALDI-TOF) mass spectrometry (B).

3.2. Inhibitory Effects of COS-Strep against P. aeruginosa biofilms

Established P. aeruginosa biofilms were treated with COS-Strep to evaluate the anti-biofilm activity
of the conjugate. COS-Strep had strongest capability in removing mature biofilms with a minimum
effective concentration of 250 pg/mL; COS and Strep had no or weak anti-biofilm activity at 250 j1g/mL
(Figure 2A). Moreover, COS-Strep showed high efficacy on killing P. aeruginosa cells in the cell viability
test. The IC5 value of COS-Strep is 88.35 pg/mL, which is 11-fold lower than that of streptomycin
(>1000 pug/mL). For planktonic bacteria, the ICsy value of COS-Strep was slightly higher than that of
streptomycin (Figure 2B). To be noted, a simple mixture with COS did not improve the anti-biofilm
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activity of streptomycin (Figure 2A). These results suggested that coupling with COS enhanced the
antimicrobial efficiency of streptomycin against biofilm of P. aeruginosa.
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Figure 2. The anti-biofilm activity of COS-Strep conjugates on mature Pseudomonas aeruginosa biofilms.
P. aeruginosa mature biofilms were treated with LB broth containing 250 ug/mL COS, streptomycin,
COS-Strep and their mixture (COS + Strep, 250 + 250 ug/mL) for 24 h respectively. Blank medium was
used as a control. The biofilm biomass was determined by crystal violet staining and normalized to
the control (A). Established biofilms were exposed to COS-Strep with a series of concentrations for
24 h and the cell viability of P. aeruginosa was determined by MTT assay (B). Data are represented as

means & SD (n = 6). * p < 0.05 or ** p < 0.01.

3.3. The Degree of Polymerization of COS Influenced the Anti-Biofilm Efficacy of COS-Strep Conjugates

Studies showed that biological activities of COS were largely dependent on its degree of
polymerization (DP) [2,21,22]. To investigate whether the DP of COS affects the anti-biofilm capacity
of COS-Strep conjugates, two COS products with different DP, including COS (DP 2~8) and COS2
(DP 2~20) as well as Glucosamine and chitosan were conjugated with streptomycin to produce
COS-Strep, COS2-Strep, GleN-Strep and CS-Strep conjugates respectively. Four synthesized conjugates
showed enhanced anti-biofilm activities against biofilms than streptomycin alone at 250 ug/mL
(Figure 3). Moreover, two COS-streptomycin conjugates, COS-strep and COS2-Strep, removed more
than 70% biofilms mass, while streptomycin was only capable of removing 22%.
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Figure 3. The anti-biofilm activity of COS-Strep with different polymerization degrees. Mature
P. aeruginosa biofilms were exposed to 250 ug/mL COS-Strep, COS2-Strep, GlcN-Strep and
chitosan-streptomycin conjugate (CS-Strep) for 24 h. The residual biofilm mass relative to the control
was assessed by the crystal violet staining assay. Data are represented as means & SD (1 = 6). * p < 0.05;

#p < 0.01.

On the contrary, GlcN-Strep and CS-Strep conjugates only slightly enhanced the anti-biofilm
activity compared to streptomycin (Figure 3). Among the two COS-Strep conjugates, COS2-Strep
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exhibited the highest anti-biofilm activity. These results indicated that the anti-biofilm activity of
streptomycin can be enhanced by conjugating with COS rather than its structurally similar polymers
or monosaccharide component. Furthermore, the anti-biofilm activity of COS-Strep conjugates was
affected by the degree of polymerization of COS used in the conjugation process.

3.4. Coupling with COS Did not Improve the Anti-Biofilm Activity of Streptonycin on S. aureus and L.
monocytogenes

To investigate the anti-biofilm activity of COS-Strep on other bacteria, we assessed the activity of
COS-Strep on mature biofilms of S. aureus and L. monocytogenes, which are Gram-positive opportunistic
human pathogens. COS-Strep or Strep alone did not show inhibition effects against biofilms of tested
strains at 250 pug/mL (Figure 4).
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Figure 4. The anti-biofilm activity of COS-Strep conjugate on Gram-positive bacterial biofilms.
Staphylococcus aureus (A) and Listeria monocytogenes (B) mature biofilms were exposed to COS-Strep
for 24 h at 250 pg/mL. The biofilm mass was determined by crystal violet staining assay. Data are
represented as means 4= SD (1 = 6).

3.5. Cellular Toxicity

HUVEC cells were used to determine potential side effects of the COS-Strep conjugate in cell
viability analysis. Same as streptomycin (Figure 5A), COS-Strep had no obvious effects on the growth
of the mammalian cell strain at 1 mg/mL (Figure 5B).
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Figure 5. The cell toxicity of streptomycin (A) and COS-Strep (B) on HUVEC cells. Data are represented
as means £ SD (1 = 8). * p < 0.05 or ** p < 0.01, compared to the control group.

3.6. Influence on P. aeruginosa Biofilm Related Gene Expressions under the COS-Strep Conjugate Treatment

To explore the mechanism of the antibacterial activity of COS-Strep on P. aeruginosa biofilms,
expression levels of several genes related to biofilm formation or drug-resistance were determined.
Genes including psIA, pelA, and algD, which are related to biosynthesis of biofilm exopolysaccharides
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Psl, Pel, and alignate [23,24]; MexY, and mexZ which encode proteins involved in MexX-MexY drug
efflux pump system [25,26]; and cdrA which encode proteins to mediate bacterial aggregation and
biofilm adherence [27], were selected as targets. Streptomycin treatment greatly upregulated the
expression of mexY by 1.9 fold in biofilm cells, suggesting the activation of the MexX-MexY drug
efflux pump system (Figure 6A). On the contrary, COS-Strep treatment slightly down-regulated the
expression of mexY (Figure 6A), likely through upregulating the expression of its suppressor, mexZ
(Figure 6B). Thus, COS-Strep treatment did not upregulate or even suppress the MexX-MexY system
which was activated by streptomycin. Genes pelA and algD were also down-regulated by 0.68 and
0.75 fold, respectively with COS-Strep treatment compared to the control or streptomycin treated
group (Figure 6C,D). On the other hand, the expression level of psIA and cdrA remained unaffected
under COS-Strep treatment (Figure 6E,F). Therefore, the anti-biofilm activity of COS-Strep might be
because of its ability to suppress the activation of the drug efflux pump system and the biosynthesis of
specific exopolysaccharides.
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Figure 6. Differences in the expression levels of biofilm-related genes of P. aeruginosa. mexY (A),
mexZ (B), pelA (C), algD (D), pslA (E), and cdrA (F) in P. aeruginosa following COS-Strep or streptomycin
treatment. Data are represented as means 4 SD (n = 3). * p < 0.05; ** p < 0.01.

3.7. COS-Strep Treatment Reduced Biofilm Exopolysaccharides of P. aeruginosa

In order to investigate the effect of COS-Strep on biofilm exopolysaccharides, we stained the
biofilm with FITC labeled wheat germ agglutinin (WGA) lectin which bound to exopolysaccharide,
and DAPI. We observed the reduction of signals with WGA-FITC and DAPI staining after COS-Strep
treatment, suggesting its influence on both biofilm cell viability and exopolysaccharide (Figure 7).
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DAPI

Control Stre COS COS + Strei COS-Str Ci
Figure 7. COS-Strep affected biofilm exopolysaccharides of P. aeruginosa. Drug treated biofilms were
observed by fluorescence image assay. Shown are single-channel images of signal derived from

staining with 4,6-diamidino-2-phenylindole (DAPI) (nucleus, blue, upper panel) and WGA-FITC
(exopolysaccharide, green, lower panel). Scale bar, 50 pm.

WGA-FITC

4. Discussion

Streptomycin is a common aminoglycoside antibiotic which is used to treat a number of bacterial
infections. However, pathogens in biofilms could greatly increase their drug resistance. It has been
previously reported that chitosan coupling with streptomycin (CS-Strep) could eradicate biofilms
of several Gram-positive organisms, but barely affect that of Gram-negative organisms such as
P. aeruginosa [11]. However, the underlying molecular mechanism of the CS-Strep remained unclear.
Moreover, poor water-solubility of CS-Strep might restrict its applications on anti-infection therapy.
In this study, we prepared the chitosan oligosaccharide-streptomycin conjugate (COS-Strep), which has
an improved water-solubility. Our data showed that the COS-Strep conjugate was much more effective
in eradicating established biofilms of P. aeruginosa than streptomycin alone or their simple mixture
(Figure 2). The efficacy of the anti-biofilm activity was affected by the DP of COS used for conjugation
(Figure 3). The activity of COS-Strep on the P. aeruginosa biofilm was likely through inhibiting response
of the MexX-MexY drug efflux pump system and synthesis of biofilm exopolysaccharides (Figure 6).

Surprisingly, unlike CS-Strep, the COS-Strep conjugate did not show an obvious anti-biofilm
activity on Gram-positive organisms such as S. aureus and L. monocytogenes (Figure 4). However,
COS-Strep effectively inhibited against P. aeruginosa biofilms (Figure 2), suggesting their opposite effects
on tested organisms. Although COS and chitosan shared structural similarity, both showed anti-biofilm
activity when conjugating with streptomycin, the mechanism behind the antimicrobial activity of the
two conjugates might be different. Previous studies on the antibacterial activity of chitosan and COS
indicated that chitosan had stronger bactericidal effects with gram-positive bacteria than gram-negative
bacteria [28], while COS showed better activity against gram-negative bacteria [29]. These diverse
activities might be relevant to the difference in the composition of cell walls and biofilm matrix of
different organisms or the antibacterial action mode of COS and chitosan. The selective anti-biofilm
activity of the COS-Strep conjugate on P. aeruginosa was likely determined by the glycan part of the
conjugate, especially considering that streptomycin was not a suitable antibiotic for treatment of
P. aeruginosa infection.

P. aeruginosa is a major clinical opportunistic pathogen. There is an increasing awareness of the
important role of P. aeruginosa biofilm infections associated with specific tissue and implants such
as the mucus plugs of the cystic fibrosis (CF) lungs, catheters, and contact lenses [30,31]. Antibiotic
treatments for P. aeruginosa sometimes are inefficient due to its ability to form biofilms on various
organic and inorganic surfaces. Studies have shown that the MexX-MexY drug efflux pump system
plays a vital part in the intrinsic resistance of P. aeruginosa to aminoglycosides. The MexX-MexY
system was regulated by mexZ which was a repressor of mexY expression [25,26]. To explore whether
the antibacterial activity of COS-Strep on P. aeruginosa biofilms was through affecting MexX-MexY
drug efflux pump system, the expression levels of several genes related to MexX-MexY drug efflux
pump were determined under the treatment of COS-Strep. The results showed that COS-Strep did
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not induce the activation of the MexX-MexY system compared to streptomycin, (Figure 6). This result
suggested that the COS-Strep conjugate suppressed the response of this drug-resistance machinery.
The mechanism behind this activity requires further investigation.

We also found that expressions of exopolysaccharide biosynthesis genes were influenced
under the COS-Strep treatment. In P. aeruginosa biofilms, Psl, Pel and alginate exopolysaccharides
served as key structural components of the biofilm matrix [32]. Previous studies indicated that
Psl and alginate were required for formation of biofilms, whereas Pel played an important role
in controlling biofilm cell density and/or the compactness of biofilms [33]. Our studies showed
that the expression of pelA and algD genes were suppressed under the treatment of COS-Strep
(Figure 6C,D), but not pslA and cdrA (Figure 6E,F). CdrA, a biofilm matrix protein, is related to
extracellular adhesion and promotes tight cellular interactions in biofilm aggregates [27]. The result
indicated COS-Strep might impair the structural integrity of the biofilm by inhibiting the biosynthesis
of Pel and alginate exopolysaccharides. Pel is a positively charged polysaccharide composed of
partially acetylated 1-4 glycosidic linkages of N-acetylgalactosamine and N-acetylglucosamine [34].
WGA lectin usually recognizes N-acetylglucosamine-containing glycans. To further explore the
possible influence of COS-Strep on biofilm exopolysaccharides, we determined the biofilm structure
after drug treatment under a fluorescence microscope, using FITC (green fluorescent bioconjugates)
labeled WGA lectin. Our results showed a significant reduction of green fluorescent signals after
treatment with COS-Strep (Figure 7). It further supported that COS-Strep affected the structural
integrity of biofilm exopolysaccharides.

5. Conclusions

In summary, our result highlighted that chitosan oligosaccharide coupling greatly increased
the susceptibility of P. aeruginosa biofilms to streptomycin. COS-Strep treatments might suppress
the response of the drug efflux pump system and inhibited the biosynthesis of Pel and alginate
exopolysaccharides. Given chitosan oligosaccharide gain considerable attention as a biomaterial, due
to its good water-solubility and low toxicity, this novel strategy might open up a new avenue to
overcome the inherent resistance of biofilms to antibiotics, and come into wide use for combating
biofilm-related problems in industrial and medical areas.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/1/43/s1.
Figure S1. The results of HPLC analysis of COS (DP2-8) and COS (DP 2-20) (A) and LC-MS results of COS and
COS2; Figure S2. TH NMR spectra of COS, streptomycin, COS+Strep and COS-Strep conjugates. The Freeze-dried
COS, Strep, the COS-Strep conjugate and a mixture of two molecules (mass ratio 1:1) were dissolved in deuterated
water to a final concentration of 30mg/mL respectively. The spectra were recorded at 298 K in deuterium oxide
on a Varian VNMRS-500 NMR spectrometer. Red arrow represented the methyl protons singal at 2.57 ppm in
COS-Strep conjugates (A). Red arrow represented aldehyde proton singal at 9.66 ppm that was the functional
group of streptomycin (B).
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Abstract: Chitooligosaccharides (COS), the hydrolyzed products of chitin and chitosan, can be
obtained by various methods. In this study, water-soluble COS were prepared from «- and 3-chitosan
by microwave-assisted degradation and their immunostimulatory effects were investigated in
RAW 264.7 macrophages. The results indicated that x-COS were more active than -COS in
promoting the production of nitric oxide (NO) and cytokines, such as tumor necrosis factor-«
(TNF-«) and interleukin 6 (IL-6). Quantitative real-time reverse transcription polymerase chain
reaction and Western blotting indicated that COS also enhanced the expression of inducible nitric
oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and TNF-«. Further analyses demonstrated that
COS induced the phosphorylation of extracellular signal-regulated kinase (ERK), c-Jun N-terminal
kinase (JNK), p38, p85 and Akt, and the nuclear translocation of p65, indicating that they are
able to activate the mitogen-activated protein kinases (MAPKSs) and phosphoinositide 3-kinases
(PIBK)/ Akt signaling pathways dependent on nuclear factor (NF)-«B activation. In conclusion, COS
activate RAW 264.7 cells via the MAPK and PI3K/ Akt signaling pathways and are potential novel
immune potentiators.

Keywords: chitooligosaccharide; immunostimulatory activity; RAW 264.7 cells; mitogen-activated
protein kinases (MAPK); phosphoinositide 3-kinases (PI3K)/Akt

1. Introduction

Immune responses are initiated by host defenses against invading pathogens via the innate
and adaptive immune systems [1]. The immune responses of the elderly and patients with
immunodeficiency diseases need to be enhanced. Therefore, immunoenhancing nutraceuticals
and medicines have attracted a great deal of attention owing to their immunostimulatory activity.
Macrophages and dendritic cells play pivotal roles in the immune system and activate immune
responses via cytokine release, phagocytosis, and antigen presentation [2]. Macrophage activation is
crucial for promoting immune activity [3]. Stimulated macrophages release various proinflammatory
mediators and cytokines, including nitric oxide (NO), tumor necrosis factor-« (TNF-x), prostaglandin
E; (PGE,), interleukin-1 (IL-1B), and interleukin-6 (IL-6) [4,5]. These cytokines are secreted
via activation of signaling pathways such as the mitogen-activated protein kinase (MAPK) and
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phosphoinositide 3-kinase (PI3K)/Akt, and via transcription factors like activator protein 1 (AP-1) and
nuclear factor (NF)-«B.

Chitin is a naturally abundant substance exists in the fungal cell walls, exoskeletons of insects,
and shells of crustaceans. An estimated 10! tons of chitin are produced from living organisms
annually [6]. Chitosan, a partially deacetylated product of chitin, has been widely studied and used in
biomedical applications [7-9]. However, the pKa of chitosan is 6.5, and chitosan dissolves only under
acidic conditions via the protonation of amino groups, which restricts its application. Nevertheless,
chitosan is readily degraded into chitooligosaccharides (COS) by microwave irradiation, enzymes,
or conventional heating. COS consist of 2-20 GlcN or GlcNAc units linked by (3-1,4-O-glycoside bonds.
The COS segments differ in the fraction of N-acetylated residues and the sequences of GlcN and
GlecNACc residues [10].

COS possess many biological activities, including immunoregulatory, antiviral, anti-tumor,
antibacterial, and antifungal activities [11]. Xing et al. [12] found that COS prepared by chemical
hydrolysis, enzymatic hydrolysis, and microwave irradiation all improved innate and adaptive
immunity, and COS degraded by microwave irradiation showed the finest activity. Through both
in vitro and in vivo models, Zhang et al. [13] found that COS with a degree of polymerization (DP) of
3-8 promoted innate and adaptive immunity. Mei et al. [14], COS (DP 4-11) reported that COS (DP 4-11)
exhibit strong immunostimulatory activity and protective effects in immunosuppressed mice. COS with
chain lengths greater than six were more biologically active and had greater immunopotentiation
activity than smaller COS [11].

Although some studies have reported on the immunoregulatory activity of COS, little is known of
the molecular mechanisms involved. Therefore, it is not clear how COS exert their immunomodulatory
activity. Feng et al. [15] demonstrated that COS promoted the release of IL-13 and TNF-« in macrophages.
The promotion of cytokine gene transcription and protein expression by COS can affect immunity [16],
but the detailed molecular mechanism of the immunomodulatory activity of COS is unclear, and the
activity of 3-COS has not been investigated. In this study, water-soluble «- and 3-COS were obtained
by microwave-assisted degradation. Then, the immunomodulatory activity of COS was investigated
in RAW 264.7 cells, and the COS-induced signaling pathways were characterized to elucidate the
molecular mechanisms.

2. Results

2.1. Characterization of COS

The IR spectra of x-chitosan (1856 kDa), 3-chitosan (4574 kDa), x-COS (1874 Da), 3-COS (2186 Da)
were shown in Figure 1. The characteristic absorption peaks appeared at 1651 cm™! (Amide I),
1591 em ! (N-H bending) and 1375 cm~! (Amide III). The spectrum of a-COS and B-COS were similar
to a- and -chitosan with high molecular weight.

The 'H NMR and 3C NMR spectrum of a-chitosan (1856 kDa), 3-chitosan (4574 kDa), x-COS
(1874 Da) and -COS (2186 Da) were shown in Figure 2. As shown in Figure 2C, the signal of x-COS
(1874 Da) at 3.00 ppm was attributed to H2, the signals between 3.52 and 3.62 ppm were assigned to
H5 and H6, the peaks at 3.75 ppm were attributed to H3 and H4. The peaks were similar to x-chitosan
(1856 kDa) as shown in Figure 2A. The '3C NMR spectrum of -COS (1887 Da) was plotted in Figure 2G.
The signals at 97.48, 55.67, 69.98, 76.18, 74.67, 59.80 were attributed to C1, C2, C3, C4, C5 and C6,
respectively. These signals were also similar to those of the 1856-kDa chitosan (Figure 2E). As shown
in Figure 2D,H, the 'H NMR and 3C NMR spectrum of 3-COS (2186 Da) were plotted, and the signals
were assigned. The signals of 3-chitosan (4574 kDa) were identical with those of 3-COS (2186 Da).
Moreover, apart from a slight difference in signal intensity, the signals of 3-chitosan and -COS were
also identical with those of a-chitosan and o-COS.
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The difference of x- and 3-COS originates from the antiparallel configuration of x-COS and the
parallel structure of 3-COS. The structure unit of COS was not destructed by microwave degradation
demonstrated by the IR, TH NMR, and 3C NMR spectra.
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Figure 1. Fourier-transform infrared (FI-IR) spectra of chitosan and chitooligosaccharide (COS).
The molecular weights were as follows: «-chitosan (1856 kDa), 3-chitosan (4574 kDa), x-COS (1874 Da)
and 3-COS (2186 Da).
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Figure 2. TH NMR and 3C NMR spectra of chitosan and chitooligosaccharide (COS). (A) TH NMR
spectrum of a-chitosan (1856 kDa). (B) 'H NMR spectrum of B-chitosan (4574 kDa). (C) "H NMR
spectrum of a-COS (1874 Da). (D) 'H NMR spectrum of 3-COS (2186 Da). (E) '*C NMR spectrum of
oa-chitosan (1856 kDa). (F) 13C NMR spectrum of B-chitosan (4574 kDa). (G) 1*C NMR spectrum of
«-COS (1874 Da). (H) 3C NMR spectrum of $-COS (2186 Da).

157



Mar. Drugs 2019, 17, 36

2.2. NO Production

To elucidate the immunological effect of COS, the cells were pretreated with various concentrations
and configurations of COS, and NO production was measured using Griess reagent. As shown in
Figure S1, the NO-promoting activity of a-COS was better than that of 3-COS. The most effective
COS had a molecular weight of 1874 Da (COS 1874 Da) and was chosen for further investigation.
The results indicated that the production of NO by macrophages was enhanced by increasing the
COS concentration from 12.5 to 200 pg/mL (Figure 3A). Furthermore, to eliminate lipopolysaccharide
contamination, a ToxinSensor™ Chromogenic LAL Endotoxin Assay Kit (GenScript, Piscatway, NJ,
USA) was used to perform an endotoxin assay. The results showed that the samples were not
contaminated by endotoxin.

2.3. Cell Viability

The cytocompatibility of different concentrations of COS in RAW 264.7 cells was evaluated by the
MTT assay, and the blank control group was designated as 100% cell viability. The results showed that
both «- and 3-COS (100 ug/mL) had good biocompatibility after the pretreatment of RAW 264.7 cells
for 24 h (Figure S2).

Figure 3B displays the effects of various concentrations of COS 1874 Da on macrophage viability.
The cell viability with 12.5-200 ug/mL COS 1874 Da exceeded 80%, indicating that COS 1874 Da had
no obvious toxicity in RAW 264.7 cells.

2.4. COS Induced the Production of Cytokines in Macrophages

To determine cytokine expression levels after COS treatment, cytometric bead array (CBA)
experiments were conducted. Figure 4C,D shows that the production of TNF-« and IL-6 was obviously
promoted by COS treatment (25, 50, 100 and 200 pg/mL) in a dose-dependent manner. The cytokine
production was increased to nearly 20,000 ng/mL at a concentration of 200 pg/mL.

2.5. COS Enhanced Cytokine Gene and Protein Expression

To investigate whether COS can regulate the levels of cytokine transcription, RAW 264.7 cells
were pretreated with 100 ug/mL COS 1874 Da for 0, 0.5, 1, 3 and 6 h. Then, the iNOS, COX-2, IL-6,
and TNF-« gene levels were detected by real-time RT-PCR. Quantitative real-time PCR (Figure 4A)
indicated that the expression of cytokine genes after a 360 min COS treatment was increased more than
20-fold compared with untreated cells, and the expression of COX-2 reached ca. 1000-fold. To validate
these results, immunoblotting assays were performed. As shown in Figure 4B, the expression of TNF-«,
IL-6, and COX-2 was obviously promoted after 180 min. These results confirmed the effect of COS on
promoting inflammatory mediators in RAW 264.7 macrophages.
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Figure 3. The effects of chitooligosaccharides (COS) on cell viability and cytokine production. RAW
264.7 cells were treated with COS (0-200 ug/mL) for 24 h. (A) The nitric oxide production on treatment
with a-COS (1874 Da). (B) The cell viability on treatment with x-COS (1874 Da). (C) The production
of tumor necrosis factor-o« (TNF-) on treatment with a-COS (1874 Da). (D) The production of
interleukin-6 (IL-6) on treatment with «-COS (1874 Da). The values are presented as means + SD
(n=3). (*p <0.05 vs. control group).
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Figure 4. Effects of COS on the expression of cytokines in RAW 264.7 cells at the gene and
protein levels. (A) Gene expression of inducible nitric oxide synthase (iNOS), TNF-«, IL-6, and
cyclooxygenase (COX)-2 in RAW264.7 cells determined by real-time reverse transcription polymerase
chain reaction after stimulation with 100 pg/mL COS (1874 Da). The expression data were normalized
to glyceraldehyde 3-phosphate dehydrogenase and shown as fold-changes relative to the control
(presented as means + SD) (* p < 0.05 vs. control group). (B) The effects of 100 ug/mL COS (1874 Da)
on the protein expression levels of TNF-«, iNOS, and COX-2.

2.6. COS Interferes with the NF-xB, MAPK and PI3K/Akt Signaling Pathways

Immunoblotting was used to examine the possible involvement of NF-«B in the induction of
proinflammatory mediators by COS. As shown in Figure 5A, the expression of p65, a key subunit
of NF-kB, increased in a time-dependent manner after COS treatment. Furthermore, 100 pug/mL
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COS promoted the phosphorylation of IkBet and the upstream phosphorylation of IKK« /3 complex
(the upstream kinase of IkB) protein (Figure 5C). These results indicated that COS promotes IkBx
degradation and activated the translocation of NF-kB.

To investigate the participation of the MAPK signaling pathway, cells were treated with COS for 0,
30, 60, 180 and 360 min, and then the phosphorylation of c-Jun N-terminal kinase (JNK), extracellular
signal-regulated kinase (ERK), and p38 proteins was determined. The phosphorylation of ERK was
obviously promoted at 30 min but decreased after 180 min (Figure 5B). The expression of p-JNK was
promoted after treatment for 30 to 360 min. The phosphorylation of p38 was significantly promoted
and reached a plateau after 180 min.

The phosphorylation of the members of the PI3K-Akt signaling pathway after COS treatment was
also investigated. As shown in Figure 5D, the phosphorylated Akt levels peaked at 180 min. COS also
promoted the phosphorylation of PDK1 in a time-dependent manner. Moreover, COS also stimulated
P85 protein, the regulatory subunit of PI3K, which peaked at 60 min (Figure 5D).

To validate the involvement of MAPK, PI3K/Akt and NF-kB pathways in COS-induced NO
production, the effects of specific inhibitors on NO production were determined in RAW 264.7 cells.
As shown in Figure 5E, all the inhibitors suppressed the production of NO in COS-induced RAW
264.7 cells, further demonstrating that COS promote NO production by activating the MAPK, PI3K/ Akt
and NF-«B pathways.
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Figure 5. Cont.
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Figure 5. Determination of COS-induced signaling pathways. RAW 264.7 cells were stimulated with
100 pg/mL COS (1874 Da) for the indicated times (0-360 min). Then, cell proteins were extracted and
subjected to Western blotting. The effects of COS (1874 Da) on the NF-«kB p65 (A), MAPK (B), IKKe/ 3
and IkBa (C), PI3K-Akt (D) signaling pathways were determined. The relative expression levels of
protein were normalized by (-actin. (E) NO production in RAW 264.7 cells pretreated with or without
inhibitors after stimulated with 100 pg/mL COS. Data are presented as mean =+ SD. (* p < 0.05 vs.

COS-treated group).

3. Discussion

NO, a small diffusible molecule, is a short-lived, endogenously produced gas synthesized mainly
by iNOS [17]. As an effector molecule, NO may be responsible for eradicating invaded pathogens
in macrophages [18]. Therefore, we determined the NO expression in RAW 264.7 cells treated with
100 pg/mL «- and B-COS. The results indicated that x-COS is more active at promoting NO production
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than 3-COS. Then, we explored the molecular mechanisms of x-COS. After pretreatment with
various concentrations of COS, the NO production in RAW 264.7 cells increased in a dose-dependent
manner. Besides NO, pro-inflammatory cytokines are also pivotal in the destruction of pathogens.
COS increased the production of two cytokines, TNF-o and IL-6, as determined by CBA and confirmed
by RT-PCR and immunoblotting. Our results were consistent with the report by Wu et al. [19],
who found that low-molecular-weight chitosan (3 and 50 kDa) considerably induced the expression of
IL-6, TNF-a, NO, interferon-y, and iNOS in a molecular weight- and concentration-dependent manner.
Moreover, Wei et al. [16] also found that (GLcN)5 and (GLcN)s promoted the gene expression and
protein secretion of TNF-«, IL-1, and IFN-y.

To explore the mechanisms of macrophage activation, we performed Western blot analysis of
proteins involved in the NF-«B signaling pathway. The transcription factor NF-«B play vital roles in
the innate and adaptive immune systems. NF-«B is related to the transcription of many mediators
and proinflammatory cytokines genes, such as iNOS, IL-13, TNF-«, and COX-2 [20-22]. As we
demonstrated (Figure 5A), the subunit of NF-«B (p65) was phosphorylated on stimulation with COS.
To explore the upstream pathway, the phosphorylation of IkB kinase enzyme complex (IKK «/ ) and
IkBx proteins were determined. The results showed that COS activated the IKK enzyme complex,
which phosphorylated the downstream IkBo protein. Then, IkB proteins were ubiquitylated and
degraded, which allowed NF-«B to translocate to the nucleus and promoted the production of its
target genes. Our results were consistent with Zheng et al. [23], who found that low-molecular-weight
chitosans exert immunostimulatory activity via activation of the AP-1 and NF-«B pathways and 3 kDa
chitosan showed greater activity than 5 kDa chitosan in RAW264.7 macrophages. Li et al. [24] also
found that five chitooligomers, ranging from dimers to hexamers, promoted the expression of NF-«B
downstream genes. Our results demonstrated that besides COS of 3 kDa and COS below 1 kDa, COS
of 2 kDa could also promote the translocation of NF-B.

MAPK activates the transcription of several transcription factors, including NF-«B and AP-1 [25].
Based on the finding that COS promoted NF-«B activation, the phosphorylation levels of ERK, JNK,
and p38 proteins were determined. This showed that COS activated the MAPK signaling pathway
during macrophage activation. As shown in Figure 5C, COS promoted the phosphorylation of Akt
and the p85 subunit. Furthermore, the upstream PDK1 was also increasingly phosphorylated by
COS in RAW 264.7 cells. Therefore, the PI3K/ Akt pathway, another important pathway in regulating
immunity responses, also participated in the activation of RAW 264.7 macrophages induced by COS.

However, it has been reported that COS exerts an anti-inflammatory effect in macrophages by
inhibiting the phosphorylation of MAPKSs, NF-kB and AP-1 [26]. Kim et al. [27] reported that after
oral intake of COS, the IL-12 and interferon-y levels of elderly people were increased, while the
production of IL-1 and TNF-« decreased; the results suggested that COS (3500 Da) has dual
immunostimulatory and anti-inflammatory effects in the elderly. These findings are distinct from
our results. The different biological activities of COS may result from the differences in molecular
weight, degree of DP, N-acetylation, arrangement of acetyl groups, fraction of N-acetylated residues,
and pattern of N-acetylation [28].

COS exert their immune-enhancing effect by the interaction with receptors on the macrophage
membrane surface, such as Toll-like receptor 4 (TLR 4) [13], complement receptor 3 [29] and mannose
receptor [30]. The COS we used in this study is a complex mixture, so it is not clear which component
led to the immunostimulatory effect. Therefore, we need to further explore the receptors binding
with COS. A remaining challenge is to identify the most active molecules using a component with a
single DP.
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4. Materials and Methods

4.1. Chemicals and Reagents

«-Chitosan with an average molecular weight of 1856 kDa and degree of deacetylation of
86.0% was provided by Qingdao Yunzhou Biochemical Corp. (Qingdao, China). Loligo japonica
squid pens were obtained from Yongming Food Co., Ltd. (Liaoning, China). LPS (Escherichia coli
0111: B4), 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenyltetrazolium bromide (MTT), sulfanilamide and
naphthylethylenediamine dihydrochloride were obtained from Sigma (St. Louis, MO, USA). The
Roswell Park Memorial Institute (RPMI) medium 1640 and Penicillin-Streptomycin were purchased
from Gibco BRL (Life Technologies, Shanghai, China). The fetal bovine serum (FBS) was obtained from
HyClone (Thermo Fisher Scientific, Logan, UT, USA). The kits for cDNA synthesis were purchased
from Invitrogen (Carlsbad, CA, USA). The SYBR Premix Ex Taq kits were obtained from Takara Bio
(Dalian, China). Primary antibodies to TNF-«, cyclooxygenase (COX)-2, p85, PDK1, Akt, IkBx, p65,
c-Jun N-terminal kinase (JNK), extracellular signal-regulated kinase (ERK), p38, and phospho-specific
antibodies to p85, PDK1, Akt, IkBa, p65, ERK, JNK, p38 and (3-actin were purchased from Cell Signaling
Technology (Beverly, MA, USA) except the primary antibody against inducible NO synthase (iNOS)
from Abcam (Cambridge, MA, USA). Horseradish peroxidase (HRP)-conjugated goat anti-mouse,
and goat anti-rabbit IgG antibodies were purchased from Abcam (Cambridge, MA, USA). The mouse
inflammation cytometric bead array (CBA) kit was provided by BD Biosciences (San Diego, CA, USA).
Inhibitors including SB203580 (a p38 inhibitor), PD98059 (an ERK inhibitor), SP600125 (a JNK inhibitor)
and PDTC (a NF-«B inhibitor) were purchased from Selleck (Shanghai, China). LY294002 (a PI3K
inhibitor) was provided by Calbiochem (San Diego, CA, USA).

4.2. Preparation of a- and B-Chitooligosaccharide

The preparation of 3-chitosan from Loligo Japonica squid pens was followed by previously
described [31]. The preparation of COS was performed by microwave irradiation method. Briefly,
chitosan powder (5 g) was dissolved in 250 mL 2% acetic acid, then H,O, (5 mL) was added before
being heated in laboratory microwave reaction equipment with an infrared reaction thermometer
under magnetic stirring. After the reaction, the average molecular weights of the resulting products
were measured by gel permeation chromatography (GPC) analysis. The mixture was neutralized by
NaOH and then dialyzed with 500 Da cut-off dialysis membrane.

4.3. Characterization of Chitosan and Chitooligosaccharide

The average molecular weight of COS was measured by GPC analysis performed on TSK
3000-PWXL column (Tosoh, Tokyo, Japan) eluted with the mobile phases (0.1 M CH3COONa and
0.2 M CH3COOH aqueous solution). Fourier transform infrared (FI-IR) spectra of chitosan and
chitooligosaccharide were performed by a Thermo Scientific Nicolet 1510 FT-IR spectrometer. The NMR
spectra (‘H and 'C) were documented by a JEOL JNM-ECP600 spectrometer (JEOL, Tokyo, Japan).

4.4. Cell Culture

The RAW 264.7 cell line was provided by the American Type Culture Collection (Manassas, VA,
USA). Cells were maintained in RPMI 1640 medium containing 10% FBS (inactivated by heating at 56
°C for 30 min), L-glutamine (2 mM) and 1% penicillin-streptomycin in a humidified atmosphere with
5% CO, at 37 °C.

4.5. Cell Proliferation Assay

RAW 264.7 macrophages were seeded onto 96-well flat-bottom culture plates (1 x 10° cells/well)
and allowed to adhere overnight. Thereafter, fresh medium containing indicated contents of
chitooligosaccharide (0-200 pg/mL) were introduced and incubated for 24 h. Then the supernatants
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were discarded, and cells were cultured with 100 uL. MTT solution (0.5 mg/mL) for 4 h, and the
formed formazan crystals were dissolved in 100 uL MTT stopping buffer. After overnight cultivation,
the absorbance was determined at 550 nm using a microplate reader (Tecan, Mannedorf, Switzerland).

4.6. NO and Cytokines Quantitation

Followed the treatment as described in Section 2.5, the culture supernatants were collected for
determining NO and cytokines production. The NO levels were determined as nitrite NO,~ by Griess
reaction as previously reported [32]. The IL-6 and TNF-« levels were measured by C6 Plus flow
cytometer (BD Biosciences, Sparks, MD, USA) using mouse inflammation cytometric bead array kits
(San Diego, CA, USA).

4.7. The mRNA Expression Levels of Cytokines Determined by Reverse Transcription-Polymerase Chain
Reaction

RAW 264.7 cells were treated by COS for different time periods (0, 30, 60, 180, 360 min). Then the
total cellular RNA was extracted from various groups by Trizol® reagent (Invitrogen, Carlsbad,
CA, USA). The concentrations of RNA were detected by Nanodrop spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA) followed by ¢cDNA synthesis. Then quantitative real-time
polymerase chain reaction (PCR) was performed. The nucleotide sequences primers are shown in
Table S1. QRT-PCR was carried out, and the fold increase of each gene was calculated using the 2~-AACT
method [33]. Housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was set as
the internal reference.

4.8. Immunoblotting

For immunoblot analysis, RAW 264.7 macrophages were seeded in 6-well culture plates
(5 x 10° cells/well) and cultured with COS for different time periods (0, 30, 60, 180, 360 min). Cells
were scraped off, then the cytoplasmic and nuclear proteins were extracted. Briefly, cells were collected
and lysed by 200 pL buffer (ComWin Biotech, Beijing, China). Then the total proteins were extracted
by a Roche Complete protease inhibitor cocktail (Roche Diagnostics Ltd., Mannheim, Germany)
and collected by centrifugation. Nuclear proteins were extracted using nuclear protein isolation
kits (ComWin Biotech, Beijing, China) according to the manufacturer’s instructions. The protein
concentration was determined by BCA protein assay kits (Com Win Biotech). Then equal grams
of proteins (40 ug) were loaded and separated by sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis (PAGE) and then transferred to a polyvinylidene fluoride (PVDF) membrane.
After blocked by BSA and rinsed by TTBS, the membranes were incubated with primary and
HRP-labeled antibodies. The blot was imaged by Tanon-5200 chemiluminescence detection system
(Tanon Science, Shanghai, China). The band density was quantified by Quantity One software (Bio-Rad,
Munich, Germany).

4.9. Statistical Analysis

Data were presented as mean + SD, the significance among different groups was analyzed by
one-way analysis of variance. p-values < 0.05 were regarded as statistically significant.

5. Conclusions

In conclusion, the NO production of macrophages pretreated with «- and 3-COS was compared.
The results suggested that a-COS is more active than 3-COS. Therefore, x-COS was chosen for further
study. The CBA, RT-PCR, and Western blotting results demonstrated that COS had immunostimulatory
effects in RAW 264.7 cells. It promoted the secretion of NO and proinflammatory cytokines, including
TNEF-«, IL-6, and COX-2, via the PI3K-Akt and MAPK pathways and NF-«B activation. COS possesses
great potential as a novel candidate for the treatment of immunosuppressive diseases and as a
vaccine adjuvant.
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Abstract: Most of the methods of poly-lactic-glycolic acid (PLGA) preparation involve the passage
through the emulsification of a PLGA organic solution in water followed by solvent evaporation or
extraction. The choice of the droplet stabilizer during the emulsion step is critical for the dimensions
and the surface characteristics of the nanoparticles (NPs). In the present work, a recently described
ionic amphiphilic chitosan derivative, chitosan oleate salt (C5-OA), was proposed for the first time to
prepare PLGA NPs. A full factorial design was used to understand the effect of some formulation and
preparation parameters on the NP dimensions and on encapsulation efficiency (EE%) of Nile red, used
as a tracer. On the basis of the DoE study, curcumin loaded NPs were prepared, having 329 + 42 nm
dimensions and 68.75% EE%. The presence of a chitosan coating at the surface was confirmed by
positive zeta potential and resulted in mucoadhesion behavior. The expected improvement of the
interaction of the chitosan surface modified nanoparticles with cell membrane surface was confirmed
in Caco-2 cell culture by the internalization of the loaded curcumin.

Keywords: chitosan oleate salt; amphiphilic polymer; PLGA; nanoparticles; mucoadhesion; Caco-2
cell culture; nile red; curcumin

1. Introduction

Poly-lactic-glycolic acid (PLGA) is one of the most widely used biodegradable polymers in
nanoparticle (NP) formulations, thanks to possible modulation of biodegradation rate by means of the
choice of suitable PLGA grades and thanks to good regulatory position, as they are well accepted by
FDA and EMA [1,2].

Most of the methods of PLGA NPs preparation involve the passage through the emulsification of
a PLGA organic solution in water followed by solvent evaporation or extraction. The choice of the
droplet stabilizer during the emulsion step is critical for the dimensions and the surface characteristics
of the NPs. The most used stabilizer in the literature is PVA [3]. Few other polymers were demonstrated
to be useful to stabilize nanoemulsions, such as carbomer and poloxamer, while other macromolecules,
such as cellulose derivatives and gelatin, resulted in NPs with acceptable dimensions only when used
in association with PVA [4]. In most cases the zeta potential resulted negative, with the only exception
of the association between PVA and the cationic gelatin A [4].
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A growing interest can be seen in recent years in the literature for PLGA NPs coating to modify the
surface to cationic charge. Positively charged NPs can in fact more efficiently interact with negatively
charged cellular membranes triggering cell uptake [5-8]. From this perspective, the coating with
chitosan is in many cases a first choice for its low cost, good biocompatibility, and interesting biological
properties such as mucoadhesion [9], that in turn can support the efficiency of nanosystems for mucosal
vaccination [10,11]. Moreover, chitosan coated PLGA NPs are described as useful tools to improve
transfection in nucleic acids delivery [12,13]. An early systematic study was performed to assess the
possible employment of chitosan as stabilizing agent in the preparation of NPs, with and without PVA.
While chitosan alone resulted not suitable to stabilize the particles, PVA-chitosan blends led to NPs
of low dimensions and positive surface charge [14]. A further approach involves the preparation of
PVA-stabilized NPs coated in a second step by chitosan electrostatic adsorption [6,15,16].

Polymeric surfactants present peculiar efficiency in the stabilization of nanoemulsions, due to the
multiple contact points of the hydrophobic moieties with the o/w interface and steric effect of hydrated
hydrophilic chains [17]. If a derivative of a bioactive polymer is used, some of the polymer properties
can be maintained by the nanoemulsion. Recently, some evidence was given of the ability of a new
amphiphilic chitosan salt, chitosan oleate CS-OA [18], obtained by ionic interaction between chitosan
and oleic acid, to stabilize an essential oil nanoemulsion [19]. It was observed that a low energy method
could be combined with the self-assembling behavior of chitosan after electrostatic interaction with
the hydrophobic moieties of oleic acid. Nanoemulsions of dimensions in the nanometric range were
obtained, depending on chitosan concentration and resulted physically stable for at least three months.
The zeta potential of the nanoemulsion confirmed that the chitosan derivative was adsorbed at the
droplet interface thanks to affinity of oleic chains for hydrophobic phase, while chitosan backbone
resulted arranged towards the aqueous medium [19]. Chitosan oleate maintained in this case an
antimicrobial effect, in accordance with literature findings [20,21]. Nanoemulsions based on alpha
tocopherol and stabilized by means of chitosan oleate salt were studied on fibroblast and keratinocyte
cell lines, on ex vivo human biopsies, and in vivo on a rat burn model, showing the biological effects
of both chitosan and oleic acid on the wound healing promotion [22,23].

In the present work, the physical stabilization of nanoemulsions by chitosan oleate was for the
first time exploited in the preparation of chitosan coated PLGA NPs. The peculiar arrangement of
the hydrophobically modified polymer at the oil to water interface around the droplets should in
fact result in the exposure of polysaccharide chains towards the aqueous environment so that solvent
removal would lead to the occurrence of PLGA NPs coated with a chitosan shell. In the perspective
of a Quality by Design-based pharmaceutical development, the DoE approach is more and more
encouraged. In this frame, screening factorial designs are a useful instrument to study the relevance
of formulation, preparation and assessment variables on product properties [24,25]. A screening full
factorial design was here used to understand the effect of the ratio between chitosan and oleic acid, of
chitosan concentration and of stirring rate on the NP dimensions and on encapsulation efficiency of
Nile red used as a tracer. To confirm the interaction with the biological substrates, curcumin loaded
NPs were prepared and tested for mucoadhesion properties and internalization in Caco-2 substrates.
Curcumin was chosen as a hydrophobic model molecule for its largely studied behavior, and the
possibility to compare the results obtained with the proposed new CS-OA based systems with those
obtained with NPs previously described in the literature [26-28].

2. Results and Discussion

Figure 1 shows the results of the preliminary study performed to assess the relationship between
the amount of CS-OA used during the preparation of the nanoparticles and their final dimensions.
The CS-OA was obtained in situ by electrostatic interaction between the polysaccharide and the
oleic acid, at a 1:1 stoichiometric ratio. Increasing polymer dispersion volumes were added during
the emulsification step to stabilize the dispersion of PLGA ethyl acetate solution in water. Final CS
concentrations resulted in a range between 725 and 840 ug/mL, while the amount of ethyl acetate

168



Mar. Drugs 2018, 16, 447

PLGA solution and polymer concentration were maintained constant. The three samples prepared
with the lowest volumes of CS-OA dispersion corresponded to the highest mean particle size values,
of 7.99 (£1.87) um, 3.11 (£0.82) um, and 1.54 (£0.23) um. These samples were characterized by
laser diffraction apparatus and showed a clear decrease of the percentage of dispersion exceeding
the nanometer dimensions with the increase in chitosan derivative volume. By further increasing
the CS-OA amount, the resulting particulate dimensions decreased below 1000 nm. The comparison
between the two series of data can of course be considered just indicative, as the measurements of the
dimensions are obtained with two different apparatus, but nevertheless suggested the use of CS-OA
concentrations in a higher range. To better assess the relevance of CS-OA amount, CS to OA ratio, and
of a preparative parameter such as ULTRA-TURRAX speed, a DoE-based evaluation was performed
on Nile red loaded NPs.
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Figure 1. Dimensions of the dispersion (mean + SD; n = 3) for different chitosan (CS)
final concentrations.

2.1. Relevance of Formulation and Preparation Parameters on Nile Red Loaded NPs through DoE Study

In this phase of the development study, the volume of CS-OA dispersion was maintained constant
(at 10 mL) and Nile red-loaded NPs were prepared by checking the possible further reduction of the
dimensions by increasing the stirring rate and the initial chitosan concentration. The relevance of
hydrophobic modification level was evaluated by comparing CS-OA at 1:0.2 and at 1:1 chitosan:oleic
acid molar ratio, in a range between a low substitution and the maximum stoichiometric ratio.

Stirring rate range was from 13,500 rpm, slightly higher than the stirring rate used in Phase 1, to
20,500 rpm, the highest rate for the used apparatus.

Chitosan concentration was studied in the range 0.1% (w/v) slightly higher than the maximum
one considered in Phase 1, and 0.2% (w/v), that in a previous work allowed the authors to obtain
nanoemulsions of a few hundred nanometers in size [19].

Nile red was encapsulated in the NPs as a fluorescent tracer, for its hydrophobic character,
compatible with loading in PLGA core of the NPs. A full factorial was designed and both the
dimensions of the PLGA NPs and the encapsulation efficiency of Nile red were evaluated as a response.

Table 1 reports the data obtained for the eight samples and for the three central points of the Full
Factorial 2° experimental design.

All the data come from analysis replicates (whose variability is described by the standard deviation
values) while the replicates necessary for the variability evaluation of the model were performed on
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the central point. Each set of data was evaluated for standardized skewness and standardized kurtosis
and the values resulted within the range expected for data from a normal distribution.

Apart from the two samples with the lowest concentration of chitosan and the lowest ratio
between chitosan and oleic acid, whose dimensions were as high as 1830 nm and 1186 nm for 13,500
and 20,500 rpm stirring rate, respectively, in all other cases the average size is maintained in the range
of NP systems. All the samples analyzed have an encapsulation efficiency higher than 65%, and as
high as 89.58% in the case of the sample prepared with chitosan concentration 0.2% (w/v), CS-OA ratio
1:1 and stirring rate 13,500 rpm.

Table 1. Dimensions and encapsulation efficiency (EE%) (mean 4 SD; n = 4) of the samples prepared
according to the 23 full factorial experimental design taking into account, as factors, the chitosan (CS)
concentration 0.1-0.2% (w/v), the stoichiometric ratio chitosan: oleic acid (CS-OA) (1:0.2-1:1), and the
ULTRA-TURRAX stirring speed (13,500-24,000 rpm).

Independent Variables (Factors) Dependent Variables (Responses)

CS Conc (% w/v) CS-OA Ratio  Stirring Rate (rpm)  Dimensions nm (£SD) EE% (£SD)
-1 -1 -1 1829 (£303) 70.83 (£1.31)
1 -1 -1 610 (+47) 80.92 (£0.06)
-1 1 ~1 627 (£16) 85.42 (£1.72)
1 1 -1 591 (£26) 89.58 (+0.09)
-1 -1 1 1186 (£197) 68.35 (£7.37)
1 -1 1 832 (£93) 79.39 (£2.54)
-1 1 1 634 (£19) 72.19 (£5.60)
1 1 1 620 (424) 86.51 (£1.33)
0 0 0 760 (423) 71.28 (+£0.80)
0 0 0 759 (£17) 72.68 (£2.04)
0 0 0 733 (£32) 76.62 (+1.36)

The model used to fit the data of NP dimensions is as follows.
dimensions = 834,636 — 202,875*A — 248,125*B — 48,125*C + 190,375*A*B + 110,875*A*C + 57,125*B*C

The Pareto chart for NP dimensions (Figure 2) and the ANOVA table (Table 2), show that both
chitosan concentration and stoichiometric ratio between chitosan (CS) and hydrophobic agent (OA)
significantly influence the response. Both these effects have a negative sign, so that the higher
concentration (0.2% w/v) and the higher CS:OA ratio (1:1) contribute to decrease the average size of
the particles. The effect of concentration factor confirms the trend observed in the preliminary part
of the study (Figure 1). The effect of hydrophobic modification seems to confirm its importance for
the anchoring of CS-OA at oil to water interface. This is in line with literature data that found poor
stabilization of the emulsion with chitosan alone [14]. It is conceivable however that the theoretical
stoichiometry between chitosan and oleic acid does not correspond to the final composition of the
modified polymer, as it is likely that not all the amino groups of the polymer are involved in the
interaction with the fatty acid.

The graph of interaction between concentration and polymer ratio and hydrophobic agent shows
a very clear interdependence, confirmed by the statistics that see this significant interaction (Figure 3).
However, each of the factors assumes a marked importance in decreasing the particle size when the
other factor is at the lowest level, and the stability of the dispersion is probably more critical.

The Pareto chart shows that the mechanical agitation during preparation is not significant, contrary
to what could be expected.
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Table 2. ANOVA table obtained from the statistical analysis of the 23 full factorial design for the effects
of the three factors considered and of their binary interactions on NP dimensions.

Source Sum of Squares d.f. Mean Square  F-Ratio p-Value
A: CS concentration 329,266 1 329,266 11.13 0.0290
B: CS:OA ratio 492,528 1 492,528 16.64 0.0151
C: rpm 18,528.1 1 185,28.1 0.63 0.4731
AB 289,941 1 289,941 9.80 0.0352
AC 98,346.1 1 98,346.1 3.32 0.1424
BC 26,106.1 1 26,106.1 0.88 0.4008
Total error 118,385 4 29,596.2
Total (corr.) 1.3731 x 10° 10

R? = 91.3752 percent; R? (adjusted for d.f.) = 78.4381 percent.
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Figure 2. Pareto chart obtained from the statistical analysis of the 22 full factorial design and illustrating
the effects of the three factors considered and of their interactions on poly-lactic-glycolic acid (PLGA)
nanoparticle (NP) dimensions.
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Figure 3. Interaction plots obtained from the statistical analysis of the 23 full factorial design and
illustrating the interactions between the factors concentration (CS % w/v) and chitosan:oleic acid
(CS:0A) ratio.

The model used in the case of EE% as response is as follows.

EE% =77.6151 + 4.94963*A + 4.27651*B - 2.54119*C — 0.332076*A*B + 1.38938*A*C — 1.53579*B*C
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In this case a reduced model obtained by exclusion of the not significant interaction with the
lowest coefficient was chosen.

Regarding the effect of the factors on the efficiency of encapsulation, the Pareto graph (Figure 4)
and the corresponding ANOVA (Table 3), suggest that also in the case of EE% response, the chitosan
concentration and the molar ratio between the polymer and the hydrophobic agent have a significant
and positive effect. This is in line with their relevance on nanoemulsion stabilization during
nanoparticle preparation as it seemed conceivable that quick and efficient coating of the droplets
should help the retention of the marker inside the NPs.
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Figure 4. Pareto chart obtained from the statistical analysis of the 23 full factorial design illustrating
the effects of the three factors considered and their interactions on Nile red encapsulation efficiency
(EE%) in PLGA NP.

Table 3. ANOVA table obtained from the statistical analysis of the 23 full factorial design for the effects
of the three factors considered and their binary interactions on encapsulation efficiency (EE%).

Source Sum of Squares d.f. Mean Square F-Ratio p-Value
A: CSconcentration 195.991 1 195.991 10.24 0.0240
B: CS-OA ratio 146.308 1 146.308 7.64 0.0396
C: stirring 51.6612 1 51.6612 2.70 0.1614
AC 15.4429 1 15.4429 0.81 0.4103
BC 18.8691 1 18.8691 0.99 0.3664
Total error 95.7231 5 19.1446
Total (corr.) 523.996 10

R? = 81.7321 percent; R? (adjusted for d.f.) = 63.4641 percent.

2.2. Curcumin Loaded NPs

Considering the results of the DoE study on critical parameters, the following conditions were
chosen to prepare chitosan coated PLGA NPs: chitosan concentration 0.2% (w/v), chitosan:oleic
acid ratio 1:1, and 24,000 rpm ULTRA-TURRAX stirring rate. As reported in Table 1, however,
the dimensions of the NPs were even in this case higher than 500 nm. To further reduce the dimensions,
acetone 5% v/v was added together with the hydrophobic phase. It is reported in the literature
that acetone, as water miscible solvent, during addition to aqueous environment is subject to quick
diffusion. This effect lowers the interfacial tension and makes the dispersion of the droplets finer,
resulting in turn in small NP dimensions [29].

According to this mechanism, the dimensions of the CS-OA stabilized NPs were reduced, making
possible a direct comparison of CS-OA-stabilized NPs with samples obtained by using PVA to stabilize
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the nanoemulsion, according to the procedure described in the literature [3]. The comparison of the
two nanosystems, prepared with CS-OA and with PVA, both unloaded and loaded with curcumin,
was performed by considering dimensions, polydispersion index, and zeta potential (Table 4). EE%
values are also given in Table 4 in the case of curcumin loaded systems.

Considering the dimensions, the NPs obtained by using CS-OA as stabilizer, both unloaded
(CS-OA PLGA) and curcumin loaded (Cur-CS-OA PLGA), were in a range of few hundred nanometers,
comparable to the results obtained by using PVA. As the dimensions, at the same process conditions,
are influenced mainly by surfactant effect of the polymers during emulsification, these results confirm
the efficiency of CS-OA as amphiphilic polymer in emulsion stabilization. EE% was slightly higher
for PVA NPs (~82%) with respect to CS-OA NPs (~70%). EE% differences can be here explained by a
different arrangement of curcumin at the NP surface. This could represent also a possible explanation
for the different zeta potential values observed for unloaded and curcumin loaded NPs. Zeta potential
is clearly positive for both the unloaded and curcumin loaded CS-OA NPs, confirming the presence of
a chitosan shell at the NP surface.

In both the systems the NPs showed EE% values quite high, in line with the hydrophobic nature
of curcumin and its good affinity for the PLGA core. On the basis of EE% values, the curcumin colloidal
concentration was calculated, ranging between approximately 82 ug/mL in the case of Cur-CS-OA
PLGA and almost 100 pg/mL in the case of Cur-PVA PLGA. In both cases a clear improvement
of concentration was observed with respect to curcumin solubility, that literature reports as low as
11 ng/mL [30].

Table 4. Characterization of CS-OA-stabilized NPs prepared with acetone and comparison with PVA
stabilized NPs, unloaded and loaded with curcumin (mean =+ SD, n = 3).

Dimensions  Poly Dispersion  Zeta Potential EE (%) Curcumin
(nm) Index (mV) Concentration (ug/mL)
CS-OA PLGA 346 + 88 0.32 +£0.10 59.0 £ 2.34 - -
PVAPLGA 310+ 74 0.68 +0.15 —26.33 £ 1.52 - -
Cur-CS-OA PLGA 329 +42 0.501 4+ 0.016 35.45 + 3.35 68.75 4+ 0.83 82.5+0.99
Cur-PVA PLGA 274 +9 0.648 + 0.083 —0.09 £ 24 81.99 + 1.58 98.1 = 1.47

Figure 5 reports some representative TEM images of CS-OA PLGA NPs. The NPs observed in
TEM analysis, like those reported in Figure 5, showed dimensions of few hundred nanometers, in
accordance with the results of PCS analysis shown in Table 4, although the two methods differ by
physical principle, sampling, and information obtained. From the morphological point of view, TEM
images show nonaggregated, spherical NPs. In particular, for those CS-OA PLGA NPs in which the
chitosan coating was partially interrupted, like in the images selected for Figure 5, it was possible to
appreciate a less dense homogeneous core corresponding to the PLGA inner matrix, and the presence
of a more dense surface outer layer conceivably represented by the chitosan coating.

Figure 5. Representative TEM images of CS-OA PLGA nanoparticles. Bars: 200 nm.
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2.2.1. Curcumin Loaded NPs Mucoadhesion Behavior

The mucoadhesion behavior of the NPs is illustrated in Figure 6. In particular, Figure 6 shows the
results of the test performed in vitro based on the interaction between the NPs and a commercial mucin
dispersion. The difference in absorption (AA) between the measured absorbance A and the theoretical
one (Atheor), indicated as interaction parameter, was proposed in the literature [31] and gives a
measure of the interaction between the mucin and the NPs. When no interaction takes place, AA =0
while values of AA > 0 indicate a strong interaction between the mucin and the micelles. This approach
was previously validated for NP systems [32] by correlation of the positive values of interaction
parameter with positive interaction between NP surface and mucin assessed with different other
in vitro and ex vivo tests. A positive mucoadhesive interaction clearly occurs here with Cur-CS-OA
PLGA chitosan-coated NPs while it is not visible for uncoated ones, as it could be expected for the
chitosan presence on the NP surface thanks to its well-known mucoadhesive behavior.
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B Cur-CS-0A PLGA
0.4

H Cur-PVA PLGA
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Figure 6. Interaction parameter (mean + SD, 1 = 4) as a function of mucin concentration for Cur-CS-OA
and Cur-PVA NPs. The differences between the two samples were statistically significant at all the
mucin concentrations (Mann-Whitney, p < 0.05).

2.2.2. Curcumin Loaded NPs. Interaction with Caco-2 Cell Lines

Figure 7 confirms the good biocompatibility of the curcumin loaded samples in a range of
curcumin concentrations up to 25 ug/mL. In all cases cell viability was around 80% of the controls,
without differences between the free curcumin in DMSO and the two NP samples. This result is in line
with what was observed by Beloqui et al. [27] that on the basis of cytotoxicity studies, treated Caco-2
cells with NPs combining poly(lactide-co-glycolide) acid (PLGA) and a polymethacrylate polymer
with curcumin concentration of 75 ug/mL. Therefore, Caco-2 cells seem less sensitive to curcumin
effect than other cell lines such as A2780 CP or MDA-MB-231 studied by Yallapu et al. [33] or some
tumoral cells studied by other authors [26,34] that found 25 pM curcumin both free and loaded in NPs
strongly cytotoxic, close in many cases to DL5, values.
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Figure 7. Biocompatibility with Caco-2 cell lines for the samples Cur-CS-OA PLGA, Cur-PVA PLGA,
and free curcumin at different curcumin concentrations, as % of cell vitality with respect to the controls
after 24 h (mean £ SD, n = 8).

The association of curcumin with Caco-2 cells grown 48 h on microscope slides is illustrated
in Figure 8a,b. The pictures in Figure 8a are representative images of clusters of cells whose nuclei
are stained in red by propidium iodide, while the blue staining indicates the curcumin presence
in cytoplasm. In Figure 8b, the curcumin quantified in the cells by image analysis elaboration of
the Confocal Laser Scanning Microscopy (CLSM) fluorescence signal, is illustrated for each sample.
Cur-CS-OA PLGA sample shows strong positive association to the cells. The good internalization of
free curcumin inside the cells is probably determined by its hydrophobic character, that allows easy
passage of the cell membranes of the molecule once it is in solution.

Figure 9a,b refers to cells grown on transwell membranes. In this experimental set the Caco-2
cells reach full polarization and are able to express tight junctions. Also in this case, curcumin can be
seen inside the cells, as indicated by the blue staining around the nuclei and along the Z axis. Figure 9b
shows the results of fluorescence quantification. CS-OA coated NPs seem to be responsible of good
internalization in cells, slightly lower than that of free curcumin, but higher than that of PVA NPs.

@)

Figure 8. Cont.
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Figure 8. (a) Representative CLSM photomicrographs of Caco-2 cell substrates grown after 48 h on
microscope slides and treated 24 h with the samples. («) Free curcumin; () Cur-CS-OA PLGA;
(v) Cur-PVA-PLGA. Bar: 50 um; (b) CLSM fluorescence quantification, obtained by image analysis,
of the amount of curcumin associated to the cells grown on microscope slides (mean =+ SD; 1 = 3).
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Figure 9. (a) Representative CLSM photomicrographs with z planes of Caco-2 cell substrates grown on
transwell membranes, and treated for 3 h with the samples. () Free curcumin; () Cur-CS-OA PLGA;
(v) Cur-PVA PLGA. Bar: 20 pm; (b) CLSM fluorescence quantification, obtained by image analysis, of the
amount of curcumin associated to the Caco-2 cells grown on transwell membrane (mean + SD; n = 3).
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In no case curcumin could be quantified in the acceptor compartment, in line also in this case
with other author results, that did not find quantifiable Papp values for curcumin through Caco-2
cells [27]. However, it was possible to measure the curcumin concentration by fluorescence analysis in
the apical compartment at the end of the 3 h test. On the basis of these results the amount of curcumin
associated with Caco-2 substrate treated with the samples was calculated by difference. The results
are illustrated in Figure 10 and support what previously observed by CLSM pictures. In the case of
Cur-CS-OA PLGA sample about 40% of the curcumin put in contact with the cell substrates seems
associated with the cell layers. Statistically significant differences can be seen between Cur-CS-OA
PLGA and both curcumin and Cur-PVA PLGA (one-way ANOVA, post-hoc Fisher’s test).

The transepithelial electrical resistance (TEER) profiles during the three hours of contact of the
samples with the substrates (Figure 11) show that no decrease occurred, even with the CS-OA-coated
sample, indicating that the presence of the chitosan layer around the NPs does not influence in this case
the tight junction structure. This result was not expected, as there are many example in the literature
reporting that chitosan-based NPs open tight junctions. The result obtained in this case could be due to a
concentration effect, as previously observed with chitosan coated PLGA nanoparticles on Calu3 [35], or to
tight association of chitosan with the NPs in line with previous studies on chitosan palmitate polymeric
micelles in which it was put in evidence that among different substitution grades, only the less substituted
and more hydrophilic derivative was able to maintain the capability to decrease TEER values [36].
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Figure 10. Percentage of curcumin associated to the Caco-2 cell substrates (mean =+ SD; n = 8) detected
by fluorescence analysis. Statistically significant differences (one-way ANOVA, post-hoc Fisher’s
test, p <0.05): Cur vs. Cur-CS-OA PLGA, Cur vs. Cur-PVA PLGA, Cur-CS-OA PLGA, and vs.
Cur-PVA PLGA.

177



Mar. Drugs 2018, 16, 447

200 -

50
= ¢& = Control wesedeses Cur-CS-0A PLGA
==y == Cur-PVA PLGA —t— CUR
0 T T T T T T
0 05 1 15 2 25 3
Time (h)

Figure 11. Transepithelial/endothelial electrical resistance (TEER) % profiles of Caco-2 substrates
on transwell membranes after contact with Cur-CS-OA PLGA, with Cur-PVA PLGA, and with free
curcumin (mean + SD; n = 4).

3. Materials and Methods

3.1. Materials

The following materials were used, chitosan (CS) was obtained as HCl salt from low molecular
weight (LMW, chitosan base, deacetylation degree 80% (Sigma-Aldrich, Milan, Italy), by addition of
HC10.5 N to chitosan until complete dissolution, dialysis in bidistilled water for 24 h and freeze-drying
(HetoDrywinner, Analitica de Mori, Milan, Italy). Oleic acid was from Fluka (Milan, Italy). PLGA
Resomer RG 503H, Low MW grade poly-vinyl-alcohol (PVA), Nile red and curcumin were all from
Sigma-Aldrich. Acetone, acetic acid, sodium acetate, and sodium chloride were acquired from Carlo
Erba (Milan, Italy).

3.2. Preparation of the Chitosan Coated NPs

Chitosan oleate (CS-OA) was obtained in situ, as previously described [19,22], by self-assembling
during the preparation of the samples. Briefly, oleic acid dissolved in acetone was added to chitosan
HCI solution at either 0.1 or 0.2% w/v and acetone was removed under stirring for about 20 min.
The ratio between chitosan and oleic acid was calculated as molar ratio taking into account the
molecular weight of glucosamine unit and the theoretical free amino groups of chitosan. Considering
the 80% deacetylation degree in accordance with the used chitosan grade, a 1:1 ratio corresponded to
1.4 mg of oleic acid per each mg of chitosan.

In a first step a 0.1% (w/v) of chitosan concentration and 1:1 stoichiometric ratio with oleic acid
were used. 2.5 mL of ethyl acetate solution containing 12 mg PLGA were added to 3 mL distilled
water. Emulsification started at 9500 rpm by means of ULTRA-TURRAX T25 (Janke & Kunkel, IKA®
Labortechnik, Germany) equipped with 10 mm probe (525 N-10 G) and after 5 min different volumes
of CS-OA dispersion, between 8 and 16 mL, were added. After 10 min, ethyl acetate was removed
under stirring at 40 °C for about 45 min. The weight lost during evaporation was assessed and the
initial volume reconstituted with distilled water.

3.3. Dimensional and Zeta Potential Characterization of Dispersed Phase

The particle size of the dispersed phase was measured by laser diffraction, Microtrac (Microtrac®

SRA 150 ASVR, Honeywell, Phoenix, AZ, USA) for samples exceeding the nanometer range. For the
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samples in the nanometric range the dimensions and the Polydispersity Index (PI) were measured by
Photon Correlation Spectroscopy (PCS) (N5 Submicron Particle Size Analyzer Beckman Coulter, Milan,
Italy). PCS analysis were performed at 90° detection angle after dilution in 0.22 um filtered bidistilled
water. PI indicates the width of the size distribution ranging between 0 (monodispersity) and 1. At
least three replicates were performed. Zeta potential measurements were performed by means of a
Zetasizer® Nanoseries (Malvern Instruments Ltd., Worcestershire, UK). Three measurements were
performed for each sample.

For TEM analysis the samples have been layered on 300 mesh cupper grids. The images have
been obtained with a JEOL JEM1200EX II apparatus (JEOL Ltd., Tokyo, Japan).

3.4. Nile Red Loaded NPs

For Nile red-loaded NPs, a full factorial 23 design was used to study the following formulation
and preparation factors (independent variables) each of them set at two levels as hereafter indicated,
chitosan concentration 0.1% w/v (—1) and 0.2% w/v (+1), chitosan to oleic acid ratio 1:0.2 (—1) and
1:1 (+1), and ULTRA-TURRAX speed at 13,500 rpm (—1) and 20,500 rpm (+1). In this study, 100 uL
of 1 mg/mL Nile red in ethyl acetate were added together with 2.5 mL of 4.8 mg/mL ethyl acetate
PLGA solution to 10 mL of chitosan oleate aqueous dispersion prepared as previously described.
Two response (dependent) variables, that is nanoparticle dimensions and Nile red encapsulation
efficiency, were considered. According with the 23 full factorial design, eight experiments were
performed. Moreover, one central point was added and replicated three times. All the experiments
were performed in a randomized sequence.

Nile Red Encapsulation Efficiency (EE%) Evaluation

Nile red was quantified by UV-Vis detection (Perkin Elmer Instrument Lambda 25 UV-Vis
Spectrometer, Monza, Italy) in CH3CN and acetate buffer 0.1 M pH 4.0, 80:20 mixture, where it was
previously verified that all the NP components could be solubilized. Absorbance was read at 552 nm,
where the maximum of absorbance was found in the solvent used. The encapsulation efficiency (EE%)
was calculated as the percentage ratio between the amount of the tracer quantified in the NPs and the
amount added to the formulation. To determine the EE% the samples, after centrifugation 10 min at
6000 rpm to remove by precipitation the amount not encapsulated, the supernatant was diluted in
CH3CN and acetate buffer mixture and spectrophotometrically read.

3.5. Preparation of Curcumin Loaded NPs

Curcumin loaded NPs were obtained with the same solvent evaporation procedure (Figure 12)
described above for Nile red loaded NPs. 1.2 mg of curcumin dissolved in 500 uL of acetone were
added together with 2.5 mL of 4.8 mg/mL ethyl acetate PLGA solution to 10 mL of chitosan oleate
aqueous dispersion prepared as previously described, to obtain a final concentration of 120 ug/mL.
In this case, to stabilize the nanoemulsion, the CS-OA dispersion obtained as previously described
from 0.2% w/v chitosan and 1:1 chitosan and oleic acid ratio was used. For comparison purposes, NPs
stabilized with 2% w/v PVA solution according to the literature [37] were prepared. In both cases,
ULTRA-TURRAX homogenization was performed at 20,500 rpm.

Curcumin Quantification and EE% Evaluation

Curcumin was quantified by UV-Vis detection in CH3CN and acetate buffer 0.1 M pH 4.0, 80:20
mixture. Absorbance was read at 431 nm wavelength. To determine the EE% of the samples (after
centrifugation at 10 min at 6000 rpm to remove by precipitation the amount not encapsulated) the
supernatant was diluted in CH3CN and acetate buffer mixture and spectrophotometrically read.
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Figure 12. Schematic representation of the preparation method of chitosan-coated NPs.

3.6. Mucoadhesion Evaluation

For the in vitro test, different concentrations, ranging between 0.1% and 1.0% w/v of mucin type I
(Sigma-Aldrich, Milan, Italy), were prepared and put in contact with 200 uL of NP sample for 2 min.
Turbidimetric measurements were carried out using a spectrophotometer (UV-Vis Lamba 25, Perkin
Elmer, Milan, Italy) at A = 500 nm. The mixtures of samples and mucin at increasing concentrations,
were compared with the dispersions containing the same concentration of mucin as in the mixture [32].
The turbidimetry values were also elaborated according to the method described in the literature [31]:
the effective absorbance (A) was that of the mixture of mucin and NPs. The theoretical absorbance
(Atheor) was calculated by adding the absorbance of NPs and that of mucin dispersion at the same
concentration. The interaction parameter was the difference in absorption (AA) between the measured
absorbance and the theoretical one.

3.7. Caco-2 Biocompatibility Test

Caco-2 cell culture was grown in a polystyrene flask in complete culture medium
consisting of DMEM added with 1% v/v of a penicillin-streptomycin-amphotericin 100x solution
(pen/strep/amph; Euroclone, Milan, Italy), 10% v/v of inactivated fetal FBS bovine serum (Fetal Bovine
Serum; Euroclone, Milan, Italy) and 1% v/v of nonessential amino acids 100x (Mem Nonessential
Amino Acid Solution 100 x; Sigma-Aldrich, Milan, Italy). The cells were grown in an incubator (CO,
Incubator, PBI International, Milan, Italy) at 37 °C, in a humidified atmosphere, containing 5% of CO5.

For the cytotoxicity test, Caco-2 cells were seeded (0.35 x 10° cells per well) in 96-well plates
(Cellstar 96 Well Culture Plate, Greiner Bio-One, Frickenhausen, Germany) with an area of 0.36 cm?.
After seeding, the plates were placed in the incubator for 24 h, then the cells were washed with 100 L
of PBS, and the samples were added.

NPs loaded with curcumin were tested on cell lines to assess biocompatibility at final
curcumin concentration ranging from 2.5 to 25 pug/mL concentration. After 24 h of contact with
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the samples, a MTT test was performed. The MTT test is based on conversion of tetrazolium
salt (3-(4,5-dimetiltiazol-2-)-2,5-diphenyltetrazolium bromide) to formazan by mitochondrial
dehydrogenases of vital cells [38]. Briefly, 50 uL of 2.5 mg/mL MTT solution (Sigma-Aldrich, Milan,
Italy) in HBSS (Hank’s Buffered Salt Solution) pH 7.4 was put in contact with each cell substrate for 3
h. After removing the reagent, the substrates were washed with 200 uL of PBS. Then 100 uL of DMSO
was put in each well. The absorbance was read at 570 nm by means of an ELISA plate reader (Imark
Absorbance Reader, Biorad, Milan, Italy). Cell viability was calculated as percentage ratio between the
absorbance of each sample and the absorbance of controls (cell substrates in growth medium).

3.8. Cell Uptake Studies

Cell uptake was evaluated by means of confocal laser scanning microscopy (CLSM). This was
performed both on cells grown 48 h on slides and on cells grown on transwell membranes. In the first
case the cells were seeded in 24-well plates. At the bottom of each well was a 13 mm diameter slide
(Coverglass Borosilicate, VWR International, Milan, Italy) on which the cells were made to adhere and
grow for 24 h. The samples were added and left in contact with the cells another 24 h, after which the
cell substrates were washed with 500 uL of PBS and fixed with a 3% v/v glutaraldehyde solution in
PBS for one hour at 4 °C. The glutaraldehyde was removed and the wells were washed twice with
500 uL of PBS.

Cells were also seeded on transwell membranes (0.4 pm pores, 1.13 cm? surface, Cellstar®
permeable support tissue culture plate, Greiner bio one®, Milano, Italy) and grown 20 + 1 days
until complete confluence. Monolayer integrity was verified by checking TEER values. The basolateral
compartment was filled with 1.5 mL of DMEM without Phenol red to avoid fluorescence interferences.
Five-hundred microliters of each sample was diluted in DMEM at a final curcumin concentration of
24 ug/mL and placed in donor chamber. After 3 h curcumin was quantified by fluorescence analysis
in the apical and basolateral compartment by means of a microplate reader (Plate reader, Synergy
HT, 14041014) at 485 nm excitation and 528 nm emission. The cell substrates were washed with PBS,
treated 10 min with paraformaldehyde and washed twice with PBS.

Nuclei were stained just before the microscope analysis with 150 uL of propidium iodide (PI)
20 pg/mL in PBS for 5 min in the dark. The PI was then removed and the cells washed with 200 uL
of PBS. The slides were examined using a laser scanning confocal microscope (CLSM, Leica TCS
SP5II, Leica Microsystems CMS GmbH, Milan, Italy), which allows visualization of fluorescence of
propidium iodide (Aex = 520 nm and Aem = 630 nm) and of curcumin (Aex = 440 nm and Aem = 520 nm).
The fluorescence was quantified on all the microphotographs collected (at least 3 for each sample) by
means of an Image analysis program (Image]J 1.46r, NIH, Bethesda, MD, USA). The blue intensity of
curcumin was normalized per each image by the red fluorescence of nuclei.

3.9. Statistical Analysis

Statistical evaluations were performed by means of Statgraphics 5.0, Statistical Graphics
Corporation, MD, USA. Differences were determined according to one-way ANOVA and were
considered significant at p < 0.05. The same statistical package was used to analyze the results
of the full factorial design.

4. Conclusions

The results obtained in this study appear promising for the application of an ionic chitosan
derivative, such as the chitosan oleate salt, in the easy preparation of nanoparticles with hydrophobic
cores that are surface modified with a hydrophilic polysaccharide corona. The high zeta potential values
confirm the presence of chitosan at the nanoparticle surface. Chitosan coating can be advantageous
for its well-known biological properties and for increased possibilities of further derivatization.
Efficiency of the chitosan derivative in PLGA NP preparation resulted comparable to that of PVA.
Clear improvement of mucoadhesion behavior has been obtained for CS-OA-based NPs. Further work
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will be necessary to better understand the mechanism of association between chitosan and oleic acid
and its final stoichiometry. Also, the interaction of the nanoparticles with biological substrates and
the possible improvement of absorption enhancement properties would deserve better investigation,
although the preliminary results here obtained confirm a positive cell internalization of the surface
modified nanoparticles, likely due to the interaction of cationic chitosan with the anionic cell membrane.
Considering the good potentiality of the PLGA core in the loading of hydrophobic drugs and the
mucoadhesion and penetration enhancement properties of the chitosan shell, applications in the
delivery of poorly soluble and poorly absorbable drugs can be envisaged.

In a more general perspective, the use of amphiphilic derivatives of bioactive polymers, like
chitosan, as nanoemulsion stabilizers in solvent evaporation methods can be proposed as a useful
approach for surface modification of nanoparticles with bioactive polymeric shells.
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Abstract: The methods to obtain chitooligosaccharides are tightly related to the physicochemical
properties of the end products. Knowledge of these physicochemical characteristics is crucial to
describing the biological functions of chitooligosaccharides. Chitooligosaccharides were prepared
either in a single-step enzymatic hydrolysis using chitosanase, or in a two-step chemical-enzymatic
hydrolysis. The hydrolyzed products obtained in the single-step preparation were composed mainly
of 42% fully deacetylated oligomers plus 54% monoacetylated oligomers, and they attenuated
the inflammation in lipopolysaccharide-induced mice and in RAW264.7 macrophages. However,
chitooligosaccharides from the two-step preparation were composed of 50% fully deacetylated
oligomers plus 27% monoacetylated oligomers and, conversely, they promoted the inflammatory
response in both in vivo and in vitro models. Similar proportions of monoacetylated and deacetylated
oligomers is necessary for the mixtures of chitooligosaccharides to achieve anti-inflammatory effects,
and it directly depends on the preparation method to which chitosan was submitted.

Keywords: chitooligosaccharides; anti-inflammatory action; RAW264.7 macrophage

1. Introduction

Inflammation is a response of the organism to injury, and a prolonged or intense inflammatory
event can lead to the development of several diseases. Different cell types and inflammatory
mediators such as cytokines act in coordination to resolve the inflammatory event successfully [1].
Lipopolysaccharide (LPS) is a common pathogen-associated molecular-pattern contained in large
amounts in the cell walls of Gram-negative bacteria, and stimulates cells of the innate immune
system by its ligation to Toll-like receptor 4 (TLR4) [2]. Different cell types, such as neutrophils and
macrophages, respond to LPS by releasing potent inflammatory mediators [3,4]. Neutrophils are
typically the first leukocytes to be recruited to the inflammatory site and are capable of eliminating
pathogens by multiple mechanisms [5,6]. Macrophages are also inflammatory cells with the capacity
to acquire a variety of different functional phenotypes in response to the extracellular signals [7,8].

Mitogen-activated protein kinases (MAPKSs) are highly conserved families of serine/threonine
protein kinases involved in a variety of fundamental cellular processes which play a key role in signal
transduction [9,10]. These MAPK signaling pathways induce a secondary response by increasing the
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expression of inflammatory cytokines and chemokines. The binding of LPS to TLR4 engages multiple
signal transduction pathways, including three groups of MAPK: extracellular-signal-regulated kinases
(ERKS); the cJun NH,-terminal kinases (JNKs); and the p38 MAP kinases [11]. The importance of the
different MAPKSs in controlling cellular responses to the environment by regulating gene expression
has made them a priority for research related to many human diseases [9]. Indeed, the ERK, JNK,
and p38 pathways are all molecular targets for drug development [12].

Chitosan, the main derivative of chitin, is the essential polymer to produce chitooligosaccharides
(COSs), which are linear co-oligomers of N-acetyl glucosamine (GlcNAc) and glucosamine (GlcN)
units in varying proportions. COSs have been reported to exhibit numerous biological functions,
such as antibacterial, anti-inflammatory, antioxidant, immunity-enhancing, antitumor, etc. [13-16].
The biological effects of COSs depend on their degree of polymerization (DP) or average molecular
weight (Mw), the degree of N-acetylation (DA), and/or the pattern of N-acetylation (PA), which in turn
depends on the source of chitosan and, most importantly, on the hydrolysis strategy [17]. The relation
between the biological function and the structure of COSs is still not well understood [18], making
it difficult to establish a hypothesis about their structure—function relationship. The bioactivities of
COSs are often tested using relatively poorly characterized chitooligomers, so it is essential to use
well-defined and highly purified COS preparations with defined physicochemical characteristics to
understand their bioactivity [13].

Currently, COSs are produced by different physical and chemical methods [19-22], but enzymatic
procedures present significant advantages, especially when COSs will be used for biomedical
applications [23-25]. Partial enzymatic hydrolysis of chitosan with specific enzymes such as
chitosanases has been proposed as an alternative to the other hydrolysis methods [26] because the
resulting COS can be defined [27].

The focus of this study was to clarify the relationship between the preparation methods of
COSs, their physicochemical structure, and their effects related to (anti)-inflammatory properties.
Our group optimized the reproducibility of COS preparation methods, and we prepared several
COSs by enzymatic depolymerization, with and without previous chemical degradation of chitosan.
The structure and composition of chitooligosaccharides were studied in detail and the roles of the
anti-inflammatory properties of these COSs using in vitro and in vivo models were evaluated.

2. Results

2.1. Structural and Physicochemical Characterization of COSs

The chitosanolytic activity was checked by HP-SEC, and COSs with lower Mw than initial
chitosan were successfully obtained by both methods (Table 1). Low molecular weight chitosan
(LMWC) with 32 kDa was obtained in the first step of the two-step process (P2), which led to P2COS
(Mw 5 kDa), with lower Mw than P1COS (Mw 8 kDa). In the "H-NMR spectra, the proton signals
(H1-H6) showed the preservation of chitosan structure in both P1COS and P2COS (Figure 1). A slight
signal assigned to 5-hydroxymethyl-2-furfural (HMF) was observed in P2COS (Figure 1C). Using
13C-NMR, it was checked that the internal structures of P1COS and P2COS were not altered in their
preparation processes (Figure 2). The pattern of N-acetylation was 0.8 and 0.9 respectively for P1COS
and P2COS, corresponding to a random pattern of acetylated monomers distribution [28].
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Table 1. Average molecular weight (Mw), degree of N-acetylation (DA), zeta potential ((), pattern
of N-acetylation (PA), and percentage of acetylated oligomers. P1COS: chitooligosaccharide (COS)
prepared using the one-step method; P2COS; COS prepared using the two-step method.

Sample Mw (kDa) DA (%) ¢ (mV) PA Ay (%) Aq (%) A (%) Az (%) Ag—Azy (%)
P1COSs 8 13 56.4 +£49 0.8 42 54 3 1 0
P2COS 5 11 33.1+19 0.9 50 27 14 9 0

(Ag), mono- (Ay), di- (Ay), and triacetylated (A3z) oligomers.
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Figure 1. 'H-NMR spectra. (A) Native chitosan; (B) P1COS; (C) P2COS. (B,C) show the signal of H1
corresponding to deacetylated reducing ends. (C): The assignments of 5-hydroxymethyl-2-furfural
(HMF) were H-1 (9.43 ppm), H-3 (7.51 ppm), and H-4 (6.66 ppm) [29].

187



Mar. Drugs 2018, 16, 430

cs €
C (N-Acetyl)
C1 Cc4 c3 ——
——
(A)
o - Al & z ot Sy

'"J ()

io 103 100 5 o es e s 0 s 6o S0 45 40 235 30 25 20 15 10 s °

Figure 2. 13C-NMR spectra. (A) P1COS obtained in the one-step enzymatic method; (B) P2COS
obtained in the two-step chemical-enzymatic method.

Both P1COS and P2COS were analyzed by MALDI-TOF-MS to determinate their composition and
abundance of the degree of polymerization (Table 1 and Figure 3). COSs showed the typical profile
of molecular composition for chitooligosaccharides, and their DP ranged from 3 to 24 in P1COS and
from 3 to 17 in P2COS. This result is in concordance with the lower Mw determined previously for this
fraction by HP-SEC. Both COSs were composed of fully deacetylated oligomers (A() and mono-(A;),
di-(Ap), and tri-acetylated (A3) oligomers. Larger acetylated oligomers were not detected (Table 1).
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Figure 3. The abundance of the percentage of the degree of polymerization present in both mixtures of
P1COS and P2COS.
2.2. Role of P1COS and P2COS in the Peritoneal Migration of Neutrophils

Intraperitoneal injection of LPS in mice induces the accumulation of neutrophils in the
peritoneum [30]. To test the implication of PICOS and P2COS in anti-inflammatory response in vivo,
we injected mice with LPS, P1COS, and P2COS, as well as LPS together with P1COS or P2COS.
Twenty-four hours later, the neutrophil population recruitment to the peritoneum was determined by
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flow cytometry (Figure 4). PICOS promoted a decrease in the neutrophil population in LPS-induced
mice, meaning that P1COS was able to attenuate the acute inflammatory response. Conversely,
P2COS generated the most elevated neutrophil recruitment to the peritoneum, even higher than
LPS, indicating a pro-inflammatory behavior for this COS. To further analyze the role of P1COS and
P2COS in inflammation, we next decided to study how they modulate the LPS response in vitro using
RAW264.7 macrophage.
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Figure 4. Neutrophils population from mice treated with lipopolysaccharide (LPS), P1COS, P2COS,
LPS plus P1COS, and LPS plus P2COS. Mice received an intraperitoneal injection of LPS (1 mg/kg)
or of either PICOS or P2COS (10 mg/kg) alone or together with LPS, and 24 h later the levels of
circulating neutrophils Ly6G+ cells were analyzed by flow cytometry. (A-F) Representative flow
cytometry graphs showing the percentage of circulating Ly6G+ cells. (A) Control group; (B) P1COS;
(C) P2COS; (D) LPS; (E) LPS and P1COS; (F) LPS and P2COS. (G) The means =+ SD (1 = 6) of the
frequency of cells relative to the total number of circulating cells. Asterisks represent the significance
with respect to the control LPS-induced mice and “&” with respect to the control without LPS. The
100% inflammation corresponds to 2.1 x 10° & 2.5 x 10* Ly6G+ cells. ND: not detectable.

2.3. Role of P1COS and P2COS on LPS-Activated RAW264.7 Macrophage Cells

First, we analyzed the cytotoxicity of P1COS and P2COS on RAW264.7 cells by assaying the
viability of the cells incubated with different concentrations of both compounds. P1COS did not affect
the viability of the cells at any of the concentrations tested (Figure 5). On the contrary, P2COS affected
the viability of macrophage at 5 mg/mL, decreasing the cell survival about 60%. Therefore, 2 mg/mL
of P2COS was used for in vitro experiments.
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Figure 5. Effects of P1COS and P2COS on the viability of RAW264.7 cells. Cells were treated for 4 h
with P1COS or P2COS (0-5 mg/mL), and relative cell viability was measured. The panel shows the
mean + SD from three independent experiments relative to the total cell viability in non-treated cells.
Asterisk represents the significance with respect to the non-treated control.

Subsequently, RAW264.7 macrophage cells were treated with P1COS or P2COS, with or without
LPS, to assess the effect on the activation state of ERK, JNK, and p38x by Western blotting.
The activation levels of these kinases were evaluated by determining their phosphorylation state [9].
Both P1COS and P2COS significantly attenuated the activation of ERK and JNK in LPS-induced
macrophage (Figure 6B,D). On the other hand, p38c was attenuated by P1COS but not by P2COS,
which promoted a strong increase in its activation levels (Figure 6C). Interestingly, stimulation of cells
with P2COS increased the phosphorylation of both p38x and ERK. Indeed p38«x phosphorylation
was even higher when it was stimulated with P2COS rather than with LPS. However, P1COS did not
activate any of the MAP kinases in this cell system.
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Figure 6. Extracellular-signal-regulated kinase (ERK), cJun NH;-terminal kinase (JNK), and p38x
phosphorylation levels in RAW264.7 cells treated with P1COS or P2COS with or without LPS. Cells
were stimulated with LPS (300 ng/mL) or either P1COS or P2COS (2 mg/mL) with or without LPS
for 30 min. P-ERK, P-JNK, and P-p38« were analyzed by Western blots, and the total protein ERK2
was analyzed as loading controls. (A) Representative Western blots of all experimental conditions.
(B-D) The graphs show the means 4 SD (1 = 3) of protein levels fold induction relative to the
total of phosphorylated protein in LPS-induced cells, after normalizing values. Asterisk represents
the significance with respect to the control LPS-induced cells and “&&” with respect to the control
without LPS.
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To investigate whether P2COS activates RAW264.7 in the same way as LPS, cells were
pre-incubated with two different compounds: polymyxin-B, known to inhibit TLR4 activation [31],
and cytochalasin-B, as an actin cytoskeleton disruptor [32], and then stimulated with P2COS.
The presence of polymyxin-B did not affect the activation of p38«x and ERK promoted by P2COS
in RAW264.7 cells (Figure 7A,B). However, the presence of cytochalasin-B was able to partially inhibit
the effect of P2COS, drastically decreasing activation levels of ERK and p38« (Figure 7C,D).
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Figure 7. Protein levels of P-ERK and P-p38c in RAW264.7 after P2COS treated (2 mg/mL) for 30 min.
Cells were pre-incubated or not with polymyxin-B (1 pg/mL) or cytochalasin-B (10 p1g/mL) for 30 min
before stimulation with COS, after which the levels of P-ERK and P-p38 were determined by Western
blot analysis. As a loading control, membranes were blotted with anti-«-tubulin. (B,D) Representative
Western blots of all experimental conditions. (A,C) The graphs show the means 4= SD (1 = 3) of protein
levels fold induction relative to the total phosphorylated protein in LPS-induced cells, after normalizing
values. Asterisk represents the significance with respect to the non-treated cells and “&&” with respect
to the P2COS plus polymyxin-B or cytochalasin-B respectively.

3. Discussion

3.1. The Relation between P1COS and P2COS Preparation Methods and Their Composition

Due to the action of the chitosanase, which specifically breaks glycosidic bonds GlcN-GIcN
or GIcN-GIcNAc, higher-intensity signals corresponding to the new deacetylated reducing ends
generated (5.4 ppm, assigned to H-1 of GlcN) were detected in P1COS and P2COS [26,33], and a slight
increase of this signal was seen in P2COS. In the acidic hydrolysis step of P2, major unstable
2,5-anhydro-D-mannose reducing ends would be produced, leading to the generation of Schiff bases
that in turn contribute to HMF formation [29]. The intermediate products of Maillard reactions are
advanced glycation end products (AGEs) that emit fluorescence [34], but we found a negligible signal
in P2COS. The random pattern of acetylation determined for P1COS and P2COS suggests that the
preparation methods did not affect the internal structure of COSs.

191



Mar. Drugs 2018, 16, 430

As in the chitosanolytic hydrolysis, the GIeN-GlcN or GIeN-GlcNAc glycosidic bonds are attacked
by the nitrous acid [29], decreasing the substrate viscosity. Therefore, the double hydrolysis of P2
facilitates the production of COS with lower Mw. The molecular composition was described as Dyn-mAm,
where m has values between 0 and 3 and n has values between the minimum and the maximum
DP [23,35]. P2COS had a slightly higher percentage of fully deacetylated sequences (A0 = 50%) than
P1COS (A0 = 42%), in concordance with results obtained by 'H-NMR. Conversely, monoacetylated
oligomers (Al = 54%) were dominant in PICOS and more abundant than in P2COS (A1 = 27%).
Therefore, COSs with a higher percentage of A0 oligomers and lower Mws were generated in P2 as we
previously described for chitosan from another source [36].

3.2. Role of P1COS and P2COS in LPS-Induced Mice and LPS-Activated RAW264.7 Macrophage Cells

It has been reported that the Mw and DP distribution of COSs influence their anti-inflammatory
capacity [37,38] and that this is dose-dependent [39], showing a better anti-inflammatory activity for
COS with Mw lower than 10 kDa. It has been proposed that the anti-inflammatory effects of COS in
LPS-induced mice could be due to the formation of a stable water-soluble COS-LPS complex through
electrostatic interactions [40], making the interaction between LPS and its receptor TLR4 [41] difficult
and promoting a partial inhibition of its effect. The interaction of COS-LPS significantly depends on
the LPS structure, concentration, COS Mw, and the parameters of the medium where the complexing
occurs [42]. Hydroxyl groups of COS would be donors of a proton to form hydrogen bonds, and their
N-acetyl groups would be collaborating in the hydrophobic interaction that together would stabilize
the complex [43,44].

The protein ERK is involved in the regulation of main functions in differentiated cells (e.g., mitosis
or apoptosis), and many different stimuli activate the ERK pathway [9,45-47]. JNK and p38x MAPK,
also called stress-activated protein kinases, have been implicated in a variety of cellular processes,
including cell proliferation, differentiation, and death [48]. The natural peptide polymyxin-B is a
potent antibiotic that binds to LPS and neutralizes it [31]. P2COS was able to activate inflammation
in a TLR4-independent way since ERK and p38x were activated in the presence of polymyxin-B
(Figure 7A,B). However, the inflammation promoted by P2COS was significantly attenuated in the
presence of cytochalasin-B since the activation levels of P-ERK1 and P-p38c decreased drastically
(Figure 7C,D), meaning that this P2COS needs to be internalized by the macrophage to promote
inflammation. The attenuation of p38a was stronger than ERK, which remained active. Therefore,
it seems that the activation promoted by P2COS is not exclusively by phagocytosis, since significant
levels of P-ERK were detected.

Both P1COS and P2COS showed similar DA (Table 1), but PICOS contained a higher proportion
of fully deacetylated (A0) and monoacetylated (A1) oligomers (42% and 54%, respectively) than P2COS,
which was composed of 50% of A0 and 27% of Al oligomers. The higher proportion of A0 and Al
oligomers of P1COS could be crucial to establishing a stable complex with the LPS. This composition
would contribute to stabilizing the LPS-COS complex. P1COS prepared by the enzymatic single-step
method seems to be an optimal option to produce COSs with anti-inflammatory activity, and the
different composition of P2COS would not promote the LPS-COS complex formation, making it
difficult to attenuate the inflammatory response.

The composition of P2COS probably allows it to complex with LPS as described above, promoting
the attenuation of MAPK in LPS-induced RAW264.7 cells (Figure 6). However, preparation method
P2 would influence its pro-inflammatory behavior, promoting the activation of ERK and p38 MAPK,
and resulting in P2COS being recognized by cells as an alarm signal. Compared to P1COS, the higher
presence of deacetylated reducing ends would also contribute to pro-inflammatory effects. The HMF
detected, a common product of Maillard reactions and generated by heat in some food [49], showed
no evidence of toxicity [50]. However, the participation of this compound in more advanced stages
of Maillard reactions cannot be discarded [51,52]. This fact could contribute to the pro-inflammatory
effects shown for P2COS in mice and in the RAW264.7 macrophage. The AGEs are produced in the cell
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as a consequence of carbohydrate and protein degradation promoted by cellular aging. The negligible
presence of AGEs that are closely related to cardiovascular diseases [34] could contribute to the
pro-inflammatory response of P2COS. Many intracellular receptors recognize different exogenous
molecules [53]. Macrophages have receptors for AGEs (RAGEs) [54] through which they activate
the ERK pathways between others [55]. These RAGEs could recognize part of P2COS, but more
experiments would be needed to investigate this interaction. Based upon this observation, it seems
that the preparation of COSs by a single-step process based on an enzymatic hydrolysis of chitosan is a
better option for the generation of COSs with anti-inflammatory properties.

4. Materials and Methods

4.1. Preparation of COSs

Two kinds of COS were prepared from chitosan (89 kDa; DA 17%) obtained from fresh North
Atlantic shrimp shells Pandalus borealis (Novamatrix, Sandvika, Norway). This chitosan (0.5%, w/w in
0.5 M acetic acid) was filtered through a series of glass Buchner funnels (250 to 16 um), precipitated
with 10% (w/v) NaOH aqueous solution, and washed to neutrality with distilled water before its use.
One Mw range fraction of COS (Mw 5-10 kDa) was enzymatically prepared using chitosanase EC
3.2.1.132 from Streptomyces griseus (Sigma-Aldrich, St. Louis, MO, USA) in the single-step process (P1).
The COS was named P1COS, was dialyzed against distilled water until complete salt elimination,
and freeze-dried. The other method to prepare COS was performed in two steps (P2). In the first stage,
chitosan was depolymerized with nitrous acid [56] to obtain a low molecular weight chitosan (LMWC),
which was enzymatically degraded in the second stage with chitosanase EC 3.2.1.132. One Mw
range fraction of COS (Mw 5-10 kDa) was isolated, dialyzed, and freeze-dried, and it was named
P2COS. All details of preparation methods were previously reported [36]. Prior to stimulation of
the anti-inflammatory effect, an exhaustive physicochemical characterization of COS was performed.
Both processes were monitored by HP-SEC, and a standard chitosan curve was used to determine the
Mw of LMWC, P1COS, and P2COS [57].

4.2. Structural and Physicochemical Characterization of COS

"H-NMR spectra were obtained on a 300 MHz Bruker Advance Spectrometer (Bruker Ettinglen,
Bremen, Germany). Chitooligosaccharides were dissolved (0.5%, w/v) in 1% DCl/D,0 (Sigma-Aldrich),
measurements were recorded at 25 °C, the acquisition time was 1 s with 32 scans, and DA was determined
according to [58]. '*C-NMR spectra were obtained on an Agilent DD2 600 Spectrometer (Agilent
Technologies, Santa Clara, CA, USA). Samples were prepared as described above. The acquisition time
was 1.5 s with 5788 scans and 600 MHz. The PA was determined as described in [28]. MALDI-TOF-MS
was performed in a Bruker Ultraflex MALDI-TOF mass spectrometer (Bruker-Daltonik, Bremen, Germany)
in positive ion mode as detailed by Madhuprakash, El Gueddari, Moerschbacher, and Podile [59].

4.3. Animal Model

Wild type C57BL/6 mice between the ages of 10-12 weeks were used for in vivo experiments.
The animals were handled in accordance with Institutional Guidelines for the Care and Use of
Laboratory Animals in research, the relevant European Council Directive (2010/63/EU), and Spanish law
(R.D.1201/2005), with the approval of the Ethics Committee of the Consejo Superior de Investigaciones
Cientificas. Mice were intraperitoneally injected with LPS (Salmonella enterica serotype Typhimurium,
Sigma-Aldrich, 1 mg/kg) alone or together with P1COS or P2COS (10 mg/kg), which were previously
dissolved in PBS and sterilized by filtration through a 0.2 pum filter. After 24 h, peritoneal cells were
isolated and stained with Anti-Grl (Ly6C/Ly6G) FITC (Bioscience, Madrid, Spain). The neutrophil
population was determined by flow cytometry (FC 500 MPL, Beckman-Coulter, Indianapolis, IN, USA).
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4.4. Cell Culture, Stimuli, and Western Blotting Analysis

Murine RAW264.7 macrophage was cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% heat-inactivated fetal bovine serum (FBS), 25 mM HEPES, 100 U/mL
penicillin, 0,5 pg/mL streptomycin, and 2 mM glutamine. Cells were cultured at 37 °C in a
humidified atmosphere (5% CO,). For in vitro studies, COSs were prepared in culture medium
and sterilized by filtration. Prior to stimulation with P1COS or P2COS, non-toxic concentrations of
COSs were selected after evaluating their cytotoxicity in the range 0.2 to 5 mg/mL for 4 h [60] by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test. For experiments, raw cells
were cultured overnight in DMEM with 0.1% FBS. Subsequently, cells were treated with 2 mg/mL of
P1COS or P2COS with or without LPS (300 ng/mL) for 30 min. After that, cells were collected and protein
extracts were generated and subjected to Western blot analysis [61] using anti-phospho-Erk1/2 (P-ERK,
P-p44/42MAPK, Cell-Signaling, Leiden, The Netherlands), anti-phospho-p38«x (P-p38, P-T180/Y182,
Cell Signaling, Leiden, The Netherlands), and anti-phospho-Jnk1/2 (P-JNK, P-T183/Y185 JNK1/2,
Promega-Biotech, Madrid, Spain) antibodies. In some experiments, cells were pre-treated with 1 ug/mL of
polymyxin-B (Sigma-Aldrich, St. Louis, MO, USA) or 10 ug/mL of cytochalasin-B (Drechslera dematioidea,
Sigma-Aldrich, St. Louis, MO, USA) for 30 min before COS treatment.

4.5. Statistical Analysis

Statistical significance was determined by applying student’s t-test using GraphPad-Prism
software. Results shown are mean =+ standard error. p-values are represented in the figures with
asterisks: * p < 0.05, ** p < 0.01, and *** p < 0.001.

5. Conclusions

P1COS prepared by the single-step enzymatic method was able to attenuate the inflammatory
response in LPS-induced mice and in LPS-activated murine RAW264.7 macrophage cells. Preparation
of COS by this method generates oligomers with a lower proportion of fully deacetylated oligomers
compared to our proposed two-step methods. Moreover, its balance with acetylated oligomers seems
to be a crucial requirement for using P1COSs as anti-inflammatory agents. On the contrary, the high
proportion of fully deacetylated reducing ends and the lower percentage of acetylated oligomers
of P2COS could contribute to destabilizing the LPS-COS complex, decreasing its anti-inflammatory
effect. In addition, the intermediate products of the Maillard reactions of P2COS could contribute to
its pro-inflammatory action in vivo and in vitro. The development of detailed methods to prepare
COSs and to study their physicochemical structure is essential to establishing a relationship with their
biological function. The use of COSs as anti-inflammatory agents in biotechnological applications will
depend on a good knowledge of the structure—function relation.
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Abstract: Chitinous materials from marine byproducts elicit great interest among biotechnologists for
their potential biomedical or agricultural applications. In this study, four kinds of marine chitinous
materials (squid pens, shrimp heads, demineralized shrimp shells, and demineralized crab shells)
were used to screen the best source for producing chitosanase by Paenibacillus macerans TKU029.
Among them, the chitosanase activity was found to be highest in the culture using the medium
containing squid pens as the sole carbon/nitrogen (C/N) source. A chitosanase which showed
molecular weights at 63 kDa was isolated from P. macerans cultured on a squid pens medium.
The purified TKUO029 chitosanase exhibited optimum activity at 60 °C and pH 7, and was stable at
temperatures under 50 °C and pH 3-8. An analysis by MALDI-TOF MS revealed that the chitosan
oligosaccharides (COS) obtained from the hydrolysis of water-soluble chitosan by TKU029 crude
enzyme showed various degrees of polymerization (DP), varying from 3-6. The obtained COS
enhanced the growth of four lactic acid bacteria strains but exhibited no effect on the growth of E. coli.
By specialized growth enhancing effects, the COS produced from hydrolyzing water soluble chitosan
with TKU029 chitinolytic enzymes could have potential for use in medicine or nutraceuticals.

Keywords: chitin; chitosan; protease; chitinase; chitosan oligomers

1. Introduction

Chitosan is a polysaccharide consisting of 1,4-f-linked D-glucosamine residues, partially
substituted with N-acetyl group. Recently, chitosan oligomer conversion has attracted attention
among many researchers, because chitosan oligosaccharides are not only water-soluble, but also
show various functional properties such as anti-inflammatory [1], anti-oxidative [2], anti-tumor [1,3],
preservative [4], and prebiotic [5,6]. Chitosanase is a useful and environmentally-friendly tool for
depolymerizing chitosan into oligosaccharides with various degrees of polymerization (DP). The major
sources of chitosanase are bacteria, such as Bacillus, Serratia, Aeromonas, Streptomyces, Pseudomonas,
and Paenibacillus. Almost all of these chitinolytic-producing bacteria were reported as using chitin
or chitosan as the source of carbon/nitrogen (C/N). Commercialized chitin and chitosan products
are mostly prepared from shrimp shells, crabs shells, or squid pens by chemical treatment to remove
the mineral salts and proteins from these fishery processing by-products. In order to save on enzyme
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Mar. Drugs 2018, 16, 429

production cost, and in reutilizing the residual proteins, these chitin and protein-containing raw
materials have been reported as the sole C/N source for enzyme production by Bacillus [7-10],
Pseudomonas [11-13], and Serratia [14,15].

Until now, exopolysaccharides [16-18], x-glucosidase inhibitors [19,20], antioxidants [21],
and biosurfactants [16] produced by Paenibacillus sp. growing on squid pens, shrimp shells, or crab
shells have been reported; however, there have been few reports about chitinase production of
Paenibacillus species on these low-cost chitinous materials. In the previous report [22], demineralized
crab shells or squid pens have been used as the sole C/N source for comparing the activities
of chitinase, chitosanases, proteases, and a-glucosidase inhibitors by 16 chitinolytic/proteolytic
enzymes-producing strains, i.e., Paenibacillus sp. TKU029, Paenibacillus sp. TKU032, Paenibacillus sp.
TKUO037, Paenibacillus sp. TKUO042 [22], Bacillus licheniformis [10], Bacillus cereus [2], Serratia
marcescens [15], Serratia ureilytica [14], Pseudomonas aeruginosa [13]. Among these tested strains,
Paenibacillus sp. TKU029 together with Paenibacillus sp. TKU042 produced the highest chitosanase
activity when squid pens were used as the sole C/N source.

In this study, four kinds of the marine byproducts, i.e., squid pen powder (SPP), demineralized
crab shell powder (deCSP), demineralized shrimp shell powder (deSSP), and shrimp head powder
(SHP), were used as the sole C/N source to explore the production of chitosanase by P. macerans
TKUO029 via fermentation. The purification and characterization of these TKU029 chitosanase were
performed. The oligomers obtained by hydrolyzing water-soluble chitosan with TKU029 chitosanase
were analyzed by MALDI-TOF-MS, and their enhancing effect on the growth of lactic acid bacteria
was also estimated.

2. Results and Discussion

2.1. Screening of Chitinous Materials as Sole C/N Source for Chitosanase Production

Chitinous materials have been proposed as an important factor for producing
chitinase/chitosanase by fermentation [22]. Therefore, four containing-chitin marine byproducts
(SHP, SPP, deCSP, and deSSP) were investigated for the production of chitinase by P. macerans TKU029
in this study. As shown in Figure 1, the highest chitosanase productivity by P. macerans TKU029 was
observed with the C/N source of SPP (0.448 4 0.022 U/mL, 2 day). These results were consistent with
the research of Doan et al. [22], which showed that Paenibacillus sp. TKU042 produced the highest
chitosanase activity on SPP (day 2).

—— SHP

—o— deCSP
0.5 1o— dessp

—e— SPP
0.4

0.3
0.2
0.1
0.0

0 1 2 3
Cultivation time (day)

Chitosanase activity (U/ml)

Figure 1. Production of chitosanase by P. macerans TKU029 using different chitin-containing materials
as the C/N source. SHP, shrimp head powder; deCSP, demineralized crab shell powder; deSSP,
demineralized shrimp shell powder; SPP, squid pen powder. The error bars represent standard
deviations (1 = 3).
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SPP, with its high ratio of protein and low ratio of mineral salts, was claimed to be a good C/N
source for producing exopolysaccharides and a bio surfactant by P. macerans TKU029 [16]. In this study,
SPP was also found to be the best C/N source for chitinase production by P. macerans TKU029.

2.2. Purification and Characterization of Chitosanase

In order to explore the enzyme characterization and make a comparison with other reports,
the chitosanase was purified from the culture supernatant (600 mL) of P. macerans TKU029 by ethanol
precipitation and ion exchange chromatography of DEAE-Sepharose CL-6B. As shown in Figure 2,
one chitosanase was eluted with a linear gradient of 0-1 M NaCl in the same buffer. The eluted
fractions of chitosanasewas pooled for further purification by chromatography of Macro-Prep DEAE,
respectively. Table 1 summarize the purification results of TKU029 chitosanase, respectively. TKU 029
chitosanase was purified from the culture supernatant with the weight recovery 1.43 mg, respectively.
The final specific activity and recovery yields of TKU029 chitosanase were 24.19 U/mg and 10.51%,
respectively (Table 1).
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Figure 2. A typical elution profile of chitosanase on DEAE-Sepharose CL-6B column. The column was
equilibrated with 50 mM phosphate buffer (pH 7) at a flow rate of 3 mL/min and 4 mL/fraction.

Table 1. Purification of the chitosanase from P. macerans TKU029.

Step Total Total Specific Recovery  Purification
Protein (mg) Activity (U) Activity (U/mg) (%) (Fold)
Culture supernatant 1245.88 328.09 0.26 100.00 1.00
EtOH precipitation 60.31 83.90 1.39 25.57 5.28
DEAE-Sepharose CL-6B 10.45 63.17 6.04 19.25 22.95
Macro-Prep DEAE 143 34.48 24.19 10.51 91.87

Similar to most of the other chitinolytic enzymes-producing strains of Paenibacillus species, only one
chitinase or chitosanase were purified from the culture supernatant [22-33]. However, the molecular mass of
TKUO029 chitosanase (63 kDa) estimated by SDS-PAGE (Figure 3) differed from the chitinases or chitosanases
of the other Paenibacillus strains, for instance, P. pasadenensis NCIM5434 chitinase (35 kDa) [23], Paenibacillus sp.
1794 chitosanase (40 kDa) [24], P. thermoaerophilus TC22-2b chitinase (48 kDa) [25], P. larvae ATCC9545
(49 kDa) [26], P. illinoisensis K]A-424 chitinase (54 kDa) [33], Paenibacillus sp. D1 chitinase (56 kDa) [27],
P. barengoltzii CAU904 chitinase (67 kDa) [28], P. elgii HOA73 chitinase (68 kDa) [29], P. pasadenensis CS0611
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chitinase (69 kDa) [30], Paenibacillus sp. TKU042 chitosanase (70 kDa) [22], Paenibacillus sp. D2 chitosanase
(85 kDa) [31], and Paenibacillus sp. FPU-7 (150 kDa) [32].

75
63

48
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1R

B A i

Figure 3. SDS-PAGE analysis of the chitosanase produced by TKU029.

Chitinolytic enzyme productions from Paenibacillus strains on a colloidal-containing chitin
medium have been widely reported [23,25,27,33], but rarely on a containing-SPP medium [22]. By using
squid pen, a marine byproduct, as the C/N source for microbial cultivation, the production cost of
microbial chitosanase could be reduced. In this study, a chitosanase from P. macerans TKU029 were
isolated by SPP conversion. To the best of our knowledge, this is the first report about chitosanase
production from P. macerans species using the medium containing SPP.

2.3. Effects of pH and Temperature on Activity and Stability of Chitosanase

The effect of pH on the activities of TKU029 chitosanase was studied herein (Figure 4).
The optimum pH for TKU029 chitosanase was pH 7. Compared to chitinase/chitosanase from other
Paenibacillus strains, the optimum pH of TKU029 chitinase differed from most reports, which showed
enzyme optimum activity on acid condition; for instance, Paenibacillus sp. D1 [27], P. pasadenensis
CS0611 [30], and P. illinoisensis KJA-424 [33] were pH 5; Paenibacillus sp. 1794 was pH 4.8 [24];
P. barengoltzii was pH 3.5 [28]; P. thermoaerophilus TC22-2b was pH 4 [25]; and Paenibacillus sp. M4 was
pH 6.5, but it was consistent with P. elgii HOA73 (pH 7) [29]. These results also observed TKU029
chitosanase to have broad pH stability (pH 3-8). Several Paenibacillus strains chitinases/chitosanases
have broad pH stability close to that of TKU029 [28,29,34].
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Figure 4. Effect of pH on activity and stability of TKU029 chitosanase. (®), enzyme activity; (0),
enzyme stability. The error bars represent standard deviations (1 = 3).

The optimum temperature and thermal stability of TKU 029 chitosanasewere also investigated
(Figure 5). The optimum temperature of TKU029 chitosanase was 60 °C; it remained stable up to
50 °C. At the optimum temperature of 60 °C, the chitosanase still retained 76% activity. However,
the activity was dramatically decreased to less than half of the highest activity when the temperature
was above 60 °C. Generally, the optimum temperature of TKU029 chitosanase is higher than those
of other Paenibacillus strains, such as P. pasadenensis NCIM 5434 [23], Paenibacillus sp. D1 [27], P. elgii
HOA73 [29], P. pasadenensis CS0611 [30]. Due to the higher optimum temperature, it is suggested that
TKUO029 chitosanase may be suitable for industrial application.
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Figure 5. Effect of temperature on activity and stability of TKU029 chitosanase. (®), enzyme activity;
(), enzyme stability. The error bars represent standard deviations (1 = 3).

2.4. Effect of Metal Ions on Activity of Chitosanase

To further explore the effect of some ion metals on their activities, TKU029 chitosanase were
prepared in 50 mM phosphate buffer (pH 7) containing 5 mM of each chemical and incubated at 37 °C
in 10 min. The mixtures were then examined for their residual activities. The results are summarized in
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Table 2. TKU029 chitosanase activity was not affected by Zn?* and Ca?*, but other chemicals had clear
effects on the enzyme. In the presence of Cu?*, Mg?*, Ba?* and EDTA, the activity of TKU029 chitinase
was dramatically reduced with 63.42%, 64.31%, 76.99%, and 68.10% residue activity. Interestingly,
these results also showed that the addition of 5 mM Na* and Fe?" into the enzyme solution could
enhance chitinase activity (154.22% and 133.23%). Similarly, Meena et al. [34], also observed the
increased activity with Fe>* and Na* in Paenibacillus sp. BRSR-047 chitinase.

Table 2. Effect of metal ions on the activity of chitosanase.

Relative Activity (%)

Control 100.00 + 1.39
Cu?* 63.42 4+ 1.51
Zn%* 99.75 + 1.84
Mg?* 64.31 +2.09
Na* 154.22 + 1.96
BaZ* 76.99 + 2.03
Ca2* 108.81 + 4.13
Fe2* 133.23 4 5.31
EDTA 68.10 + 0.39

All data points were means =+ standard deviations (1 = 3).

2.5. Substrate Specificity of Chitosanase

The substrate specificity of TKU029 chitosanase was also investigated. As shown in Table 3,
TKUO029 chitosanase exhibited the most activity on water soluble chitosan, followed by chitosan,
colloidal chitin and (3-chitin, but with no activity on the x-chitin and non-chitin substrates. These results
indicated that the rate of hydrolysis was strongly affected by the physical form of the substrate.
In addition, since the enzyme expressed no activity on p-nitrophenyl-N-acetyl-B-D-glucosaminide
(pPNPG), a substrate used for analyzing exochitinase, TKU029 chitosanase could be initially classified
as a endochitosanase.

Table 3. Substrate specificity of TKU029 chitosanase.

Substrate Relative Activity (%)
Chitosan 100 + 16.93
Water soluble chitosan 196.43 + 15.55
«-Chitin 0
B-Chitin 12.30 + 6.62
Colloidal Chitin 63.26 + 4.08
pNPG 0
Cellulose 0
Dextran 0
Starch 0

All data points were means =+ standard deviations (n = 3).

2.6. Chitosan Hydrolysis and COS Production

Since water soluble chitosan showed the most effect on TKU029 chitosanase activity, the hydrolysis
products from this substrate were also studied. The course of chitosan sample degradation was
conveniently studied by the measurement reducing sugar. Figure 6 shows the reducing sugar of the
sample as a function of reaction time. The reducing sugar dramatically increased in the early stage of
the reaction (after 1 h of reaction) and did not increase after 4 h.
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Figure 6. Hydrolysis time course measurement of reducing sugar with TKU029 chitosanase.
The reaction mixture in a 250 mL Erlenmeyer flask containing 1% water soluble chitosan in 100 mL
phosphate buffer (pH 7, 50 mM) and 10 mL of crude enzyme. The hydrolysis condition was carried at

50 °C in 6 h. The hydrolysis solution was then tested reducing sugar under the assay mentioned in the
methods section. The error bars represent standard deviations (1 = 3).

COS with low DP have been reported to exhibit several interesting bioactivities, for instance,
antioxidant [2], antitumor [1,3], and prebiotic [5,6]. Thus, many studies have recently attracted
interest for converting chitosan into chitooligosaccharides. Based on the obtained results, the chitosan
hydrolysis by TKU029 crude enzyme was observed to possess great potential to produce chitosan
oligosaccharide with low DP.

To obtain the low DP oligomers in the chitosan hydrolysis, selective precipitation in 90% methanol
and acetone solutions was performed following the aforementioned method [2]. Since MALDI-TOF-MS
analysis is limited to molecular masses higher than 500 Da, the DP < 2 oligomer could not be
determined by this method. The product from the reaction with TKU029 crude enzyme is a mixture
containing both homo-chitooligosaccharides, including (GlcN)y (Short form: Gy) (m/z 620,701),
Gs (m/z 846), Gg (m/z 927, 1040), (GlcNAc); (Short form: Ay) (m/z 814), As (m/z 1072)
and herero-chitooligosacharides, including GyA; (m/z 536, 566), GyA, (m/z 733), GaA; (m/z 905,
959), GoA4 (m/z 1153) (Figure 7). Compared to other reports, COS with different broad DP had been
produced by various microoganism strains, for instance, B. cereus TKU027 (DP 4-9, 2-5) [35], B. cereus
TKUO031 (DP 3-8) [9], Penicillium janthinellum D4 (DP 3-9) [36], Aspergillus fumigatus S-26 (DP 2-7) [33],
and Bacillus sp. KFB-C108 (DP 3-5) [37], while this study observed the DP up to 6 and it was only similar
to B. cereus TKU022 (DP 2-6) [38]. On the other hand, differing chitosan hydrolysates from other Bacillus
strains [9,35,38], the originally-classified genus of Paenibacillus, the hydrolysis products by TKU029
also contained homo-chitosaccharides with higher ratio than hetero-chitosaccharides (at the same DP)
(Figure 7). These results indicated that TKU029 chitosanase may hydrolyze the water soluble chitosan
by cleavage of glycosidic bonds of the type -G | A— and-A | G-, whereas the hyrolysis of -G | G- and
—A | A- are slow. From these results, a quick and simple method to obtain chitosan oligosaccharide
with low DP (3-6) could be performed by combining the TKU029 chitosanase hydrolysis reaction with
water soluble chitosan at substrate and a selective methanol/acetone precipitation.

205



Mar. Drugs 2018, 16, 429

%000 ] 650281 4h
@
i
2500 '(T_]
S g
g 7
2000 i _ Q =
xZ P g 2
) i g 7
DP=3% G = g g —-
15007 536974 |1, S = ik & &
E 7 & = L9 e
DP <3 g £ F e DP=6 & Toow —
1000 = & = I 927.701 2 9
o s E 814/ :é £, _7|< p
22 e | Do pp. S pp=s e
T01.498 - = sl
5004 £20.383 "77334[;5 =4 DP =5 1040.790 DPr < 6
v : O50.678 DP =5 .
T torzrer - 1Tt
0_ T T T T T T
500 600 Joo 200 500 1100

m's
Figure 7. MALDI-TOF-MS of the oligomer mixtures obtained during water soluble chitosan
hydrolysis. The proportion of low DP oligomer (DP < 7) was reduced by precipitation in the
90%methanol-soluble/90% acetone-insoluble fraction. The identified peaks are labeled with DP,
in which DP indicates the degree of polymerization.

2.7. Evaluation of Growth Enhancing Effect of COS on Lactic Acid Bacteria

The effect of the chitosan oligosaccharides obtained from chitosan hydrolysis generated by
TKUO029 chitosanase on the growth of lactic acid bacteria were also studied. As shown in Figure 8,
chitosan oligosaccharides, which were collected from different hydrolysis times, have a clear effect on
the growth of lactic acid bacteria. The highest cell growth of L. lactis BCRC 10791 was found for the
addition of 4-h hydrolyzed chitosan (136.59%), L. paracasei BCRC 14023 was 2 h (169.37%), L. rhamnosus
BCRC 16,000 was 4 h (164.81%) and L. rhamnosus BCRC 10791 was 3 h (153.34%). Interestingly,
adding 0.1% chitosan oligosaccharides into the medium did not increase the growth of E. coli BCRC
51950. These results differed to COS from other reports, which only showed the enhancing effect on
lactic acid bacteria [5,6]. Due to a prebiotic requiring a selectivity effect on the growth of a limited

group of bacteria, it is suggested that COS produced from TKU029 may have the potential to become
a prebiotic candidate.
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Figure 8. Effect of the chitosan hydrolysis on the growth of bacteria. (a), L. lactis BCRC 10791;
(b), L. paracasei BCRC 14023; (c), L. rhamnosus BCRC 16000; (d), L. rhamnosus BCRC 10791; (e), E. coli
BCRC 51,950. The error bars represent standard deviations (n = 3).

3. Materials and Methods

3.1. Materials

Squid pens, crab shells, and shrimp shells were collected from Shin-Ma Frozen Food Co.
(I-Lan, Taiwan). Shrimp head powder (SHP) was gifted from Fwu-Sow Industry (Taichun, Taiwan).
Demineralized shrimp shell powder (deSSP) and demineralized crab shell powder (deCSP) were
prepared via acid treatment [22]. Chitin (from shrimp shell), tyrosine, D-glucosamine and the
reagents (3,5-dinitrosalicylic acid and Folin-Ciocalteu) were all purchased from Sigma-Aldrich Corp.
(Singapore). Macro-prep DEAE and Macro-Prep High S were bought from Bio-Rad (Hercules,
CA, USA). All other reagents were the highest grade available. P. macerans TKU029 [16] was provided
by Life Science Development Center, Tamkang University, Taiwan.

3.2. Measurement of Chitosanase Activity

The measurement of chitinase activity was performed according to a previously-described
method [22], with modifications. Chitosan (1% in 50 mM phosphate buffer) was used as the substrate.
The reaction was performed with 0.1 mL substrate and 0.1 mL enzyme solution, and kept at 37 °C
for 30 min. The amount of reducing sugar produced in the supernatant was determined by DNS
reagent, with D-glucosamine as the reference compound. One unit of enzyme activity was defined as
the amount of enzyme that produced 1 umol of reducing sugar per min.

3.3. Screening of Chitinous Materials as Sole C/N Source for Enzyme Activity

Four kinds of chitinous materials, i.e., crab shell powder (deCSP), squid pen powder (SPP), shrimp
head powder (SHP), and demineralized shrimp shell powder (deSSP), were used as the sole sources
of C/N (1%, w/v). Paenibacillus macerans TKU029 was grown in 100 mL of liquid medium in 250 mL
Erlenmeyer flasks containing 1% of each chitinous material, 0.1% K,HPOy4 and 0.05% MgSO4-7H,0.
The incubation was performed with 1% of seed culture, in 3 d at 37°C in a shaking incubator (150 rpm).
During each of 24 h, the culture medium was collected for further measurements.

3.4. Purification of Chitosanae

P. macerans TKU029 was cultured in 100 mL of liquid medium in an Erlenmeyer flask (250 mL)
containing 1% SPP, 0.1% K,HPO4 and 0.05% MgS04.7H,0 in a shaking incubator for 3 days at 37 °C
to collect culture supernatant. A protein precipitation step was performed by adding 1800 mL of cold
ethanol (—20 °C) to 600 mL of culture supernatant and kept at 4 °C overnight. To collect the crude
enzyme, the precipitate was centrifuged at 12,000 x g for 30 min and then dissolved in a small amount
of 50 mM phosphate buffer (pH 7). The obtained crude enzyme was loaded onto a DEAE-Sepharose
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CL-6B column that had been equilibrated with 50 mM phosphate buffer. The obtained chitosanase
(eluted by a linear gradient of 0-1 M NaCl in the same buffer) fractions were then further purified by A
Macro-Prep DEAE column, respectively. The molecular mass of the purified enzymes was determined
using the SDS-PAGE methods.

3.5. Effects of pH and Temperature on Activity and Stability of Chitosanase

The optimal temperature for the enzymatic reaction was performed at different points of
temperature (20-100 °C) during 30 min. To assess the thermal stability, the enzyme solution was
treated at a range of temperature during 15 min. The treated enzyme was then used to measure the
residual activity.

The optimal pH of enzyme was measured in buffers of different pH values (pH 2-11). To determine
the effect of pH on enzyme stability, the enzyme was incubated in buffer of different pH levels at 37 °C
for 30 min, and the residual activity was measured at optimal pH value. The buffer systems used
included glycine. HCl (50 mM, pH 2-3), acetate (50 mM, pH 4-5), phosphate (50 mM, pH 6-8) and
N82CO3-N8HCO3 (50 mM, pH 9—11)4

3.6. Effect of Metal Ions on Chitosanase Activity

Several metal ion salts (5 mM in final concentration) were used to investigate their effect on
enzyme activity, i.e., CuClp, ZnClp, MgCl,, NaCl, BaCl,, CaCly, FeCl,, and EDTA.

3.7. Substrate Specificity

Chitosanase was incubated in 50 mM phosphate buffer with various kinds of substrates at 60 °C
for 30 min. w«-chitin (from shrimp shell), B-chitin (from squid pen), chitosan (DD = 65.36% and
MW = 350,000-500,000 Da), water soluble chitosan (DD = 66.66% and MW = 30,000 Da), colloidal chitin
(from «-chitin), cellulose, dextran (70,000 Da), Starch (from potato) were included. The chitinase activity
in colloidal chitin was used as a control to calculate the relative activity of enzyme in other substrates.

3.8. MALDI-TOF MS Analysis

A sample (1 pL) was prepared with 1 pL of 2,5-dihydroxybenzoic acid as a matrix in
H,O-CAN-TFA solution (50/50/0.1%, v/v/v). Positive ion mode of MALDI mass spectra was acquired
with a MALDI-TOF instrument (Bruker Daltonics, Bremen, Germany) equipped with a nitrogen laser
emitting at 337 nm operating in linear mode. Each mass spectrum was the accumulated data of
approximately 30-50 laser shots. External 3-point calibration was used for mass assignment.

3.9. Growth Enhancing Effect of COS on Lactic Acid Bacteria Test

Four lactic acid strains were chosen for the experiment: Lactobacillus lactis BCRC 10791, Lactobacillus
paracasei BCRC 14023, Lactobacillus rhamnosus BCRC 16,000, and Lactobacillus rhamnosus BCRC 10,791.
The bacteria were cultured in MRS medium containing 0.1% (w/v) chitosan oligosaccharides for 24 h
at 37 °C. To examine whether chitosan oligosaccharides could affect non-lactic acid bacteria, a strain of
E. coli BCRC 51,950 was also cultured in LB medium containing 0.1% (w/v) chitosan oligosaccharides
under the same condition with lactic acid bacteria. A measurement of optical density 600 nm of culture
supernatant was used to calculate the cell growth of the bacteria.

4. Conclusions

Among the four marine chitinous materials, Paenibacillus macerans TKU029 achieved the best
result for chitosanase production using squid pens as the sole carbon/nitrogen source. The molecular
weight of the purified TKU029 chitosanase (63 kDa) was different from those of the other Paenibacillus
strains. The oligomers obtained by hydrolyzing water soluble chitosan with TKU029 chitosanase
possessed specifically enhancing effects on the growth of analyzed four lactic acid bacteria, and had no
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effect on E. coli. By the selective growth enhancing effect of COS, TKU029 chitosanase has potential to
be used in the production of nutraceuticals.
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Abstract: Chitosan has excellent properties, as it is nontoxic, mucoadhesive, biocompatible,
and biodegradable. However, the poor water solubility of chitosan is a major disadvantage. Here,
a novel chitosan-sodium carbonate complex was formed by adding a large amount of sodium
carbonate to a chitosan/acetic acid solution, which is water-soluble. Fourier transform infrared
spectroscopy, energy dispersive spectrometry, scanning electron microscopy, and solid-state nuclear
magnetic resonance techniques were used to detect and characterize the aforementioned complex,
which appeared to be a neat flake crystal. Solid-state nuclear magnetic resonance (SSNMR) was
used to verify the connections between carbonate, sodium ions, and the protonated amino group in
chitosan on the basis of 13C signals at the chemical shift of 167.745 ppm and 164.743 ppm. Further
confirmation was provided by the strong cross-polarization signals identified by the SSNMR 2D
I3C-1H frequency-switched Lee-Goldberg heteronuclear correlation spectrum. The cytotoxicity
of a film prepared using this complex was tested using rat fibroblasts. The results show that the
film promoted cell proliferation, which provides evidence to support its nontoxicity. The ease of
film-forming and the results of cytocompatibility testing suggest that the chitosan-sodium carbonate
complex has the potential for use in tissue engineering.

Keywords: chitosan; cytotoxicity; polymer film; sodium carbonate; soluble chitosan complex

1. Introduction

Chitosan (chemical name: polyglucosamine(1-4)-2-amino-f3-D-glucose) is obtained by the
deacetylation of chitin, and it is widely found in the exoskeleton of crustaceans, e.g., crab shells,
lobsters, and shrimp [1]. This natural polymer has excellent properties, as it is nontoxic, mucoadhesive,
biocompatible, and biodegradable. Thus, it has received extensive attention from various industries [2-7].

The poor water solubility of chitosan is a major disadvantage [3,4]. It is slightly soluble in
dimethyl sulfoxide and p-toluenesulfonic acid [5], and only dissolves in water under acidic conditions
at pH < 6.5. Under acidic conditions, the amino groups on the chitosan chain are protonated and the
positive charge is increased; thus, the polysaccharide chains repel each other to achieve a dissolution
effect [6,7]. This is the main disadvantage of chitosan when used as a pharmaceutical excipient,
especially when the drug is unstable under acidic conditions.

In order to solve this problem, researchers have chemically modified chitosan to improve
its solubility. For example, N,N,N-trimethyl chitosan is a quaternized hydrophilic derivative of
chitosan [8], sulfonated chitosan is prepared by using 1,3-propane sultone [9], and carboxymethyl
chitosan is synthesized under conditions of basification by monochloroacetic acid [10]. Chemical
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modification can overcome the shortcoming of insolubility. However, the biosafety of the newly
synthesized derivatives remains to be verified, as new groups may introduce unknown biological
repellency to the compounds. The cytotoxicity, biocompatibility, and biodegradability of the derivatives
need experimental verification [11,12].

Before the discovery of alkaline systems, chitosan was dissolved in organic acid solutions, such
as acetic acid solutions. However, chitosan is unstable in acid solutions. The glycoside bonds and
acetyl groups of chitosan can be hydrolyzed [13], though the rate of hydrolysis in dilute organic acids
is fairly slow. In recent years, research has been carried out on the dissolution of chitosan in alkaline
systems: in particular, alkali/urea solvents have been proposed. Using a LiOH/NaOH/KOH-urea
system and a freeze-melt process, chitosan can be dissolved in an alkaline solvent system to form
a uniform solution [14,15]. The intramolecular and intermolecular hydrogen bonds of chitosan are
destroyed during the freezing process, and the recovery of hydrogen bonds is further hindered by the
alkali and urea during the melting process, thus achieving dissolution [16]. However, this method
involves a low temperature (at least —20 °C) and multiple freeze-thaw cycles.

Combinations of chitin/chitosan and inorganic salts are rarely reported. A novel hybrid
material was prepared by the unidirectional crystal growth of CaCO3; while the carbamation of
chitin served as the template [17]. This chitin derivative was then converted to a gel film by soaking in
methanol, immersing in calcium chloride solution, and adding ammonium carbonate vapor to form a
chitin-CaCOj; complex. A ternary complex between the ion pair Si?*CO3%~ and the amino groups of
chitosan was demonstrated [18]. Among these previous reports, the common point is that most of the
reactants are carbonates. When the carbonates are salts of two valence metal ions, most of them are
insoluble. In light of the LiOH/NaOH/KOH-urea system, it is possible that alkali carbonates can react
with chitosan and form soluble complexes. Therefore, we tried to obtain a soluble chitosan complex by
adding an alkali carbonate to a chitosan/acetic acid solution.

The main objective of this study was to provide a soluble chitosan-sodium carbonate complex,
formed under alkaline conditions, which could be changed back to chitosan using simple treatments
to maintain biocompatibility. By adding a large amount of sodium carbonate to a chitosan/acetic
acid solution, this complex was obtained and had a pH of 10.1. We then focused our attention
to its characteristics, structure, and cytotoxicity in order to gain information for its application
in biomedicine.

2. Results and Discussion

The structures of the new compounds forming the chitosan (CS)-sodium carbonate (SC) complex
are denoted as CS-SC-1 and CS-SC-2 (Figure 1b,c). A carbonate is bound to either two protonated
amino groups to form a complex, or one protonated amino group and one sodium ion. In the figure,
the connections between carbonate, ammonium, and sodium ions are highlighted in yellow.

2.1. Spectroscopic Investigations

Fourier transform infrared (FT-IR) spectrometry was used to monitor the structural changes in
chitosan (A), the complex of chitosan-sodium carbonate (B), and restored chitosan (C). The obtained
infrared spectra are shown in Figure 2. As the amino and hydroxyl groups formed intermolecular
and intramolecular hydrogen bonds, the OH stretching vibration and NH stretching vibration, which
were originally located around 3400 cm !, fused into a broad intense band at 3452-3365 cm ™! in the
FT-IR spectrum of chitosan (A), whose characteristic absorption spectrum includes these peaks [19].
The spectrum of the complex (B) shows a completely different absorption peak at 3473 cm !, appearing
as a sharp peak, which indicates that the hydrogen bonds between the amino and hydroxyl groups
were destroyed, thus showing obvious OH or NH stretching vibrations. The two absorption peaks
at 1655 cm™! and 1593 cm~!, which are peak I and peak II and represent amide bonds, are also
characteristic peaks of chitosan (A) [20]. In the complex (B), these two characteristic peaks still exist
but with a slight shift (1699 cm~! and 1593 cm '), indicating the existence of a -NH-CO- structure
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in the complex. Thus, the residual acetamido in the main chain did not participate in the reaction.
The IR spectrum of the complex (B) displayed additional peaks with respect to chitosan (A), which
are characteristic peaks of the inserted carbonate group (-CO3%~) signals: 1466 cm ™! and 850 cm ™.
The strong absorption peaks at these two locations indicate carbonate signals [21].
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Figure 1. The chemical structural schemes of (a) chitosan (CS), (b) chitosan-sodium carbonate (CS-5C)-1,
and (c) CS-SC-2. Carbon atoms are assigned using the alphabetical labels. The connections between
carbonate, ammonium, and sodium ions are highlighted in yellow.
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Figure 2. Fourier transform infrared (FT-IR) spectra of chitosan (A, blue), the complex of
chitosan-sodium carbonate (B, red), and restored chitosan (C, green).
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Other peaks, such as the CH3z symmetrical stretching vibration, CH, asymmetric stretching
vibration, CH stretching vibration, CH, bending vibration, CHz deformation vibration, and CO
stretching vibration, were similar, proving that the basic structure of chitosan had not been changed,
which was also confirmed by the solid-state nuclear magnetic resonance (SSNMR) spectra (in Figure 3).
The peaks of C and A are nearly identical, indicating that chitosan could be converted back by adjusting
the pH to neutral with hydrochloric acid.
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Figure 3. (a) Solid-state nuclear magnetic resonance (SSNMR) '3C{'H} cross-polarization (CP) spectrum
of CS. (b) SSNMR "*C{'H} CP spectrum of CS-SC. Peaks are assigned using the alphabetical labels
with respect to the structural schemes as shown in Figure 1. (¢) SSNMR 2D 3C-1H frequency-switched
Lee-Goldberg heteronuclear correlation (FSLG-HETCOR) spectrum of CS-SC, where correlations
between CO3 and NHj are highlighted in yellow.

Using a certain beam or monochromatic light (such as X-rays or ultraviolet light) to irradiate the
sample, electrons in the atoms or in the molecules on the surface are emitted. The energy distribution of
electrons, containing information on and characteristic energy of the surface of the sample, was studied
to determine the features of the material surface. The count ratio is affected by the surface roughness
of the sample, the angle of photoelectron detection, the X-ray power, and the passing energy; therefore,
we could not identify the amount of each element by comparing the size of the peak area [22,23].
Atomic information of chitosan, the chitosan-sodium carbonate complex, and the restored chitosan
was analyzed using an energy dispersive spectrometer (EDS) (Figure 4). The atomic percentages
(Table 1) reflect the presence or absence of carbonate in the complex. Following the formation of the
complex, the atomic percentage of the N atoms decreased significantly and the percentage of Na and
O atoms increased, reflecting the addition of carbonate to the mixture. It can be speculated that the
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carbonate is associated with the amine, which is supported by ionic charges. When the complex was
restored to chitosan, the atomic percentage of the N atoms increased because of the dissociation of
sodium carbonate and the exposure of NH, to the surface.
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Figure 4. Energy dispersive spectrometry (EDS) spectra and microstructure (magnification 160, scale
bar 500 um) of chitosan (a), the chitosan-sodium carbonate complex (b), and restored chitosan (c);
microstructure (magnification 10,000 %, scale bar 5 um) of the chitosan-sodium carbonate complex (d,e).
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Table 1. Atomic percentage of elements C, N, O, and Na.

Atomic Percentage

Element

A B C
C 61.99 33.87 53.62
N 7.92 2.14 9.66
O 30.09 48.91 34.24
Na 0.00 15.08 2.49

Chitosan can react with aldehydes (through the Schiff base reaction) by the condensation of
amino and aldehyde groups. That is why chitosan can be crosslinked with glutaraldehyde to form a
hydrogel [24,25]. The reaction formula is shown in Figure 5. We performed the Schiff base reaction
with the chitosan-sodium carbonate complex and glutaraldehyde, adopting a typical preparation
process. However, no gel was formed by crosslinking. We prepared restored chitosan by adjusting
the solution to pH 5.0 with hydrochloric acid; then, the Schiff base reaction occurred successfully.
Therefore, we suppose that the amine of chitosan combined with carbonate during the formation of
the complex and dissociated during the restoration.

OH OH
—— 0 o —70 ° O
o O— +R-CHO —» | o
NH, T
L _n HC—R "

Figure 5. Schiff base reaction.

The microstructure of the three samples was observed by scanning electron microscopy (SEM).
Chitosan appeared flake-like when magnified 160X, because the main polysaccharide chain was
entangled. The complex formed a rod-like crystal and returned to a mass when adjusted to neutral pH
(Figure 4a—c).

Biomacromolecules, such as polysaccharides, proteins, and glycoproteins, can serve as templates,
control crystal growth, and thus result in the formation of highly organized complex structures [17].
When the chitosan-sodium carbonate complex was magnified 10,000, it was observed that the
crystalline structure was compact, which was obviously formed by the highly ordered arrangement of
molecules (Figure 4d,e). Therefore, we suggest that the chitosan chain acted as a template, the sodium
carbonate molecules inserted into it, and a neat crystal structure developed when the complex
was formed.

We deduced that the structures of the new compounds that formed the chitosan complex were
those of CS-SC-1 and CS-SC-2 in Figure 1b,c. A carbonate is bound to either two protonated amino
groups to form a complex, or one protonated amino group and one sodium ion. The connections
between carbonate and the sodium ions in the sodium carbonate with the protonated amino group
in chitosan were verified by SSNMR (Figure 3), which is able to locally and selectively probe the
chemical environment of each carbon nucleus. The identification of each '*C peak corresponds with
the alphabetical labels shown in Figures 1 and 3. Chitosan (Figures 1a and 3a) was identified by the 13C
resonances observed at carbon chemical shifts, ~57.583 (Ca), 75.595 (Cb, Cd), 82.958 (Cc), 60.961 (Ce),
105.307 (Cf) ppm. Two additional 3C resonances were observed at ~174.452 (Cg) and 23.627 (Ch),
which were assigned to the residual carbonyl (Cg) and methyl (Ch) typically present in the chitosan
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skeleton [26,27]. During the reaction of chitosan with sodium carbonate, a chitosan-sodium carbonate
complex was obtained (Figure 1b,c), which was composed of CS-SC-1 and CS-SC-2. The structures of
CS-SC-1 and CS-SC-2 were easily confirmed by the observation of two 13C resonances corresponding
to Ci and Cj at 5~164.743 (Ci) and 167.745 (Cj), respectively (Figure 3b). These structures are a
consequence of the two possible reactions” dependence on the amount of sodium carbonate. When
the amount of carbonate was insufficient, two ammonium ions bound to a carbonate; when the
amount of carbonate was sufficient, one ammonium ion and one sodium ion each bound to carbonate,
as shown in Figure 1b,c. It can be seen from the SSNMR 2D 3C-'H FSLG-HETCOR spectrum of CS-SC
(Figure 3c) that the hydrogen on the amino group and the carbon in the carbonyl group had very
strong cross-polarization signals, which proves the connection between them.

2.2. Cytotoxicity Results

Evaluation of cytotoxicity is an important cell viability method to validate the potential use of
the chitosan-sodium carbonate complex in medical bioengineering. As the 1929 fibroblast cell line is
commonly used to determine the cell proliferation rate, the effect of the chitosan-sodium carbonate
complex was assessed in this cell line by using the MTT assay [28,29].

Due to the porous film structure and biocompatibility, we believed that the film could promote
cell proliferation [30]. The growth of a fibroblast cell culture was evaluated using the MTT assay [31]
after 48 h exposure. Figure 6 shows the percentage of cell proliferation, determined as follows: (OD of
experimental well/OD of blank well) x 100%.

-
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o

Py
-
o

moﬁ
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oL ]

Blank Control CS-SC

Proliferation rate (%)

Figure 6. Percentage of cell proliferation after 48 h exposure. * Statistically significant differences were
observed between the control film and CS-SC film wells (values are means =+ s.e.m, p < 0.05, n = 3).

Cell viability was not significantly changed after exposure of 1929 to the control film.
As demonstrated in Figure 6, a statistically significant difference (p < 0.05) between the percentages
of cell proliferation in the wells treated with CS-SC film relative to the control film was observed,
indicating that the CS-SC film promoted cell proliferation.

The morphology of L929 fibroblast cells was observed by an inverted microscope. As shown in
Figure 7a, the cells in the blank wells were tightly connected and had an irregular triangular or spindle
shape. There were some non-adhesive cells in the wells containing control films suspended in the
culture medium. The number of cells growing in the wells containing the complex films increased
significantly, but the morphology of the cells changed slightly; the number of round cells was greater
than that in the blank wells (p < 0.05) (Figure 7d).
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Figure 7. Morphology changes in 1929 fibroblast cells in different wells and the statistical result
of round cells. (a) Blank; (b) control; (c¢) CS-SC; (d) statistical result of round cells (values are
means + s.e.m, p < 0.05, n = 3).

3. Materials and Methods

3.1. Materials and Cell Line

Chitosan was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
The degree of deacetylation was 90% and viscosity-average molecular weight was 5.3 x 10*. Other
reagents, such as sodium carbonate, acetic acid, ethanol, potassium bromide (KBr), and solvents,
were analytical grade and were also supplied by Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). FBS (fetal bovine serum) and Dulbecco’s Modified Eagle Medium (DMEM) culture medium
were purchased from Gibco Company (Langley, OK, USA). Penicillin-streptomycin for the cell culture,
as well as trypsin, were purchased from Beyotime Bio Technology Co., Ltd. (Shanghai, China). MTT
(M2128) was supplied by Sigma Company (St. Louis, MO, USA).

Fibroblasts, NCTC clone 929 (mouse connective tissue), were purchased from Cell Resources
Center (Shanghai Academy of Life Sciences, Chinese Academy of Sciences, Shanghai, China) and
preserved in the School of Pharmaceutical Sciences, Jiangnan University. 1.929 cells were grown in
DMEM supplemented with 10% (v/v) FBS and 100 IU/mL penicillin—streptomycin. The cells were
maintained in a humid incubator (5% CO,) at 37 °C [32].

3.2. Instruments

The structure of the complex was determined by FT-IR spectroscopy (Thermo Nicolet Corporation,
NEXUS, Madison, WI, USA), SSNMR spectrometry with a superconducting magnet (Brook Corporation,
Advance TII/WB-400, Tiibingen, Germany) and EDS (Ametek Corporation, TEAM Octane Super,
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San Diego, CA, USA) equipped with SEM (Hitachi Corporation, 54800, Tokyo, Japan). The crystalline
structure of the complex and morphology of the microporous films were studied by SEM (FEI Corporation,
Quanta 200, Hillsboro, OR, USA). Cytotoxicity experiments were carried out using a microplate reader
(MD Corporation, Spectra MAX M2e, San Jose, CA, USA) and an inverted microscope (Olympus
Corporation, CKX 41, Tokyo, Japan).

3.3. Experimental Procedure

3.3.1. Preparation of the Chitosan-Sodium Carbonate Complex

One gram of chitosan was added to 100 mL of water in a beaker and stirred for 1 min. One milliliter
of glacial acetic acid (CAS:64-19-7) was added and stirred until completely dissolved. Sodium carbonate
solution (50 mL of 0.5 mol/L) was rapidly added, which produced a large number of bubbles, and the
solution was stirred until most of the bubbles vanished. The solution was viscous and was used to
prepare the films (Section 3.3.2).

The chitosan-sodium carbonate complex was obtained by adding absolute ethanol to the beaker,
which produced a white floc. The volume of absolute ethanol was 3x (v/v) that of the aforementioned
solution. Then, the floc was vacuum-filtered and freeze-dried.

The chitosan-sodium carbonate complex can be returned to chitosan by treatments such as
dialysis, using acid to adjust the pH to neutral, and washing with a certain concentration of ethanol.
In this study, we prepared the restored chitosan by adjusting the complex solution pH to neutral with
hydrochloric acid, and then freeze-dried the gelatinous precipitate.

3.3.2. Preparation of the Polymer Films

To each well of a 96-well plate, 100 uL of the complex solution was added, spread evenly,
and washed with 50% ethanol (v/v), thus forming a layer of film. The solvent was evaporated in
the oven at 80 °C for 1 h. The film was then soaked in 75% ethanol (v/v) for 12 h and washed with
phosphate buffered saline (PBS) three times.

The control film was prepared as follows: 1 g of chitosan was dissolved in 1% acetic acid solution
(v/v). A total of 100 uL of the chitosan/acetic acid solution was added to the well, spread evenly,
and soaked in a 0.1 mol/L sodium hydroxide solution until a layer of film was formed [14]. The solvent
was evaporated in the oven at 80 °C for 1 h. The film was then soaked in 75% ethanol (v/v) for 12 h
and washed with PBS three times.

3.3.3. Schiff Base Reaction

A total of 1 g of the chitosan-sodium carbonate complex was dissolved in 50 mL of deionized
water, and 1.0 mL of glutaraldehyde (50% v/v) was dissolved in 20 mL of deionized water. The two
solutions were mixed under vigorous stirring for 10 min [25].

3.3.4. FT-IR

The KBr method was used [20]. The scanning range was 400-4000 cm 1, with step length 1 cm 1,
and scanning was performed 32 times.

3.3.5. NMR

SSNMR experiments were performed on a Bruker Advance III HD 400 spectrometer (Tiibingen,
Germany) operating at a Larmor frequency of 400.25 MHz for 1H and 100.64 MHz for 3C;
the spectrometer was equipped with an H/F/X triple-resonance magic-angle spinning (MAS) probe,
supporting MAS rotors with an outer diameter of 3.2 mm. The rf-nutation frequency for 'H and 13C was
78.1 kHz, corresponding to 3.2 us and a 90° pulse. 1D 3C{!H]} cross-polarization /magic-angle spinning
(CP/MAS,) spectra were recorded using a CP contact time of 2 ms, a recycle delay of 5 s, and 1024 scans,
with SPINAL-64 decoupling applied during acquisition [33]. The 2D 3C-'H FSLG-HECTOR [34]
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experiments used a MAS frequency of 10.0 kHz, a recycle delay of 3 s, and a cross-polarization (CP)
time of 0.5 ms at 100 scans for a total of 70 t1 increments. Each t1 increment had a span of one basic
FSLG block (30.21 us), [35], and high-power 'H SPINAL-64 decoupling was used during acquisition.
A scaling factor of 0.570 was determined by recording a 2D spectrum for adamantane using identical
experimental conditions to rescale the indirect dimension for the investigated samples. The chemical
shifts are referenced with respect to tetramethy]l silane (TMS), using adamantane as the second standard
(*H, & = 1.85 ppm; '3C, 5 = 38.49 ppm).

3.3.6. SEM

The prepared film was freeze-dried, cut into strips, or torn off from the surface to observe the
internal structure. After surface sputtering, the morphology and structure were observed by SEM [36].

3.3.7. Cytotoxicity Study

The MTT method was used to analyze the effect of the film formed by the novel complex on the
relative cell proliferation ratio of 1929 rat fibroblasts and cytotoxicity. The preparation of the films was
the same as that detailed in Section 3.3.2. Briefly, 1929 cells were seeded into 96-well plates (1 x 10°
cells per well) and incubated for 48 h. To each well, 20 pL of 5 mg/mL MTT in PBS was added and
then cultured for 4 h. Finally, 100 uL. of DMSO was added instead of the above medium to dissolve the
formazan crystals. OD was determined at 570 nm by using a microplate reader [37]. Cell growth and
viability were observed and photographed using an inverted microscope.

3.3.8. Statistical Analysis

The results are expressed as means =+ s.e.m. Statistical analysis was performed using one-way
ANOVA followed by Newman-Keuls post hoc tests. All the analyses were conducted using GraphPad
Prism 5 (GraphPad Software, Inc., La jolla, CA, USA), and, if p < 0.05, results were considered
statistically significant.

4. Conclusions

A water-soluble complex of chitosan—-sodium carbonate is reported, which was obtained by adding
a large amount of sodium carbonate to chitosan/acetic acid solution. FT-IR, EDS, and SEM findings
support the formation of carbonate crystallization in the complex. Furthermore, SSNMR *C{'H} CP
confirmed the association between the ammonium cation and carbonate anions. The complex could be
returned to chitosan by soaking in an alcohol solution, and the film maintained good biocompatibility.
We showed, for the first time, that this new CS-SC film may promote cell proliferation, making it
a candidate material for tissue engineering. Furthermore, greater focus should be directed toward
the principle of dissolution and the solubility of the chitosan—sodium carbonate complex at different
degrees of deacetylation and from different sources.
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Abstract: Chitin is one of the most abundant biomolecules on earth, occurring in crustacean shells and
cell walls of fungi. While the polysaccharide is threatening to pollute coastal ecosystems in the form of
accumulating shell-waste, it has the potential to be converted into highly profitable derivatives with
applications in medicine, biotechnology, and wastewater treatment, among others. Traditionally this
is still mostly done by the employment of aggressive chemicals, yielding low quality while producing
toxic by-products. In the last decades, the enzymatic conversion of chitin has been on the rise,
albeit still not on the same level of cost-effectiveness compared to the traditional methods due to its
multi-step character. Another severe drawback of the biotechnological approach is the highly ordered
structure of chitin, which renders it nigh impossible for most glycosidic hydrolases to act upon.
So far, only the Auxiliary Activity 10 family (AA10), including lytic polysaccharide monooxygenases
(LPMOs), is known to hydrolyse native recalcitrant chitin, which spares the expensive first step
of chemical or mechanical pre-treatment to enlarge the substrate surface. The main advantages of
enzymatic conversion of chitin over conventional chemical methods are the biocompability and, more
strikingly, the higher product specificity, product quality, and yield of the process. Products with
a higher M,, due to no unspecific depolymerisation besides an exactly defined degree and pattern
of acetylation can be yielded. This provides a new toolset of thousands of new chitin and chitosan
derivatives, as the physio-chemical properties can be modified according to the desired application.
This review aims to provide an overview of the biotechnological tools currently at hand, as well as
challenges and crucial steps to achieve the long-term goal of enzymatic conversion of native chitin
into specialty chemical products.

Keywords: chitin; chitosan; chitooligosaccharides; enzymatic modification; biotechnology; chitinase;
chitosanase; lytic polysaccharide monooxygenase; chitin deacetylase

1. Introduction

Since the first International Conference on Chitin/Chitosan (ICCC) was held in 1977, the interest in
chitin-derived products has increased substantially. It is one of the most abundant biopolymers on our
planet, second only to cellulose, occurring in the exoskeletons of crustaceans and insects, the radulae
of molluscs, as well as in fungi and algae cell walls, rendering it a readily available resource. The
amount of chitin produced every year by living organisms on a global scale is estimated to be in the
magnitude of 101°-10!! tons, of which 10° tons are produced solely by the seafood processing industry
in the form of crustacean shell wastes originating from shrimps, prawn, crabs, and lobsters [1]. These
secondary products are composites of a stabilizing chitin scaffold interfaced with calcium carbonate,
protein, carotenoids, hereby predominantly astaxanthin, and small amounts of lipids. The relation
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of the respective components is dependent on the source species and seasonal changes. This can be
exemplified by sclerotin, the tanned proteinaceous matrix constituting most of the insects” exoskeletons.

As the global demand for luxury foods increases, large amounts of crustacean shell wastes are
generated that are disposed into either the ocean or landfills. Although chitin itself is biodegradable,
its natural composites are recalcitrant and barely accessible for naturally occurring enzymes, therefore
accumulating over time and threatening coastal ecosystems [2].

2. Conventional and Biotechnological Methods of Chitin Extraction and Conversion

2.1. Chemical Chitin Extraction

The conventional extraction of chitin is performed chemically by demineralising the ground
crustacean shells by means of strong acids, favourably HCl, and subsequently removing residual
protein through incubation with a strong base, whereby NaOH is the alkali of choice [3,4]. If so desired,
the chitin flakes can be bleached by H,O,, KMnOy, or equally strong oxidizing agents in an additional
step to remove remaining dyes. The whole process generates hazardous by-products while rendering
valuable minerals and amino acids hardly recyclable, yielding chitin with a low My, (molecular weight),
since the aggressive chemicals attack the crystalline structure and therefore randomly degrade the
co-polymer chains [5] (Figure 1, left side).

Crustacean shell waste

Chemical Biotechnological
R ) /\
[ -
@) &
Hel Lactic acid fermentation
NaOH Deproteinisation Proteases

oot ~——»(Chitosan)

HCI Depolymerisation ) Chitinases | Chitosanases
N
NaOH Deacetylation 3 coD

/o

Figure 1. Chemical and biotechnological chitin extraction methods from crustacean shell waste. Since

native chitin from marine sources is a composite of calcium carbonate, protein, carotenoids, and small
amounts of lipids, it has to be processed for industrial applications. After mincing and cleaning of the
crustacean shell waste, it has to be freed of minerals and proteins. This can be achieved chemically
(red, left side) by the employment of HCl and NaOH, respectively, while biotechnological approaches
(green, right side) utilise lactic acid bacteria fermentation for mineral removal and protease cocktails
for the excision of residual protein. To obtain the industrially relevant end products of chitosan and
its partially acetylated chitooligosaccharides (paCOS), chitin is depolymerised by acid-hydrolysis or
chitinases in a first step. Afterwards, the obtained chitooligosaccharides (COS) are N-deacetylated
with 50% NaOH at room temperature or 120 °C, conventionally, or through chitin oligosaccharide
deacetylases (COD), enzymatically. If high M,y chitosan is desired, the isolated chitin can be converted
directly through incubation with hot alkali or chitin deacetylases. The figure was created with BioRender.
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2.2. Chemical Processing of Chitin into Chitosan

After obtaining mineral- and protein-free chitin from crustacean wastes, with the help of strong
mineral acids and NaOH, respectively, the chitin is converted into chitosan by means of 25-50%
NaOH-assisted de-N-acetylation. This can be done at room temperature (homogeneous deacetylation)
or at elevated temperatures (heterogeneous deacetylation) depending on the desired product, with
the latter being the preferred method for industrial needs [1,6]. Afterwards the product is washed
to remove the alkali and dried to obtain chitosan flakes. The whole process harnesses randomly
deacetylated chitosan chains with varying M,, and an unspecific P5 (pattern of acetylation), which
have to be fractionated according to their physiochemical properties with elaborate, time-consuming
methods [7]. Complementing the thermochemical approach, microwave irradiation was successfully
used to increase the speed, yield, and degree of deacetylation (Dp) of chitosan obtained from shrimp
shells [8]. El Knidri et al. took this method a step further, utilising microwave irradiation exclusively
to produce chitosan, which accelerated the whole process 16-fold [9]. The obtained chitosan had a
higher M, with an equal Dp, of about 80% as that of thermochemically yielded chitosan.

2.3. Biotechnological Chitin Extraction

Biotechnological methods to obtain chitin from crustacean shell wastes comprise demineralisation
through lactic acid bacteria fermentation and deproteinisation by means of proteolytic bacteria or
protease cocktails [10-13]. Alternatively, protease activity may simply be induced passively by pH
reduction in lactic acid fermentation due to conversion of glucose, leading to accumulation of calcium
lactate and removal of residual protein [14]. As a consequence, chitin with demineralisation degrees
up to 99% and deproteinsation degrees around 95% can be achieved [15], retracting the protein and
minerals in a liquid phase without environmentally harming by-products. Both successive two-step
fermentations and one-batch co-fermentations have been tried hereby, while the latter approach would
reduce costs in an industrial scale significantly [16-18]. While the succession of the demineralisation
and deproteinisation steps does not negatively affect the quality or yield of chemically processed
crustacean shells, it is of importance to perform the demineralisation prior to protein removal, since
the minerals can inhibit protease activity [4,19]. The majority of research projects have focused on
aerobic fermentation as instrument of choice, requiring aeration and careful monitoring of batch O,
contents, which represents an additional cost factor. Bajaj and colleagues demonstrated the efficiency
of anaerobic fermentation of shrimp shell waste with simple tools, e.g., minced meat and bio-yoghurt
as sources for proteolytic- and lactic-acid bacteria, respectively (Figure 1, right side).

In their outstanding study they were not only able to reuse their fermentation liquor for another
large-scale fermentation (300 L), attaining chitin with comparable degrees of deproteinisation, but also
produced chitosan with a higher viscosity than commercially available products [20].

Despite the grievous disadvantages of chemical chitin extraction, it still remains the standard
procedure in the industry to date, probably due to the faster extraction times.

2.4. Biotechnological Chitin Conversion

Biotechnological chitin processing be achieved by applying several enzymes, either to cleave
chitin into smaller fragments, the chitooligosaccharides (COS), through chitinases (EC 3.2.1.14) and
-N-acetylhexosaminidases (EC 3.2.1.52), or by conversion into chitosan via chitin-deacetylases,
catalysing the hydrolysis of the acetamido group (EC 3.5.1.41). As auxiliary enzymes, lytic chitin
monooxygenases (LPMOs, EC 1.14.99.53) may be deployed, as they are able to hydrolyse native
crystalline chitin by oxidation. This increases the accessibility for regular chitinases. Chitosan can also
be cleaved enzymatically by chitosanases (EC 3.2.1.132) to produce prevalently deacetylated COS.
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3. Characterisation of Chitin, Chitosan, and Chitooligosaccharides

3.1. Chitin

The homo-polymer chitin is assembled by units of N-acetyl-D-glucosamine (GlcNAc) covalently
bound through B-(1-4)-glycosidic links, possessing a high M, (Figure 2a). The polysaccharide has a lot
in common with cellulose structurally, the difference is due to acetamido groups substituting for the
hydroxyl groups at position 2 of the respective 2-deoxy-D-glucopyranose-subunits. In nature, chitin
exists as a co-polymer comprised of randomly distributed GlcNAc and D-glucosamine (GlcN) subunits,
in which the acetylated D-glucosamines prevail. Chitin is not soluble in aqueous solutions due to
its high hydrophobicity and resembles a rigid, inflexible crystalline structure, since the acetamido
groups form strong hydrogen bonds between adjacent polymer chains, which again are ordered in
micro-fibrils. The polysaccharide is primarily found as part of composite materials, where it acts as a
stabilizing scaffold interfaced with minerals like calcium carbonate, protein, or both.
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Figure 2. Chemical structures of chitin and chitosan. (a) Chitin is a homo-polymer assembled of
N-acetyl-D-glucosamine monomers (GlcNAc), covalently bound through -(1-4)-glycosidic linkages.
In nature, it occurs as a co-polymer comprised of both GIcNAc and non-acetylated D-glucosamine
(GlcN) subunits, with a molar GIcNAc fraction > 50%. (b) Chitosan is the deacetylated derivative of
chitin, defined by a ratio of GlcN to GIcNAc monomers of > 1,0. It exhibits solubility in aqueous acetic
solvents. (c) Chitin has three different allomorphs, which differ in the orientation of the respective
polymer chains within the micro-fibril macro structure. The most abundant and resilient x-chitin is
formed by antiparallel aligned polysaccharide chains. In 3-chitin, the sugar chains are ordered in a
parallel manner, therefore exhibiting weaker intramolecular interactions. The y-allomorph of chitin is
characterized by a mixture of both antiparallel and parallel aligned chains, which leads to a polymer
with fractions of higher and lower levels of crystallinity. The figure was created with BioRender.
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The strength of the inter- and intramolecular interactions within the chitin micro-fibrils is
dependent on the orientation of the polymer chains, which is manifested in the three naturally
occurring allomorphs of «-, 3-, and y-chitin [1] (Figure 2c). The most abundant and resilient «-form of
chitin is characterized by the antiparallel alignment of the polymer chains; it occurs in all exoskeletons
of arthropoda. In contrast, within B-chitin the polymer chains are lining up in a parallel manner,
exhibiting weaker intramolecular interactions and therefore projecting more accessibility for enzymes.
The most prominent source would be squid pens, although the 3-allomorph is also present in other
molluscs like krill. Structurally y-chitin differs through a mixture of both parallel and antiparallel
alignment of interspersed polymer chains, leading to fractions with higher or lower crystallinity levels,
respectively, and it naturally occurs in beetle larvae and cephalopods.

Due to these inherent chemical and physical characteristics of chitin its commercial applications
in the native form are currently rather limited. Commonly native chitin is utilised as fertilizer in
agriculture, as it contains nitrogen, or as an inducer of plant defence mechanisms, enhancing the
resistance against fungi by the promotion of chitinases [21-23]. Furthermore, chitin is employed
as a food additive [24] as well as a packaging material for affinity chromatography columns to
purify proteins with a carbohydrate-binding domain, or as sorbent to pre-concentrate phenol and
chlorophenols by means of solid phase extraction, as validated by HPLC [25,26].

3.2. Chitosan

The abundant polysaccharide chitin finds an increased number of applications once it is converted
into its deacetylated form chitosan, which is defined by a ratio of GlcN to GlcNAc units > 1.0
in the random copolymer [4] (Figure 2b). This transfers into the molar fraction of N-acetylated
glucosamine monomers, which represents the degree of acetylation (D), also commonly expressed in
percentage (%Da).

In research the term chitosan is defined more loosely and comprises hetero-polymer chains with a
minimal degree of deacetylation (Dp) of about 10%, while only fully acetylated chains, exclusively
assembled from GIcNAc, are being referred to as chitin. Generally, chitosan is less abundant in nature
compared to chitin, occurring only in cell walls of Zygomycetes fungi species [27].

The conventional conversion of chitin into its functionalised form chitosan is realised by means
of 50% w/w NaOH at high temperatures (80-120 °C) with a 1:10 solid to liquid ratio to hydrolyse
the acetamido groups [6]. This yields a chitosan product with a low degree of polymerisation (DP),
an undefined D, in addition to an unspecific pattern of acetylation (P5). All of the aforementioned
factors combined are critical for the physio-chemical properties and bioactivity of chitosan.

Chitosan is soluble in weakly acetic solutions and demonstrates antibacterial, antifungal,
antioxidant, anti-inflammatory, and antitumoral activities, besides being physiologically inert and
biodegradable [28-30]. Moreover, it exhibits a cationic nature in acetic solution, which is unique
among polysaccharides, therefore having the ability to bind to negatively charged surfaces [31,32].
This feature is assumed to be responsible for its antibacterial appeal, either binding to the surface of
bacteria, therefore blocking their metabolism or alternatively through attachment of smaller chitosan
fragments to the negatively charged DNA, effecting the inhibition of RNA translation [30,33].

3.3. Chitooligosaccharides

Correspondingly to chitin, the high M, and viscosity of chitosan, in addition to its low solubility
in water, hinder easy processing for industrial applications. Therefore, chitin or chitosan are generally
depolymerised either chemically, mechanically, or by means of enzyme degradation to obtain smaller
fragments, so-called chitooligosaccharides (COS) or partially acetylated chitooligosaccharides (paCOS),
which are soluble in water while exhibiting the same positive traits as their highly polymerised
source materials [34]. These COS possess a DP between 2-20 and varying Dy, Pa, and F4 (fraction of
acetylation), which determine their respective biological activity [35,36]. The degree of solubility
increases with the Dp and is higher for chitooligosaccharides (COS) with a relatively lower DP and a
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My up to 3.9 kDa [37]. Chitooligomers with a high DP above 6 and low M, are thought to be more
biologically active than COS with a low DP and high M. As are all sugars, chitooligosaccharides are
sensitive to autooxidation and thus should be stored at preferably -20 °C under dry and inert conditions.
Their shelf life can be increased significantly when antioxidants are added prior to storage [38].

Hence it is a highly attractive biomolecule for various industry segments, from cosmetics and
biomedicine to wastewater treatment, textile and paper production, biotechnology as well as the food
and agricultural industries. We refer to several excellent reviews that address possible applications of
chitin and its derivatives extensively [22,39-43].

To support the increased interest in chitosan derivatives with numbers: its global market is
expected to grow at a CAGR (Compound Annual Growth Rate) of 6.3% over the next five years, while
exceeding 118,000 tons [44,45]. Also taking into account that the traditional ways of extracting and
converting native chitin into its functionalized derivatives are done chemically under toxic waste
production, it becomes clear that there exists an urgent necessity to find a suitable biotechnological
approach to process crustacean shells by means of enzymes. Not only does this ameliorate the disposal
issues for seafood processing companies, but, in doing so, the unused potential of basically free
industrial feedstock can be exploited to create specialty chemical products in a more sustainable way
with a higher degree of quality [46].

4. Characterization of Enzymes Acting on Chitin and its Derivatives

4.1. Chitinases

Chitinases (EC 3.2.1.14) belong to the group of glycosyl hydrolases (GHs) and are spread across
the GH families 18 and 19, while the family of GH20 contains additional chitinolytic enzymes. These
include 3-N-acetylhexosaminidases (EC 3.2.1.52), usually referred to as chitobiases, which catalyse
the breakdown of dimeric GlcNAc-units (chitobiose) into monomers from terminal-reducing or
non-reducing ends of chitin or chitindextrin. Although they all hydrolyse glycosidic 3-(1,4)-links
of acetylated D-glucosamine units, substantial differences in the mode of action, the amino acid
sequence and catalytic sites do exist. While the catalytic regions of GH18 and GH20 glycosidases are
characterized through a triosephosphate isomerase (TIM) barrel (3/«)g domain, chitinases from GH19
have a x-helix rich lysozyme-like domain. The family of GH18 is divided into the subfamilies A and B,
of which the first additionally possesses a chitinase insertion domain (x + f3), or CID, inserted between
the seventh « and 3-strand of the TIM barrel. The CID consists of five or six anti-parallel 3-strands
and one a-helix and is putatively responsible for the tunnel-like catalytic cleft and the processive mode
of action of the subfamily A chitinases of GH18.

Both enzyme families share a conserved DxDxE motif on the fourth (3-strand and catalyse the
hydrolytic reaction by a substrate-assisted mechanism [47].

4.1.1. Processive and Non-Processive Chitinases

A chitinase is described as acting processively if it does not release its substrate after hydrolysing
a glycosidic link but rather catalyses several cycles in succession while remaining attached to the solid
substrate. This is possible by the threading of single chitin chains through the tunnel-like catalytic cleft,
while cleaving off disaccharides simultaneously [48]. Non-processive chitinases, on the other hand,
detach after every single hydrolysis round, subsequently reattaching to another GIeNAc-GIcNAc link
located elsewhere, in a random fashion [49]. Processivity is important to hydrolyse crystalline chitin,
maneuvering the enzyme close to a free polysaccharide chain end at the cost of reaction speed [49,50].
Moreover, through the permanent attachment of enzyme and substrate, reattachment of hydrolysed
chitobioses is prevented, therefore increasing efficiency.
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4.1.2. Endo- and Exo-Chitinases

Chitinases can be specified by their endo- or exo-modus operandi on chitin. The determining
factor hereby is the product length formed through chitin hydrolysis. Endo-chitinases cleave glycosidic
bonds randomly along the polymer chain in a non-processive manner, producing predominantly
chitiobioses, but also other low-M,, multimers like chitotrioses (GIcNAc); or chitotetraoses (GIcNAc)y.
Exo-chitinases catalyse the degradation of crystalline chitin from the reducing or non-reducing
end processively, releasing N, N’-diacetylchitobioses successively, while remaining attached to the
substrate. Interestingly, it is always the second and not the first glycosidic 3-(1,4)-link that is attacked
by exo-chitinases, thereby releasing chitobiose blocks. Another type of exo-acting enzyme would
be the 3-N-acetylhexosaminidases, which hydrolyse soluble oligomeric degradation products of
endo-chitinases into monomeric GIcNAc, targeting the non-reducing end [51]. As their name implies,
they catalyse the hydrolysis of hexoses in both gluco- and galacto-configurations [52]. Data suggest
that the exo-processing manner of some chitinases is connected to the inaccessibility of crystalline chitin
micro-fibrils rather than the enzyme architecture per se, potentially making obsolete the definition by
means of product length. Sikorski et al. showed with the example of Serratia marcescens chitinases A
and B (smChiA and smChiB)—two enzymes thought to be exo-chitinases—how, through repositioning
of the ‘roof” in the tunnel-like substrate binding groove, the substrate chitosan could be processed in
endo-fashion by the same enzymes [53].

4.1.3. Chitinases with Transglycosylation Capabilities

Intriguingly, several chitinases of family 18 were discovered in the recent past that are capable
of not only breaking glycosidic bonds in chitin but likewise of creating new links between small
polysaccharide fragments, thus producing longer COS with a DP of up to 13. Enzymatically producing
COS with DPs > 4 resembles one of the major limitations currently, since the main products of
chitinases are prevalently either dimeric or monomeric, given that the incubation time is long enough.
However, these higher polymeric COS hold more value for biomedical and other advanced applications
(such as antioxidants with antimicrobial activity in the food and cosmetics industry [30,41,54],
biofungicides [55,56], wound healing-agents [57-59], in gene therapy [60-62], as immuno-stimulants
in tumour therapy [63-65] etc.), while shorter COS can be harnessed for low value products like fish
feed or fertilizer exclusively. The transglycosylation (TG) reaction takes place when a retaining enzyme
induces the transfer of a glycosidic residue instead of a nucleophilic water molecule from a donor to
an acceptor sugar molecule [51,66]. Madhuprakash et al. solved the crystal structure for SpChiD of
Serratia proteamaculans, a chitinase exhibiting both hydrolysis and TG activity. They unravelled how a
13-residue protruding loop in the deep active binding cleft blocked a large number of subsites and
suggested this structural characteristic to be responsible for the TG aptitude [67]. Furthermore, the
majority of dual action mode chitinases seem to exhibit aromatic amino residues in their catalytic site,
suggesting a processive mechanism [67,68]. The exact mechanism of TG events is not fully understood,
however for the catalysis of disaccharides it could be shown that the TG is autocondensation-driven
and has to happen faster than the glycosidic hydrolysis [69]. Consistent evidence from several studies
illustrates how the transfer of COS is dependent on the amount and length of substrate and the
proportion and nature of the enzyme. Hereby an excess amount of substrate appears to be beneficial
for a TG activity, while a surplus of the glycosidase seems to push the reaction equilibrium towards a
predominant hydrolysis agitation [66,68,70].

4.2. Chitosanases

Chitosanases (EC 3.2.1.132) are distributed among the families GH5, GH7, GH8, GH46, GH75,
and GHB80, illustrating their extensive sequence diversities. Another relevant family when talking
about chitosan active enzymes would be GH2 with its exo-1,4-f3-D-glucosaminidases, which hydrolyse
D-glucosamine residues of chitosan and chitosanoligosaccharides from the non-reducing termini
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successively [71,72]. The endochitosanase family members of GH46 have been studied the most
thoroughly, with four crystal structures available and various expression and site-directed mutagenesis
studies to encode their mechanism [73-75]. To generalize, GH46 chitosanases are mainly built
out of a-helices with two globular domains, a minor and major lobe, divided by a deep substrate
binding cleft [76,77]. Hereby their core structure resembles that of the well-studied Escherichia coli
bacteriophage T4 lysozyme (GH24) and to a lesser extent lysozymes belonging to the families GH22,23
and barley chitinases of GH19, in spite of low sequence homology. This catalytic and substrate binding
site is constituted of two a-helices and a three-stranded (3-sheet and has presumably developed
from divergent evolution [78]. Hence, these five aforementioned families are also referred to as the
lysozyme superfamily.

While the families of GH5, 7, and 8 comprise enzymes with several other activities like cellulases,
xylanases, and glucanases, the families of GH46, 75, and 80 consist of chitosanases exclusively, which
are thought to act by an inverting mechanism [79,80]. The inverting reaction mechanism describes
a one-step, single-displacement hydrolysis of a glycosidic bond, which results in the net inversion
of the anomeric configuration, assisted by a general base and general acid in the form of amino
acid side chains [81]. The retaining reaction mechanism on the other hand comprises a two-step,
double-displacement hydrolysis of a glycosidic bond, which results in the net retention of the anomeric
configuration. Analogously, it is also assisted by two amino acid side chains, which act as both acid/base
respectively and nucleophiles to catalyse the process [82]. Both pathways involve oxocarbenium
ion-like transition states, whilst the retaining reaction mechanism also includes an additional covalent
glycosyl-enzyme intermediate.

Chitosanases are further classified into the subclasses I, III, and IV based on their substrate
specificity [83]. All chitosanases share the ability to hydrolyse glycosidic 3-(1,4)-linked GlcN-GIcN,
although the majority are able to recognize either GlcN-GlcNAc (subclass III) or GlcNAc-GlcN
(subclass I) bonds as well, but not both [84,85]. Subclass Il chitosanases are restricted to solely recognising
and cleaving GIcN-GIcN links. Only chitosanases of the subclass IV are by definition able to cleave both
GlcNAc-GleN and GIeN-GlcNAc, as well as GIeN-GlceN [86]. Moreover, chitosanases have in common
an inability to recognize GlcNAc-GIcNAc links in partially acetylated chitosan, although evidence
against the strict distinction between chitinases and chitosanases has been unravelled. Hegsett et al.
found a glycoside hydrolysing enzyme in Streptonyces coelicolor, which they referred to as A3(2), that was
able to cleave GlcN-GIcN, GleNAc-GleN links and—untypically for chitosanases—GlcNAc-GlcNac,
albeit at a much slower rate [87]. Since GIcNAc-GlcNAc and GlcN-GlcNAc dimer products, both
of which had to be the result of two independent cleavage events of the hexamer substrate, were
not detected after prolonged incubation time, two possible explanations persist. Either A3(2) has an
absolute specificity for GlcN subunits at the subsite -2 or it cannot cleave GlcN-GIcNAC links at all.

4.3. Chitin Deacetylases

Chitin deacetylases (CDAs, EC 3.5.1.41) and chitooligosaccharides deacetylases (CODs,
EC 3.5.1.105) are able to de-N-acetylate chitin and COS respectively, hydrolysing their acetamido
groups. They belong to the carbohydrate esterase family 4 (CE4), which also comprises acetyl xylan
esterase, peptidoglycan GlcNAc deacetylase, and peptidoglycan N-acetylmuramic acid deacetylase.
Structurally, these enzymes share a NodB homology domain, named after the NodB oligosaccharide
esterase. The latter is one of the first enzymes to be discovered in the CE4 family, being involved in the
nod factor biosynthesis of synergistic Rhizobium bacteria. The de-N-acetylation reaction mechanism is
proposed to be a nucleophile attack by the conserved Asp-His-His catalytic triad of the CDA on the
carbonyl carbon. To date, five different catalytic motifs of CDAs are known, each containing conserved
histidine and aspartic acid residues [88]. To elucidate in detail, a catalytic water molecule is at first
bound through the metal cofactor Zn2* (in rare cases also Cu?*). Secondly, a proton from this water
molecule is withdrawn by the catalytic base aspartic acid, therefore creating a nucleophile to attack the
carbonyl carbon in the substrate. This results in the intermediate tetrahedral oxyanion, whose negative
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charge is stabilized by the metal cofactor, which is then protonized by the catalytic acid histidine on
the nitrogen [89]. Thereby the free amine group is released alongside an acetate molecule on the zinc.

Living organisms take advantage of CDAs both intracellularly, for instance, fungi like Mucor rouxii

for cell wall morphogenesis or to protect themselves from hostile chitinases [90]; or extracellularly,

as observed in maritime bacteria which secrete the enzymes to convert and hydrolyse crustacean shell
wastes in succession [91]. Interestingly, the CDAs and CODs are not only highly substrate specific,
relying on different recognition patterns, but additionally generate products with specific Do and
P4 [88]. The resulting Dy is hereby dependent on the mechanism of the respective CDA, which can be
one of the following three:

1.

Enzymes with the multiple attack mechanism bind to their respective recognition site in the
polysaccharide chain and process a number of sequential deacetylations, after which they detach
and bind to a different region. In the case of high My, substrate so-called block—copolymer
structures arise, in which several adjacent, consecutive GlcN subunits alternate with regions of
ambiguous D4 or GlcNAc, where the CDA is not active. Shorter polymer chains or COS become
deacetylated entirely [92].

Enzymes following the multiple chain mechanism tightly bind to their recognition site of the
substrate, resulting in an enzyme-polymer complex. In contrast to the multiple attack mechanism,
the complex already dissociates after a single deacetylation reaction, with the enzyme binding
to another recognition site afterwards [93]. For polymeric substrates this results in random
distribution of deacetylated subunits and therefore P . For COS no obvious proposition can be
made, depending on the specific substrate length and involved enzyme; either a full deacetylation
or a specific pattern can be generated. It is of peculiar interest to discover CDAs with new and
unique patterns of deacetylation, since the influence of P on the physio-chemical properties of
paCoOS remains to be further elucidated in detail. Furthermore, the discovery of more CDAs
might also benefit our understanding of their modes of action and in doing so, our ability to tailor
chitin- and chitosan oligomers with defined D and P .

Ultimately, single-chain-acting CDAs are processive enzymes that deacetylate a single substrate
molecule sequentially by means of several catalytic events. Some bacterial CODs, which are
specific for a single position, resulting in mono-deacetylated products (e.g., Rhizobium sp. NodB
or Vibrio sp. CDA and COD) also belong to this group [94]. See Figure 3 for an overview of
enzymatic activities of chitinases, LPMO, CDA and chitosanases towards chitin and chitosan
polymer chains.
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Figure 3. Enzymes with catalytic activity towards chitin and chitosan. The crystal structures of
the chitinase A from Serratia marcescens [95], the lytic polysaccharide monooxygenase (LPMO) from
Bacillus thuringiensis [96], the chitin deacetylase (CDA) from Colletotrichum lindemuthianum [97] and
the chitosanase from Streptomyces sp. N174 [77], derived from the RCSB protein data bank (PDB),
are illustrated as exemplary enzymes of their respective catalytic activity. Red coloured parts are
a-helices, while 3-sheets are indicated by yellow. Chitinases generally hydrolyse the 3-(1,4)-glycosidic
links between two GlcNAc monomers. Their modes of action, amino sequence, and catalytic sites
can vary substantially. LPMOs are copper-dependent enzymes, which cleave chitin by oxidation
of C1 or C4. They can recruit either HyO, or O, as co-substrate and need an external reducing
agent. The NodB-related CDAs hydrolyse the acetamido groups of GIcNAc monomers with a catalytic
water molecule. Each enzyme exhibits specificity for target substrate sequences and creates unique
deacetylation patterns. Chitosanases generally hydrolyse the 3-(1,4)-glycosidic links between two GlcN
monomers with a retaining or inverting mechanism. The specificity towards an additional substrate
besides GIcN-GlcN is common. The figure was created with BioRender.

The fact that carbohydrate esterases are highly inactive on crystalline substrates, preferring soluble
derivatives like glycol chitin, chitosan, or COS/paCQOS, represents a significant drawback to their
applicability in the biotechnological conversion of crustacean shell wastes. Interestingly, this can be
counteracted by the co-application of LPMOs, which cleave polymer chain ends on the surface of
crystalline chitin, as a result enhancing the activity of CDAs [98]. Moreover, several CDAs and CODs
are known to possess a carbohydrate binding module (CBM) fused to their catalytic domain, therefore
increasing the accessibility of the recalcitrant substrate to the active site [99].

4.4. Lytic Polysaccharide Monooxygenases

Lytic polysaccharide monooxygenases (LPMOs, EC 1.14.99.53) are classified into the six auxiliary
activity enzyme AA families 9-16 based on sequence, while chitin-processing LPMOs are distributed
to the groups 10, 11, and 15. These copper enzymes are characterized by the ability to disrupt the
crystalline structure of polymeric polysaccharide substrates by oxidation of the glycosidic link, thus
creating new chain ends for common hydrolases to act upon recalcitrant carbohydrates. They are the
only enzymes known to date to act on recalcitrant polysaccharide, which confers them a key role in
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the utilisation of crustacean shell wastes as a chitin source. Furthermore, all LPMOs share a unique
histidine-brace motif inside the catalytic region, which is located close to the surface, allowing them to
tightly bind a single copper ion by two conserved histidine residues [100,101]. The solvent-exposed
flat architecture of the active site is the reason for the ability of some LPMOs to oxidize the crystalline
lattice structure of insoluble substrates like chitin or cellulose. The structure of the catalytic region
hereby differs amongst different LPMOs, since loops that shape the substrate contact surface are
responsible for conferring substrate specificity and regioselectivity. Both single catalytic domain- and
multidomain proteins have been discovered, mirroring the high substrate promiscuity of LPMOs.
Similar to CDAs, some LPMOs are known to have a C-terminal CBM fused to their catalytic domain
with a short linker, further boosting the substrate specificity and binding affinity [102,103]. Since
LPMOs do not actively cleave glycosidic linkages inside polysaccharide chains, the nomenclature
may be misleading concerning its function, and therefore several researchers proposed the name
polysaccharide monooxygenases (PMOs) instead. The cleavage of the glycosidic bond happens rather
spontaneously, after the strong C—H bond of either C1 or C4 is deprived of one hydrogen atom and
subsequently hydroxylated by the LPMO with O, or H,O, as co-substrate. To increase the binding
affinity to the polysaccharide and to activate the co-substrate, reduction of the active site Cu(Il) to
Cu(I) is required [104]. Depending on the co-substrate and the attacked carbon atom, different reaction
mechanisms occur. Given that the Cl-positioned carbon atom of the glycosidic bond is oxidized,
aldonolactone products occur that hydrate to aldonic acids, while C4 oxidation leads to the formation
of 4-ketoaldose products that hydrate to gem-diol [105-107].

4.4.1. LPMO Mechanisms with O, as Co-substrate

When O;, is utilized to produce an oxidizing species strong enough to hydroxylate the glycosidic
bond, the oxygenase reaction happens regioselectively without inactivation of the enzyme itself [108].
Under absence of substrate and H,O,, the Cu(l) active state LPMO readily reduces dioxygen, thus
generating H,O, while transferring the enzyme in its Cu(II) resting state; this is also referred to as futile
cycle [109]. The addition of polysaccharide influences the reaction kinetics fundamentally, leading to a
coupled hydroxylation reaction of the polysaccharide with O,. Hereby two reaction mechanisms are
proposed: in the first one, the Cu(I) active state LPMO reacts with O, and an additional electron as
well as two additional protons provided by external reductants, ending in the Cu(II) oxidation state
after every cycle. Since the hydrogen atom has to be abstracted before the delivery of the electron and
two protons for this mechanism to work, Cu(II)-O,°* is most likely the oxidizing species [110,111].
In the second mechanism, one external electron donor is necessary again to render the LPMO in its
Cu(l) catalytic state initially. Thereafter, two electrons and protons have to be provided, which leads
to the heterolytical cleavage of the O-O bond in the dioxygen co-substrate and as a consequence,
the formation of a Cu(II)-oxyl oxidizing species (Cu(I)-O®). Following the hydroxylation of the
polysaccharide, the Cu(I)-state enzyme is regenerated, ready for another monooxygenase reaction
cycle [112].

4.4.2. LPMO Mechanisms with H,O, as Co-substrate

A study indicated that H,O,, and not molecular oxygen, is the preferred co-substrate of LPMOs
in a peroxidase reaction with polysaccharides [113], with a 26-fold faster reaction speed and the
ability to outcompete O, in the presence of chitin substrate. Contradictive arguments would be the
non-regioselective oxidation mode of polysaccharide chains in presence of H,O, in addition to the
inactivation of the enzyme itself as result of detrimental self-oxidation events [108,114]. Moreover,
when peroxide was applied to abduct HyO, as co-substrate in an experimental setup of the Neurospora
crassa secretome and a commercial cellulose gel, no negative effect on the hydrolysation could be
observed, thus impeaching its physiological contribution [108]. Interestingly enough, carbohydrates
possess the ability to scavenge HyO,, which could explain the undirected oxidation of glycosidic
bonds, while at the same time ameliorating self-inactivation of the LPMO when exposed to higher
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than micro-molar concentrations of HyO,, which they can resist. Hereby the correct ratio of H,O; to
saturating amounts of substrate are of utmost importance to guarantee a sustainable processivity, since
the LPMOs are protected of self-oxidation as long as substrate is bound to the active site [114].
Analogously to the O,-utilizing reaction mechanism, the LPMO catalytic centre has to be
pre-reduced into its Cu(I) oxidation state when harnessing H,O, as co-substrate. Promising candidates
for external electron donors of bacterial PMSOs are oxidoreductases or other redox-active enzymes [115].
Since HyO; constitutes a two-electron reduced O, species, no additional external electron source is
required after the initial priming reduction to regenerate the Cu(I)-LPMO after each catalytic cycle.
The reactivity of HyO, might rely on the same Cu-oxyl oxidizing species as that with O, omitting a
Cu(II)-OOH intermediate. Computational evidence supports a Fenton chemistry-like production of
°OH radicals as means of Cu-oxyl intermediate formation [116], while the heterolytic cleavage of the
0O-Obond of a Cu(I)-OOH intermediate has also been proposed as alternative pathway [108]. Recently a
copper-dependent particulate methane monooxygenase (pMMO), involved in the methane-to-methanol
oxidation, was found to have a similar active site architecture and potential mechanism as LPMOs [117],
representing another stepping stone in deciphering the highly interesting class of auxiliary enzymes.

5. Pretreatment of Native Chitin and COS Synthesis

The central constriction of straightforward COS synthesis from native chitin is its crystalline
tertiary structure, resulting from the parallel or anti-parallel packaging of single saccharide chains,
which again are ordered as a micro-fibril superstructure. As a consequence, most chitinolytic enzymes
can barely access and thus catalyse the recalcitrant substrate, making a pretreatment inevitable. For
research purposes, e.g., screening for chitinolytic microorganisms or enzymatic activity assays, it is
a common practice to prepare either so-called colloidal chitin (CC) or swollen chitin by means of
hydrochloric acid or phosphoric acid treatment, respectively, to increase the substrate surface and
solubility. For large-scale industrial purposes on the other hand, this is neither economically nor
environmentally feasible. Several endeavours have been undertaken to overcome this hurdle, ranging
from physical and mechanical to chemical and lastly, biotechnological pathways.

5.1. Physical Pretreatment Methods and COS Synthesis

The most obvious method would be the mechanical grinding of crustacean shell wastes, which as
a matter of fact represents the starting point of processing, whether it is chemical or biotechnological.
In doing so, reliable removal of minerals and meat residues is ensured. However, experience has
shown that this method alone is not sufficient for common chitinases to hydrolyse the rigid substrate
flakes. To advance the general idea of a mechano-chemical breakdown, Nakagawa et al. developed
a “converge” ball mill, generating fine chitin particles with reduced crystallinity, which they could
convert afterwards into GIcNAc or GIcNAc, by means of commercial enzyme mixes with high
efficiency [118]. When chitosan is depolymerised in aqueous solution to obtain paCOS, salt formation
is inevitable, diminishing the range of applications. This particular drawback can be circumvented by
mechano-chemical grinding prior to enzymatic conversion [119].

Other studies examined the effects of gamma irradiation, microwaving, steam explosion, and
low ultra-frequency sonification on the structures of chitin and chitosan. These physical approaches
predominantly lead to partially depolymerised polysaccharide chains with a hardly controllable range
of product My, herein often times short COS with low DP (1-4), while consuming large amounts of
energy or right-out damaging the structural integrity of chitin oligomers, rendering them inconvenient
for industrial mass production [120-125] chemical chitin pretreatment.

Since the chemicals, which are deployed to both extract and successively convert chitin into
chitosan (50% NaOH at high temperatures for several hours) and lastly process it into paCOS (35% HCl
at 80 °C for short amount of time), are very strong bases and acids, no additional pretreatment is applied
on an industrial level. In a chemoenzymatic approach, chitin will be processed with phosphoric acid
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into swollen chitin or hydrochloric acid into colloidal chitin to increase the accessibility and solubility
for a following enzymatic degradation into COS.

Recent studies investigated the chemical pretreatment of chitin by means of so-called ionic liquids
(ILs), salts with a melting point below 100 °C and natural deep eutectic solvents (NADES), which
consist of quaternary ammonium salts with a hydrogen bond donor-like amines or carboxylic acids.
Both of these solvents have a low vapour pressure, rendering them inflammable, and are chemically
inert, reusable, and stable. However, IL are more expensive and toxic in comparison to the biologically
degradable NADES, which are assembled of primary plant metabolites (amino acids, sugars, and
carboxylic acids) occurring in the tissue of living organisms [126-129]. Interestingly enough, ILs
can solubilise polysaccharides into a hydrogel-like amorphous substance without decreasing the DP,
therefore increasing the amount of enzyme binding sites presented and overall conversion rate up
to 90-fold as shown for cellulose [130]. Zhu et al could extract chitin directly from lobster shells
catalysed by NADES consisting of mixtures of choline chloride (vitamin Bs) and mild carboxylic acids
like malonic and lactic acid in different ratios, obtaining a 20% yield [131,132]. Two subgroups with
different degrees of crystallinity of the resulting chitin could be distinguished, both of which projected
a porous structure. These results are promising, albeit no further investigations have been conducted
so far to our knowledge into what extent chitinase activity is enhanced on NADES-pretreated substrate.

5.2. Chemical COS Synthesis

The chemical hydrolysis of chitin and chitosan has been examined thoroughly with various acids,
among them hydrochloric acid, nitrous acid, phosphorous acid, sulphuric acid, lactic acid, formic acid,
and trichloroacetic acid [35,133-136]. Additionally, reductive oxidants like hydrogen peroxide and
potassium persulfate were applied to obtain water-soluble chitin derivatives [137,138].

Einbu and colleagues unraveled the acidic hydrolysis mechanism of HCl in detail, distinguishing
between three general steps of depolymerisation, monomer production, and deacetylation, eventually
yielding GlcN and acetic acid. Hydrochloric acid breaks GIcNAc-GIcN and GlcNAc-GleNAc
glycosidic bonds two to three orders of magnitudes faster compared to GlIcN-GIcNAc and GleN-GlcN
links [34,133]. Possible explanations involve (a) the protective effect of the positively charged
amino-group of GIcN against the protonation of the glycosidic oxygen and (b) the stabilisation
of the oxocarbenium transition state by the N-acetyl group of GIcNAc. The initial enzyme hydrolysis
rate is furthermore highly dependent on the substrate D5 and increases proportionally to a higher
Fa, while decreasing at longer reaction times due to deacetylation. The same study revealed how
the degradation and accompanying N-deacetylation of chitosan took place in comparable rates in a
diluted 3 M HCl solution, while the hydrolysis rate of glycosidic linkages was ten-fold faster than the
rate of deacetylation in highly concentrated 12 M HCL. Trombotto et al. [139] were able to produce a
homogenous series of chitosan-oligomers with a DP of 2-12 and a Da between 0-90% by a two-step
procedure: (i) the acid hydrolysis of fully de-N-acetylated chitosan (D, 0) into COS of various DP
and, after selective precipitations, (ii) the partial re-N-acetylation of those well-defined chito-oligomers
dissolved in HyO/MeOH (50% each) with the addition of stoichiometric amounts of acetic anhydride
(Acp0) to obtain the expected Da.

Nonetheless, severe drawbacks for the chemical processing of COS remain, such as a wide DP
range of resulting COS, including secondary compounds that are cumbersome to isolate, low yields,
prevalent monomeric (low quality) products, residual acidity, and resulting toxicity of waste products,
potential structural alterations of products, and high costs [35,36,140].

5.3. Biotechnological Chitin Pretreatment

To meet the challenge of the recalcitrant 3-D structure of chitin fibrils in a more sustainable way,
enzymatic and fermentation pretreatments are the techniques of choice.

As alluded above, LPMOs may facilitate chitin hydrolysis through oxidation of crystalline chitin,
therefore increasing the accessibility for chitinases. This synergistic effect represents untapped potential
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as a chitin pretreatment method for COS production, preferably in a one-pot approach. The focus of
most studies was to discover new enzymes and to understand the mechanisms involved in LPMO
substrate oxidation, rather than applying the AA family members in large-scale chitin conversion
experiments. For lignocellulose containing substrates like wheat straw, corn stover, poplar, and wood,
several research groups illustrated how the addition of LPMOs to commercial cellulolytic cocktails
increased the saccharification yield by around 20-30% in average, given that oxygen and sufficient
reducing agents to drive the reaction were present [109,141,142].

Wang and colleagues pretreated crab shells mechanically, on the one hand obtaining crude
(600 um) and ultramicro grinded (100 um) particles, and on the other hand with an additional Alcalase
2.4L FG commercial protease mix [143]. Unfortunately, only the fine particles hereby received this
treatment. Further enzymatic hydrolysis with the heterologously expressed Bacillus subtilis subsp.
Niger chitinase BsChi were shown to be enhanced by 242%, in comparison to untreated substrate and
mechanically treated crab shells (only 81% improvement).

Zhang et al. fermented chitin powder with Chitinolyticbacter meiyuanensis SYBC-H1 prior to
hydrolysis and observed a transformation of the crystalline substrate towards a fleecy, fiber-like
structure with diameters ranging from 10-200 nm [144]. Moreover, the reduction of the M, and
crystallinity was supported by X-ray diffraction and size exclusion chromatography analysis. When
applying 8 U of purified Chitinolyticbacter meiyuanensis SYBC-H1 chitinase to a 50 mL reaction system
with 20 g L™! of the amorphous, self-proclaimed CBF chitin, 19.2 g L™ of monomeric GlcNAc was
obtained with a yield of 96% within 6 h.

5.4. Biotechnological COS Synthesis

Biologically active COS or paCOS can be produced enzymatically through (1) depolymerisation
of pretreated chitin or regular chitosan with the corresponding glycosidic hydrolases chitinase and
chitosanase. This yields mainly trimeric to monomeric glucosamines eventually, while statistical
mixtures of higher DP product are obtained through the modulation of incubation time in the case of
chitin [80]. Enzymatic degradation of partially acetylated chitosan polymers, however, tends to attain
longer paCOS with mixed P, Da, and DP and a higher likelihood of bioactivity [34,145]. (2) In vitro
polymerisation of chito-oligomers using hydrolases with transglycosylating activity, resulting in
high DP COS [146,147]. (3) De- or re-N-acetylation of chitooligosaccharides, deploying chitin- or
chitooligosaccharide-deacetylases to introduce specific P4 and Dy of choice [94,145], or (4) in-vitro
synthesis of defined chito-oligomers with a heterologous system, expressing chitinsynthases and CDA
from fungi [148].

Chitinolytic enzymes have a high substrate subsite specificity and clearly defined catalytic activity,
yielding partially defined products in a controlled reaction with less undesired by-products, contrary
to acidic hydrolysis. Glycosyl hydrolases of the family 18, for instance, need an acetylated GleNAc unit
at the -1 subsite of the enzyme in order for them to break the glycosidic linkage of a GIcNAc but not
GIcN unit, always resulting in a paCOS product with a GIcNAc at its reducing end [47,80]. A whole
cluster of amino residues is involved in binding the long substrate polymers to the active enzyme site.
The enzymatic cleavage of the glycosidic bond is defined to happen between the amino residues -1 and
+1 of the active site, -n indicates the non-reducing end, whereas +n marks the reducing sugar end [149].

Pantaleone et al. showed furthermore, that chitosan is susceptible to a broad range of unspecific
hydrolases, among them glycanases, proteases, lipases, and a tannase derived from various sources [150].
Other studies have successfully employed papain, pectinases, 3-glucosidase, and cocktails containg
a-amylase, proteinase, and protease [151-154]. Although hydrolytic activities towards chitosan might
be caused by contaminations with chitosanases, and a rather large range of paCOS is obtained that
way, crude enzyme mixes might represent economically feasible tools to produce chitosan-oligomers.

238



Mar. Drugs 2020, 18,93

6. Quantitative and Qualitative Separation of COS Mixtures

The biological activity of COS is the sum of their structural properties, like My, DP, D, F5, and Pa.
Hence, the separation of hetero-chitooligomer mixtures according to their DP and single COS content
are mandatory when trying to meet the high-quality standards necessary for biomedical applications
and research. Additional qualitative analysis methods determining the secondary structural properties
of COS, like Dp and Py, are key in understanding their effect mechanism.

Various procedures have been employed to recover and purify COS of common DP, amongst
them gelfitration [155], ultrafiltration [156], and capillary electrophoresis (CE) with a laser-induced
fluorescence detector [157]. The underlying principle of CE is that the amount of COS monomers
present in acidic aqueous solution has an impact on the electrophoretic mobility. Although only
small amounts of samples (5 M) are required for high resolution analysis, the high material costs
and the time-consuming process of derivatization with the fluorescence marker limit its large scale
application severely. Nanofiltration has moreover been reported to distinguish between COS with a
DP of 6-8 [158].

Chromatographic methods comprise immobilised metal anion chromatography for short COS
with a DP of up to 4 (IMAC) [159], high-performance liquid chromatography (HPLC) with various
detectors [157,160,161], and hydrophilic interaction chromatography (HILIC) coupled with an
evaporative light-scattering detector (ELSD) [162]. Size-exclusion chromatography was successfully
used to separate COS with a similar DP of -20 according to their length, independent from their Dp and
P4, chaining SuperDex30 (GE Healthcare) columns and is typically the method of choice [163]. Aside
from that, Ion-exchange chromatography (IEX) or cation-exchange chromatography can be applied to
separate COS because the positively charged amino groups of deacetylated sugars interact with the
negatively charged ion-exchange column packing material [164]. Further, hydrophilic interaction/weak
cation-exchange mixed-mode chromatography (HILIC/WCX) [165] and mass spectroscopy coupled with
a hybrid Q-TOF analyser [166] have been deployed. Animmobilized lysozyme affinity chromatography,
targeting the acetyl-group, proved useful in separating fully de-N-acetylated chitosan fragments with
an average DP of 22 [167]. Continuous chromatography application or up-scaling is restricted by the
necessity of column packing cleaning in between measurements, small analyte amounts at a time, and
high production costs.

HPLC is probably the most frequently applied analysis method to gain structural insights of COS.
Due to the acetyl group, a UV-light detector can be used to quantify GIcNAc units through monitoring
of the absorbance rate at around 210 nm with an amino column [168], a reversed-phase column [169], or
a carbohydrate column [170,171]. Chitosan-derived COS with a high D can only be analysed by this
method if the analytes are derivatized with a chromophore in a strenuous process, since an absorbing
element would be missing otherwise [172]. Alternatively to UV-light detectors, refractive index (RI)
detectors typically coupled to amino columns [155] or size-exclusion columns [133] are resorted to,
since they are able to identify both GlcN and GlcNAc subunits. Drawbacks of this methods are a low
sensitivity and the inability to be employed for gradient-chromatography; furthermore, due to the
high polarity of COS, the retention interaction with column material is rather weak and expensive
equipment and solvents are generally required for HPLC. Further, the resolution decreases with the
increase of COS chain length.

HILIC represents a method to separate compounds according to their polarity and is especially
suitable for carbohydrates. Jiang et al developed an effective COS separation method with a
stationary maltose-bond HILIC phase but recognized the impracticability of this method for large-scale
applications due to the low solubility of high M,, COS in organic solvents [173]. Dong et al. developed
a mixed HILIC/WCX approach, however, especially when analysing COS with high DP, the resolution
of cation-exchange columns became increasingly inaccurate [165,173].

High performance anionic exchange chromatography with pulsed amperometric detection
(HAPAEC PAD) was validated as a sensitive tool to distinguish de-N-acetylated glucosamines with
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DP 1-6 rapidly and with low sample concentrations [171]. Nevertheless, no reliable predictions can be
made for acetylated glucosamines or COS above DP 6 with this technique.

Hamer et al. introduced novel P, into (GlcNAc)s with two deacetylases and were able to illustrate
this by means of UHPLC coupled to an evaporative light-scattering detector (ELSD) and an electrospray
ionization mass spectrometry (ESI-MS detector) [174].

To confirm the existence of an acetyl group or rather, a lack thereof, at the reducing and
non-reducing sugar ends, as well as neighbouring variants, nuclear magnetic resonance (NMR) is
employed. Studies have made use of both 'H NMR [92,133] and 3*C NMR [7,175] to obtain sequence
information of short COS of up to DP 5. Since the acquired information is merely limited to the average
frequency of diads and triads, no definitive structure for COS mixtures can be obtained.

The matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF
MS) is another common method to identify COS according to their mass and charge of ions [139,176,177].
Besides the DP itself, information about the residue distribution within chito-oligomers of consistent
DP can be derived as a function of Dp [139,177].

Recently Jiang et al. reported the development of two inexpensive, accurate, and easy to perform
methods to determine the Dp, namely an acid-base titration with bromocresol green in addition to a
first-order derivative UV spectroscopy. The viability of their methods was supported furthermore by
the comparison with TH NMR [178].

An overview of both the preparative and analytical methods is provided in Table S1 and Table
S2, respectively.

7. Perspectives and Conclusions

Despite substantial advancements in the field of biotechnological conversion of chitin in the last
decades, chemical approaches reign supreme over enzymatic approaches on an industrial level. Green
technologies are held back by excessive production costs of high-quality enzymes and the lower yields
in comparison to chemical means of processing. The high crystallinity levels of native chitin in aqueous
solution pose an addition challenge that requires a more sustainable pretreatment strategy in the
long term. While some processive-acting chitinases, e.g., from the well-understood model organism
S. marcescens, can depolymerise crystalline chitin, this ability comes with the cost of low conversion
rates [50].

To overcome low yields, one promising route is to genetically engineer and thus optimize
chitinolytic enzymes. Limoén et al. illustrated how the fusion of a cellulose-binding domain to the
fungal Trichoderma harzianum chitinases Chit33 and Chit42, respectively, increased the substrate-binding
capacities which led to higher depolymerisation rates and anti-fungal activities [179,180]. Following
studies deepened our understanding of the importance of carbohydrate-binding domains and
enzyme-substrate interaction strength for the conversion of recalcitrant chitin [181-183].

Directed evolution has also been identified as an efficient method to generate chitinases with
enhanced properties. Through error-prone PCR and DNA shuffling, mutant gene libraries are
assembled and sequentially screened for chitinolytic activity. Fan et al. targeted the fungal Beauveria
bassiana chitinase Bbchitl using this method. Unexpectedly, they observed higher conversion rates
for two Bbchitl variants with point mutations outside the enzymatic substrate binding site [184].
Songsiriritthigul et al. proceeded similarly by mutant library construction and DNA shuffling of two
chitinase genes from B. licheniformis with 99% identical sequence, obtaining one mutant with up to
2.7-fold improved activity towards colloidal chitin in comparison to wild-type variants, depending on
pH [185].

A successful COS in vitro synthesis will most likely consist of several different enzymes combined,
yet the complex enzymatic interactions of such a multi-step approach is still poorly understood
and has to be further elucidated. Mekasha et al. examined the optimal enzyme ratios of a five
mono-component cocktail for the complete saccharification of shrimp and crab chitins in their
pioneering work. The cocktail incorporated the S. marcescens chitinases SmChitA, SmChitB, and
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SmChitC, a LPMO, and a 3-N-acetylhexosaminidase [186]. The optimised cocktail yielded significantly
higher chitin saccharification yields (70%) in comparison to a minimal SmChitA and SmChitB cocktail
(40%). Moreover, different SmChitB to SmChitC ratios turned out to be beneficial for effective
hydrolysation of the respective shrimp or crab chitins, while the SmChitA content of 40% was shared
between both optimised cocktails. Further investigations into synergistic kinetics of chitin-targeting
enzymes will be critical in developing a method to produce COS directly from crustacean shell
wastes. One cannot emphasize enough the utmost importance of LPMOs for the degradation of
crystalline chitin sources in the future, as they might represent the key protein class to solve both
issues of recalcitrant substrate pretreatment and low efficiency of chitinases at the same time in a
sustainable manner.

Intensive research efforts of the recent past allowed discovery of more chitinolytic enzymes,
which also led to an increased understanding of their modes of action. As a result a new sort of novel
class of chitinases has emerged—broad-specificity chitinases, which might contribute a lot to the cost
reduction [187]. At present, only eight enzymes are reported to exhibit two to three different modes of
chitin processing at the same time (with exochitinase, endochitinase, and 3-N-acetylhexosaminidase
activity being the different options). These can be categorised into single catalytic domain and
multi-catalytic domain chitinases. Hence, either one catalytic site is able to perform multiple catalytic
activities or several catalytic regions with distinct action modes toward chitin exist. In line with
these findings, Hegsett et al. reported the Streptomyces coelicolor chitosanase A3(2) with potential
activity towards all 3-1,4-O-glycosidic linkages [87]. Further understanding of the mechanisms of
broad-specificity glycosyl hydrolases like these might render the application of several abundant
enzymes obsolete, therefore reducing production costs dramatically. To complicate things even more,
chitinases of the GH18 family with secondary transglycosylating activities have been unravelled.
Since COS production with the support of crude enzyme mixes or chitinases results in mostly small
DP 1-3 fragments, TG-chitinases coupled with chitin deacetylases (CDA) might pose the missing
link in recovering paCOS with higher M, and a P and Dp of choice out of GlcNAc. Martinez
et al. were able to supress the chitinolytic activity of a fungal Trichoderma atroviride chitinase with
TG capabilities through site-directed mutagenesis [188]. This effort solved the persistent issue of
product self-hydrolysation and represents an interesting new tool for COS engineering, as the in vitro
polymerisation of longer chitin- and chitosan-oligomers circumvents the complex high DP COS
production through hydrolases.

Another method, which was largely neglected with few exceptions [189,190], is the solid state
fermentation. A recent study indicated that nearly dry conditions might be beneficial for the enzyme
activity of chitinases, as this mirrors natural conditions for terrestrial chitinolytic organisms [189].
Therien and colleagues developed a self-proclaimed RAging method, in which they alternated between
ball-mill grinding of shrimp and crab shells already containing a commercial chitinase mix, with resting
periods at 45 °C for 20 times. Only those with diluted acetic-acid-pretreated chitin sources could be
converted into GlcNAc with a conversion rate of at least 40% without the necessity of solvents.

Lastly, the center of attention has revolved around aerobic glycosyl hydrolase producers for a
long time, while anaerobic organisms represent mainly unknown territory to date. This is despite the
fact that aeration in industrial large-scale fermentations has to be carefully monitored and represents a
cost factor, while very promising studies with anaerobic fermentations have been conducted [20] and
the role of maritime organisms for the natural recycling of crustacean wastes is undisputed [191].

With the recent findings of more and more chitin-directed enzyme classes like TG-chitinases, broad
specificity chitinases and chitosanases, LMPO, CDA, and COD, paired with an increased understanding
of their mechanisms in addition to the development of cheap and easy analysis methods for COS [178],
all parts of the puzzle seem to be complete. The last stepping stone for the sustainable conversion of
natural chitin waste streams is to piece all these puzzles pieces together into a method that is suitable for
large-scale applications. Regarding product specificity and quality, enzymatic approaches surpassed
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chemical means of chitin processing years ago, and the economic reasons that prevent the prevalent
application of biotechnological methods in the industry might be resolved in the near future.
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Abstract: Chitin and its derivative chitosan are popular constituents in wound-treatment technologies
due to their nanoscale fibrous morphology and attractive biomedical properties that accelerate healing
and reduce scarring. These abundant natural polymers found in arthropod exoskeletons and fungal
cell walls affect almost every phase of the healing process, acting as hemostatic and antibacterial agents
that also support cell proliferation and attachment. However, key differences exist in the structure,
properties, processing, and associated polymers of fungal and arthropod chitin, affecting their
respective application to wound treatment. High purity crustacean-derived chitin and chitosan have
been widely investigated for wound-treatment applications, with research incorporating chemically
modified chitosan derivatives and advanced nanocomposite dressings utilizing biocompatible
additives, such as natural polysaccharides, mineral clays, and metal nanoparticles used to achieve
excellent mechanical and biomedical properties. Conversely, fungi-derived chitin is covalently
decorated with 3-glucan and has received less research interest despite its mass production potential,
simple extraction process, variations in chitin and associated polymer content, and the established
healing properties of fungal exopolysaccharides. This review investigates the proven biomedical
properties of both fungal- and crustacean-derived chitin and chitosan, their healing mechanisms,
and their potential to advance modern wound-treatment methods through further research and
practical application.

Keywords: chitin; chitosan; wound treatment; derivatization; nanocomposites

1. Introduction

Accidents or diseases resulting in skin damage are a commonplace occurrence in everyday
life, making wound dressings a critical element of modern healthcare [1]. Wound dressings are
typically porous in nature, with good barrier properties and oxygen permeability, and assist healing by
preventing bleeding, absorbing excess exudates, keeping wounds moist, and protecting them from the
environment [2,3]. However, issues with conventional dressings, such as irritation after prolonged use,
poor compatibility with wounds, and a lack of effectiveness in the treatment of chronic wounds, such
as severe burns, diabetic wounds, and ulcers, necessitates improved wound-dressing technologies that
are biocompatible, actively accelerate healing, and exhibit antibacterial and antifungal activity [4,5].
Use of nontoxic and antibacterial biological polymeric nanofibers, such as chitin and bacterial
cellulose, in wound-dressing technologies has subsequently received significant attention. Nanofibers
are particularly well suited to wound-dressing research due to their high surface-area-to-volume
ratio, porosity, pore size distribution, and morphology, which mirror the skin’s natural extracellular
matrix, promoting cell adhesion and proliferation [3,6]. Chitin, a linear macromolecule composed
of N-acetylglucosamine, and its derivative chitosan are among the most popular nanofibers used in
wound-dressing research [1]. Naturally occurring in arthropod exoskeletons, mollusks, and fungi,
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chitin is one of the most abundant organic polymers on Earth and is easily extracted from these
natural sources by using a mild alkaline treatment, the concentration of which can be increased if
desired to produce chitosan, the deacetylated derivative of chitin [7]. Both chitin and chitosan exhibit
properties beneficial to wound-dressing applications, including biocompatibility, biodegradability,
hemostatic activity, healing acceleration, nontoxicity, adsorption, and anti-infection properties [1,3].
However, significant differences exist in the structure, properties, processing, and associated polymers
of animal- and fungi-derived chitin, which have influenced their application in wound-dressing
research, respectively. This review aims to investigate the key differences between animal and
fungal chitin and the mechanisms through which chitin and chitosan assist wound healing, before
examining the historical and current application of these chitin and chitosan variants to wound-dressing
research. Advanced wound-dressing technologies utilizing chemically modified chitin and chitosan
and nanocomposite architectures are also addressed, as well as the future potential of these chitin types
in wound treatment.

2. Differences between Crustacean and Fungal Chitin

Chitin is one of the most abundant organic polymers on Earth, constituting the structural
component of arthropod exoskeletons, mollusk radula, cephalopod endoskeletons, fungal cell walls,
and fish and lissamphibian scales [8]. The largest source of chitin globally is suggested to be
Zooplankton cuticles, with an estimated 379 million tons of Antarctic krill available worldwide [9,10].
However, fishing these tiny organisms is not commercially viable, and, subsequently, shellfish industry
wastes, such as shrimp, crab, and lobster shells with chitin contents of 8-40%, are the main source
of industrial chitin [11-13] (Table 1). Fungi provide an alternative source of chitin and, despite
having lower chitin content than crustaceans (10-26% as a chitin-f3-glucan complex), are experiencing
increasing academic and commercial interest [14,15]. Unlike crustacean chitin, fungal chitin is not
limited by seasonal and regional variation and does not require the aggressive acid treatment that
crustacean chitin does for purification and demineralization, to remove calcium carbonate and other
minerals [15,16]. It also supplements the rigid chitin structure with more pliable branched 3-glucan,
yielding a native nanocomposite architecture that can provide both strong and tough fiber networks
when extracted [15,17].

Table 1. Polymorphs and examples of chitin sources with their respective chitinous constituent dry
weight (d.wt.) compared to total source mass, chitin contents, and other major organic and inorganic
constituents listed. Data from [14,18-30].

Polymorph Sources Chitin Content Other Major Constituents
8 Crustacean shells (chitinous shell up to 50% of crustacean d.wt.)
Lobster 16-23%
Crab 25-30% 20-60% calcium or magnesium carbonate, 20-40% protein
Krill 34-49%
Insect cuticles (chitinous cuticle up to 50% of insect d.wt.)
Cockroach 18-38%
Butterfly 22-64% 20-50% protein, minerals, pigments and fat
Silkworm 20-44%
Fungal cell walls (chitin—glucan nanofibers up to 26% of fungal biomass d.wt.)
Mushrooms 8-43%
; 350,
M};C;l;l:m 51_3350 /f 50-60% [3-glucan, protein
Mold 8-27%
8] Squid pen 31-49% . .
Sea tube worms 25299 Proteins and minerals

Both crustacean and fungal chitin have a similar molecular structure to cellulose, which is the
structural component of the primary cell wall of all green plants, algae, and oomycetes. The main
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difference between cellulose and chitin is the replacement of the C2 hydroxyl group of cellulose with
an acetamide group, which can be deacetylated to obtain chitosan (Figure 1). Two major polymorphic
forms of chitin exist, « and 3, with «-chitin the most common polymorph for both crustacean and
fungal chitin and f-chitin occurring only in squid pen, sea tube worms, and some algae (centric
diatom) [19].

OH

(a) cellulose (b)  chitin (c)  chitosan
Figure 1. Molecular structures of (a) cellulose, (b) chitin, and (c) chitosan.

However, key differences exist between crustacean and fungal chitin. Crustacean chitin normally
has minimal residual protein and binds with sclerotized proteins and minerals, whereas fungal chitin
is associated with other polysaccharides, such as glucan, which can occur in quantities exceeding
the chitin content itself [31]. Crosslinking between chitin and proteins is well established in both
crustacean- and insect-derived chitin, although it is still unclear whether the bridging is partially
covalent in nature, with the low quantity of residual protein present suggesting that there is little
covalent bonding or that the bonds may be cleaved during the chitin extraction process [32-35]. On
the other hand, the linkages between chitin and glucan in fungi have been proven to be covalent in
nature [36-38]. Small differences exist between insoluble glucans in mushrooms, yeast, and hyphae.
However, most commonly, 3-glucan exhibiting a (1—3) backbone and (1—6) branching is associated
with chitin [39]. The location of chitin also varies, being concentrated in the bud scar in yeast and in
the cell wall of most other fungi. Notably, in some fungi, both chitin and chitosan are simultaneously
co-synthesized, a feature unique to the fungal phylum Zygomycota [40,41].

The extraction processes for fungal and crustacean chitin are similar (Figure 2), with both processes
initially requiring the raw material to be washed and homogenized. For fungi, the starting material is
mycelial biomass or fruiting bodies, while for crustaceans, it is their shells.

Fungal chitin sources are generally easily homogenized using a kitchen blender [42], while the
harder and more brittle crustacean shells must be crushed. The high mineral content of crustacean
shells also requires an acidic demineralization step, typically completed by using 1-2 M hydrochloric
acid (HCI) for up to 48 h, although concentrations ranging up to 11 M are possible [43]. This step is
not required when processing fungal chitin. Deproteination is then completed for either fungal or
crustacean chitin in mild alkaline conditions, typically 1 M sodium hydroxide (NaOH), before the final
material is decolorized, using a bleaching step, if desired. Pure chitin is obtained from crustacean
shells as a final product, whereas fungal chitin sources yield a chitin-3-glucan complex following
extraction. Pure chitin can be derived from this complex, if desired, using acid treatments to degrade
the glucan, yielding X-ray diffraction patterns resembling crustacean chitin [44].
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Crustaceans

Wash and
crush

Figure 2. Chitin extraction process for crustacean- and fungi-derived chitin, comprising mechanical
(crushing or blending) and chemical (demineralization, deproteination, and decolorization) treatments.

3. Generation and Properties of Chitosan

Chitosan can be generated from both fungal and crustacean chitin in a simple deacetylation
process, whereby the acetyl group of chitin’s acetamide group is cleaved off under strong alkaline
conditions (Figure 3), typically sodium hydroxide (NaOH), with up to 98% yields possible [45].
Although chitin and chitosan both have useful biomedical properties, including biocompatibility,
biodegradability, hemostatic activity, healing acceleration, nontoxicity, adsorption, and anti-infection
potential [3], chitosan generally receives more scientific attention due to its more useful structure,
which renders it soluble in aqueous acids. Chitosan’s primary amine group can be protonated under
mildly acidic conditions. Conversely, chitin is insoluble in all regular solvents, such as water, organic
solvents, and mild acids or bases, due to the hydrogen bonding associated with the acetyl, amino,
and hydroxyl groups in its polysaccharide chain [19]. Protonated chitosan’s charge also makes it a
bio adhesive, able to bond to negatively charged surfaces, such as mucous membranes, chelate heavy
metal ions, and is biocompatible and biodegradable with superior antibacterial properties to chitin
if hydrated or in the form of a hydrogel [30,46,47]. The primary and secondary hydroxyl groups on
each repeating unit and the amine group of each deacetylated unit are also reactive and are readily
chemically modified to alter the physical and mechanical properties of chitosan [48]. These advantages
provide chitosan with greater processing and biomedical potential than chitin as a component for
wound treatment materials. However, its use in biomedical materials is limited by its poor mechanical
properties. Chitin is strong, with a nanofibril tensile strength of ~1.6-3.0 GPa [49], which results from
hydrogen bonding between the chains of the macromolecules [50]. Conversely, the absence of the acetyl
group, which contributes to hydrogen bond formation in chitin and stabilizes its crystalline structure,
significantly compromises the mechanical properties of chitosan [51]. This makes chitosan alone
mechanically unsuitable for applications that require durability, such as strong films or composites,
despite its significant biomedical potential.

HaC
OH >:0 OH
HN NH,
o
Ho NaOH R HO
o - . (e}
(o] o]
HO
o Ho o
NH NH;,
O=< OH OH
CHy

Figure 3. Reaction scheme for the deacetylation of chitin into chitosan, using sodium hydroxide (NaOH).

256



Mar. Drugs 2020, 18, 64

4. Healing Mechanisms of Chitin and Chitosan

Wound healing is a complex biological process comprising four stages: hemostasis, inflammation,
proliferation, and remodeling [52] (Figure 4). These stages overlap in time [53] and follow a specific
program, which is introduced and modulated by different cell types. Usually this mechanism works
well enough to facilitate rapid repair of damaged skin. However, it does not regenerate the wounded
skin completely, with scaring and loss of hair follicles or sweat glands common in healed skin [54].
Impaired wound healing function and chronic wounds in some patients is also common [52]. One of
the major objectives of wound-healing technologies is to facilitate improved wound healing, tending
toward wound regeneration [53,54]. Chitin and its derivates have been shown to be useful constituents
in wound-dressing materials [55-57] and may potentially contribute to the development of skin
substitutes facilitating skin regeneration since they appear to influence the wound-healing process on
a molecular level.

Q Platelets stick ] Platelets Fibroblasts, Fibroblasts
and accumulate release growth O epithelial & (I remodel the

at wound site factors & endothelial scar by
g Fibrin activates § cytokines _5 cells produce g’ producing
8 binding platelets % Neutrophils & % growth factors =2 E%I}AMQAMPS
g to form a clot £ macrophages o Synthesis of 'g S
£ € engulf bacteria, ¥ ECM & new = Mature scar
[ ® release growth O capillaries o formed
I % factors, o (2

= cytokines &
proteases

Figure 4. The four stages of wound healing (hemostasis, inflammation, proliferation, and remodeling)
with descriptions of associated cellular activities.

The hemostasis phase starts immediately upon injury occurrence and is intended to stop
hemorrhage by forming a fibrin clot [52] (Figure 5), a step which typically depends on platelets [54]. The
formed clot re-establishes a barrier against the outside world and provides an improvised extracellular
matrix, which is needed for cell migration [53]. Chitosan has hemostatic properties, reacting with red
blood cells to form a coagulum [58] (Table 2), and acting independently from the regular coagulation
mechanism, whereas, typically, red blood cells only have a supportive role in the formation of
clots [59]. This improved hemostatic effect was also observed in whole blood, heparinized blood, and
defibrinated blood [58], meaning that chitosan can potentially provide an improved clotting ability
and aid hemostasis [60]. Studies have also been undertaken to assess the effectiveness of chitosan as
a hemostatic in surgical settings, with wounds treated using chitosan exhibiting reduced bleeding
compared to control wounds [61,62]. However, chitosan’s hemostatic effectiveness has not been
compared to other hemostatics, and chitin does not seem to have been investigated as a hemostatic.

Once the hemorrhage has been stopped, the degranulating fibrin clot and surrounding tissue
cells trigger the next stages of healing by releasing cytokines and growth factors, which attract cells to
the wound site [53]. Chitosan may induce a different clotting mechanism, meaning that the healing
process may be altered. This potentially results in a modified healing response, facilitated by the
release of fewer growth factors from the platelets [63]. One of the first cells to respond next are
neutrophils, also called polymorphonuclear neutrophils or PMNs. PMNs clean foreign objects, like dirt
and bacteria, from the wound and remove damaged cells and are one of the main cell types responsible
for inflammation [53]. Both chitin and chitosan have been shown to have a positive chemotactic
effect on canine PMNs [64,65], meaning that they attract PMNs. An in vitro study showed that chitin
has a stronger effect than chitosan [65]. However, chitosan may potentially impact the wound to a
greater extent, as it degrades more slowly than chitin [64]. A similar effect has been observed in bovine
PMN:s [66]. Studies undertaken in dogs also found increased infiltration of PMNs after 3 days in
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wounds treated with chitosan, compared to control wounds, and decreased inflammation after 28 days
in wounds treated using chitin or chitosan [67,68]. This induced increase in PMNs may also improve
wound cleansing and shorten the inflammation stage, potentially providing a positive impact on the
wound healing process. PMNs have also been observed to release pro-inflammatory cytokines, which
may activate surrounding fibroblasts and keratinocytes [54].

Keratinocytes
Growth factors

& cytokines i
= X
Collagen ;
Elastic fibers

Hair follicle

Figure 5. Skin structuring and locations of cells relevant to wound healing. Inset: a representation of a
wound site and cells relating to the hemostasis and inflammation stages of wound healing. Reproduced
with copyright permission from Singer and Clark [53].

Table 2. Cell types, their respective functions in wound healing, and the effect of chitin or chitosan
upon these functions.

Cell Type Function in Wound Healing Effects of Chitin or Chitosan
Red blood cells Supportive role.m fibrin Chitosan forms a coagulum with red blood cells.
clot formation.
Polymorphonuclear Clean wound site of foreign . . .
neutrophils (PMN) particles and cell debris. Chitin and chitosan attract PMNs to wound site.
. Consume dead CEI!S' attract Chitin and chitosan attract macrophages.
fibroblasts, support skin and blood R . X 7
Macrophages . Chitosan stimulates cytokine production
vessel replacement and synthesis
X (TGF-B1, PDGF, IL-1).
of the extracellular matrix.
) Reformation of the dermis and Indirect effect through macrophage cytokines and
Fibroblasts . . . .
synthesis of extracellular matrix. stimulates IL-8 production.
Keratinocytes Reformation of epidermis. Indirect effect through macrophage cytokines.

Macrophages, which consume PMNs [69], become the next dominant leukocyte in the inflammation
stage. Macrophages have been shown to be essential for wound healing, as they have a key role in
transitioning the wound from the inflammation stage to the cell proliferation stage [52,53]. They have
many functions, such as phagocytosis of dead or infected cells, attraction of many cells to the wound
site, and they also support the formation of granulation tissue, blood vessels, and the extracellular
matrix [53]. Defective wound repair has been observed in animals depleted of macrophages [53].
The same study, which showed increased PMN infiltration, also showed macrophages increasingly
infiltrating wounds treated with chitosan in comparison to control wounds [67]. A potential reason
for this may be chitosan-induced activation of a complement called C5, which attracts macrophages
and PMNs [67]. Chitosan has also been shown to increase the mRNA expression and synthesis of
TGEF-p1 (transforming growth factor-beta 1) and PDGF (platelet-derived growth factor) in macrophages
in vitro [70]. Both TGF-31 and PDGF are chemotactic for macrophages and fibroblasts, with TGF-f31
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also affecting keratinocytes, which make up the outermost layer of skin, [54] and PDGF, inducing
fibroblast proliferation and collagen production [70]. It has also been observed that 70% deacylated
chitin increases in vitro [71] and in vivo [72] secretion of IL-1 in macrophages, which affects fibroblast
proliferation [73] and collagen production [67]. Chitosan (over 95% deacylated) on the other hand
shows no effect in vitro [71] and lesser effects than the 70% deacylated chitin in vivo [72].

Fibroblasts, which lay a new skin fundament in the wound, are also a key cell type for wound
healing. They produce the extracellular cell matrix [53], the structure between cells, which consists
mainly of collagen [74]. Collagen plays a key role in scar formation, as excessive collagen deposition
can lead to scars [53]. Insufficient collagen deposition has also been linked to chronic wounds [63].
Therefore, a balance of collagen production and degradation is necessary to ensure full regeneration.
As described above, chitin and chitosan affect the secretion of different cytokines in macrophages,
which in turn affect the proliferation of fibroblasts and collagen production. However, the effect of
chitin and chitosan on fibroblasts is not only indirect in nature, with chitosan inducing increased IL-8
production in fibroblasts [66], a strong chemotactic for PMNs and regulator of keratinocyte migration
and proliferation [73]. Another important role of fibroblasts is the production of the extracellular
cell matrix. In vitro studies have shown no direct effects of chitosan on the fibroblasts producing the
extracellular matrix [66]. However, indirect effects through microphage stimulation, and therefore
fibroblast stimulation, may affect this stage. It has also been hypothesized that chitin and chitosan
could be incorporated into the extracellular matrix, through the use of lysozyme [60], an enzyme
capable of degrading chitin and chitosan.

The effects of molecular weight and degree of deacetylation on the wound-healing potential of
chitin and chitosan have also been studied, albeit to a lesser extent. An in vivo study on incisions in rats
investigated the effect of chitin (300 kDa, <10% deacetylation), chitosan (80 kDa, >80% deacetylation),
and their oligomers and monomers on wound break strength and collagenase activity [75]. The
results showed that wounds treated using chitosan (chitosan, oligomer, and monomer) were stronger
than those treated using chitin. In both cases, treatments using oligomers were associated with
the highest wound break strength, although chitosan had comparable performance, and chitosan
monomers were associated with the highest collagenase activity. A further in vitro study on fibroblasts
investigated differences in healing based on the molecular weight and degree of deacetylation of chitin
and chitosan [76], utilizing chitin with a degree of deacetylation of 37% and molecular weights of 37
and 197 kDa, and chitosan with degrees of deacetylation of 58% and 89% and molecular weights of 12
kDa/194 kDa and 13 kDa/263 kDa, respectively. The results showed that chitosan with a higher degree
of deacetylation had a greater effect on fibroblast proliferation, which was further enhanced at lower
molecular weights.

The molecular weights of the chitin and chitosan used in these studies falls in the
low-molecular-weight range, as both chitin and chitosan can have molecular weights >1000 kDa [77].
However, another in vivo study investigating surgical burns in rats used a broader range of molecular
weights, ranging from 70 to 750 kDa and peaking at 2000 kDa [78]. However, the degree of deacetylation
of each sample was not varied, with a fixed value of 63%, 75%, and 92%, for each respective molecular
weight. The results showed that the 2000 kDa chitosan performed significantly better than the other
molecular weights both in wound contraction and collagenase activity, a result that the author attributed
to its high molecular weight [78]. However, since the degree of deacetylation has a greater effect on
wound healing than the molecular weight in the low-molecular-weight range [75,76], the effects of
different degrees of deacetylation at high molecular weights should also be examined.

It is however clear that chitosan with a higher degree of deacetylation exhibits higher biological
activity than that with a lower degree of deacetylation [75,76]. The effect of molecular weight on
wound healing in the low-molecular-weight range studied (<300 kDa) also seems to be enhanced
at lower molecular weights (<100 kDa). However, since chitin and chitosan can exhibit molecular
weights that fall well outside this range, further studies for higher molecular weights (>300 kDa) are
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required, especially when considering the correlation between the hemostatic activity of chitosan and
higher molecular weights [79].

5. Fungi-Derived Chitin and Chitosan Wound Dressings

Medical applications of fungi date back to ancient times, where it was used as a styptic to stop
bleeding and as a crude precursor to modern antibiotics in the treatment of infections [80-83]. However,
true academic interest in medical materials derived from fungi did not begin until the 1970s, when
the mycelia of several fungal species were investigated as wound-healing accelerants. Prudden et
al. [84] studied the topical application of powdered mycelium from Phycomycetes mucor, Penicillium
notatum, and Aspergillus niger on rat wounds to confirm the healing properties of glucosamine (polymer
units of chitosan), which was thought to be responsible for the healing potential of the cartilage
material historically used in wound treatment [84]. Wounded rat skin treated with powdered mycelium
was found to have a higher tensile strength than untreated or cartilage powder treated wounds as
they healed, with P. mucor associated with the highest skin tensile strengths (Figure 6). In further
investigations, a chitin-f-glucan powder was also produced through NaOH and HCl treatment of
the same mycelium and compared to purified crustacean chitin, again as a topically applied healing
accelerant on rat wounds. Lobster and king crab chitin outperformed the purified mycelium powder;
however, all fungal species except A. niger provided higher skin tensile strength than the cartilage and
shrimp chitin healing agents [85].
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Figure 6. Improvement in the bursting strength (%) of wounds treated using bovine cartilage and
shrimp, crab, lobster, and fungal chitin, compared to an untreated control wound. Data from Balassa
and Prudden [85].

Following these successes, chitin quickly gained popularity academically as a wound-healing
accelerant, with most subsequent work focusing on the healing potential of crustacean chitin. However,
the lower costs and simpler purification of fungal chitin did attract research interest, with further
studies utilizing NaOH and acetic acid purified Aspergillus oryzae, Mucor mucedo, and Phycomyces
blakesleeanus mycelium demonstrating increased cell proliferation in fibroblasts at low concentrations.
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This cell-proliferating effect facilitated through the use of the fungal material was found to correlate
with the chitin or chitosan content of the material, with P. blakesleeanus showing the highest proliferation
at 0.01% and 0.5% w/v. Additionally cell attractant properties were found in P. blakesleeanus and M.
mucedo, which were suggested to assist in wound healing [86].

Commercialization of fungi-derived wound treatment materials occurred in 1997, with a research
group from Taiwan extracting a chitin-polysaccharide mixture from Ganoderma tsugae, comprising
(3-1-3-glucan (~60%) and N-acetylglucosamine (~40%), and creating a weavable skin substitute called
Sacchachitin (Figure 7). This novel wound dressing was tested on rats [56] and Guinea pigs [87],
before being tested in a preliminary clinical trial on two human patients with chronic wounds, in
2005 [55]. Animal studies showed that Sacchachitin improved wound healing significantly compared
to conventional gauze and had comparable performance to Beschitin, a commercially available wound
dressing from crustacean chitin, developed in 1988 [87]. Improvements in healing were also observed
in human trials for chronic wounds open for seven months or longer, with the underlying healing
mechanisms being fibroblast and keratinocyte proliferation and the activity of matrix metalloproteinases
(MMPs) (human cells) [55]. A Sacchachitin nanogel derivative was also produced for the treatment of
corneal burns in rabbits, demonstrating promise with significant increases in cornea cell proliferation
and wound closure stimulation, in addition to enhanced corneal wound healing due to the inhibition
of protein breakdown [88].

Figure 7. SE (scanning electron) micrographs of (A) fibrous and (B) micronized Sacchachitin.
Reproduced from Chen, Lee, Chen, Ho, Lui, Sheu, and Su [88] (open access).

More recently, with the rise of research interest into the wound-treatment potential of purer
crustacean chitin derivatives, academic interest in the medical applications of fungal material has
shifted to the investigation of fungal exopolysaccharides (EPS). EPS are not components of the fungal
intercellular matrix or cell wall, where chitin is typically found, but rather occur on the cell surface or
in the extracellular matrix [89]. Compared to other fungal polysaccharides, they are mass producible
in a short time and easily isolated and purified [89]. Thai studies investigating the EPS of 16 different
native fungal strains identified three strains that were biocompatible with Vero cells, which are primate
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cells resembling fibroblasts, and increased interleukin-8 (IL-8) production in fibroblasts, improving
wound healing [90]. EPS have also been combined with traditional antibacterial agents, such as
ciprofloxacin, to create active-agent-loaded fungi-derived wound dressings [91]. Fungal 3-glucans,
such as lentinan from L. edodes (shiitake), schizophyllan from S. commune (split gill), zymosan from S.
cereviase (baker’s yeast), pleuran from P. ostreatus (oyster), and ganoderan from G. lucidum (reishii), have
also been extensively studied due to the human immune system’s ability to recognize them, promoting
immune stimulation, antibacterial, antitumor, anticancer, and antioxidant properties [92-95]. These
findings, coupled with the varying chitin, chitosan, and polysaccharide profiles of the over 5.1 million
species of fungi in existence [96] and recent advances in fungal material technology [7,14,17,97-101],
suggest that fungi-derived wound treatments warrant further investigation. In particular, the native
chitin--glucan composite architecture of fungal chitin could be utilized to achieve scaffolds exceeding
the mechanical performance of crustacean chitin [17] and novel antibacterial properties resulting
from composite dressings incorporating naturally generated complexes of fungal chitin, chitosan,
B-glucans, and exopolysaccharides could pave the way for new low-cost, natural, and mass-producible
dressing technologies.

6. Crustacean-Derived Chitin and Chitosan Wound Dressings

6.1. Derivatization of Chitin and Chitosan to Improve Solubility and Biomedical Properties

Most research concerning the application of crustacean-derived chitin and chitosan in wound
dressings focuses on either chemical modification (derivatization) or material engineering practices,
such as hybridization or incorporation of chitin or chitosan into nanocomposites, to address the
physical, biomedical, or mechanical shortcomings of each respective polymer. Derivatization often
deals with improving the solubility of chitin and chitosan [102], which typically have low solubility in
common solvents, with chitin being insoluble in water and most organic solvents, and chitosan being
insoluble in most organic solvents and aqueous solutions above pH 6.5. This hinders the processing of
chitin and chitosan and limits their applications. Other goals of derivatization include the addition or
enhancement of existing biomedical properties of chitin or chitosan, such as antibacterial activity [103],
hydrogel formation [104,105], and wound-healing acceleration. The most common derivatizations are
carboxymethylation, which introduces the carboxymethyl functional group, and quaternation, which
converts a tertiary amine to a quaternary ammonium compound; however, other derivatizations are
also possible.

Carboxymethylation of chitin and chitosan is commonly regarded as one of the most useful
derivatizations. Through the addition of the carboxymethyl group to chitin or chitosan, an anionic
functional group (carboxyl) is introduced. This addition makes chitin or chitosan more hydrophilic and
improves solubility, both in water and some organic solvents [106]. Carboxymethylation of chitin and
chitosan is also known to improve biocompatibility and antibacterial properties and can be used to create
hydrogels more effectively [106,107]. The specific properties of a carboxymethylated chitosan depend
on the degree of carboxymethylation and the substituent position of the carboxymethyl group [108].
Four different substituent patterns for chitosan have been reported: O-carboxymethyl chitosan,
N-carboxymethyl chitosan, N,O-carboxymethyl chitosan, and N,N-dicarboxymethyl chitosan [107]
(Figure 8).

Although all of these variants are water-soluble, N,O-carboxymethyl chitosan has better
antibacterial properties than O-carboxymethyl chitosan and unmodified chitosan [109,110]. These
improved antibacterial properties are most likely the reason for the heightened research interest in
N,O-carboxymethyl chitosan. N-carboxymethyl chitosan has been shown to improve wound healing in
mice by inducing production of inflammatory cytokines [108] and N,N-dicarboxymethyl chitosan has
been shown to be associated with bone regeneration by chelating calcium and magnesium [111,112];
however, both substrates have received less attention from the research community.
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Figure 8. Carboxymethylation derivatizations of chitosan generating O-carboxymethyl chitosan,
N-carboxymethyl chitosan, N,O-carboxymethyl chitosan, and N,N-dicarboxymethyl chitosan.

Notably, carboxymethylated chitin or chitosan can be further functionalized through the
introduction of additional substituents to the backbone of the chitin or chitosan structure or the
carboxyl group of the carboxymethyl. Some examples of further functionalization include the addition
of acrylic groups, like 2-hydroxy-3-methacryloyloxypropylate, to the backbone, resulting in a tissue
adhesive utilizable in wound-closure applications [113]. Ethylenediamine can also be introduced at
both 3-OH and 6-OH positions in chitin or chitosan to create 3,6-O-N-acetylethylenediamine modified
chitosan (AEDMCS), which has improved solubility in water over a wide pH range (3—11, compared to
3-6) and exhibits improved antibacterial properties, against both Gram-negative and Gram-positive
bacteria [114]. Further functionalization of carboxymethyl chitin at the carboxyl group also provides
the opportunity to produce improved hydrogels, such as those incorporating tyramine groups. The
phenolic group of tyramine can be enzymatically crosslinked by using horseradish peroxides (HRP),
which can be used to tune hydrogel properties [115].

Quaternization is another popular chitin- and chitosan-derivatization process, which converts
a tertiary amine to a quaternary ammonium compound, enhancing solubility in water and organic
solvents, as well as increasing antibacterial activity [109,116,117]. These improved properties are
associated with the addition of the permanent cationic group RN(CH3);*, with the increased charge
generating a higher polar character in chitin or chitosan and enhancing solubility in polar solvents,
like water and some organic solvents. The leading hypothesis regarding the improved antibacterial
properties of these derivatives is that increases in cationic groups result in interaction with the
negative surface of bacteria, which inhibits bacterial growth [109,116,118,119]. Various substituent
patterns are achievable depending on how chitin or chitosan are derivatized. Chitin’s accessible
position for derivatization is the 6-OH group [120,121]. However, simultaneous quaternization
of the 6-OH and 3-OH positions also seems to be possible and may provide superior antifungal
activity than 6-OH quaternization alone [118]. Conversely, derivatization of chitosan is most readily
achieved through N-quaternization, as the amine group simply needs to be methylated, resulting
in N,N,N-trimethylchitosan (TMC), which exhibits improved solubility and antibacterial properties.
However, the unintended methylation of the OH-groups of chitosan can also accrue under the classical
synthesis route, which may reduce the solubility of the product. Such potential methylation has led to
the creation of O-methylation free TMC synthesis procedures [116]. Other quaternization positions in
chitosan include the 6-OH group and the diquaternization of both N and O positions [119].
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The mechanical properties of chitosan-based wound dressings are also sometimes the focus
of derivatizations utilizing crosslinking. Despite the unsuitability of polyvinyl alcohol (PVA) and
polyvinylpyrrolidone (PVP) hydrogels themselves as wound-dressing materials due to their insufficient
elasticity and limited hydrophilicity [122], they are popular crosslinkers for chitosan-based hydrogels,
to improve their tensile properties [123-126]. Crosslinking with genipin, a chemical compound found
in gardenia fruit extract, is also popular [3,127].

Many other derivatizations of chitin and chitosan are also possible, including sulfonation, which
leads to properties resembling heparin, a blood thinner [128], and phosphorylation, which increases
solubility and antibacterial properties [129]. Introduction of ether groups is also possible, creating
derivatives like hydroxypropyl chitosan, which has antifungal properties against fruit fungi [130], or
hydroxyethyl -chitin (HEC) and hydroxybutyl 3-chitin, which are antibacterial chitin derivatives that
can be turned into gels through heating [131].

6.2. Chitin and Chitosan Nanocomposite Architectures as Wound Dressings

Recent advances in chitin- and chitosan-based wound dressings include polymer, mineral,
and metal additives, rather than utilizing pure chitin or chitosan. These additives are typically
included to improve the mechanical properties, such as tensile strength and modulus, and biomedical
properties, such as antibacterial and antifungal activity of the dressings [1]. However, improvements
in these properties must be achieved without compromising dressing biocompatibility, such as blood
compatibility and cytocompatibility, physical properties, such as porosity and surface area, which affect
cell and fibroblast attachment, and wetting and barrier properties, such as hydrophilicity, water uptake
capacity, oxygen, carbon dioxide, and water vapor transmission rates [124,132]. This is important since
chitin and chitosan themselves are biocompatible and able to be degraded by several enzymes [133],
such as lysozyme in vivo [134]. The degradation rate is governed by the molecular weight and degree
of deacetylation [133,134] of the chitosan with further manipulation based on fiber diameter and mesh
porosity also possible in chitosan fiber-mesh scaffolds [135].

Biocompatible additives include natural polysaccharides, such as cellulose, and mineral clays,
such as the aluminum phyllosilicate clays bentonite and halloysite. These additives are primarily
used as reinforcements to improve the mechanical properties of wound dressings [1], which is
especially important in chitosan-based wound dressings, which suffer from poor tensile strength and
elasticity [132]. Cellulose nanocrystals [127,136] increase the tensile properties of chitosan-based wound
dressings, with the additional possibility of utilizing bacterial cellulose to facilitate amine coupling,
to increase strength rather than conventional impregnation or physical blending methods [137].
Alternatively, chitin itself, which has a high tensile strength and modulus, can be used to reinforce
chitosan, with both chitin nanofibers [132] and nanocrystals [3] improving the tensile strength
of chitosan-based wound dressings. Combinations of chitin and silk fibroin are also popular in
wound-dressing research [138-140], as are combinations of chitosan and sodium alginate, which has
hemostatic and gel-forming properties, keeping the wound moist and preventing fiber entrapment
during removal [141,142]. Use of these fibrous nanomaterials in wound dressings not only improves
tensile strength, but also typically increases surface area, improving fibroblast attachment and
spreading [143], without significantly affecting biocompatibility or barrier properties [3,124].

Minerals, such the aluminum phyllosilicate clays bentonite and halloysite, can alternatively provide
increases in tensile strength [144,145], while additionally increasing glass transition temperature and
enhancing some biomedical wound dressing properties. For example, bentonite clays are nontoxic,
have a high cation-exchange capacity, and provide some degree of antimicrobial activity, while also
being low in cost and abundant [146,147]. Bentonite is very hydrophilic and is subsequently able
to absorb large amounts of wound fluid, increasing the water uptake capacity of dressings and
maintaining the moist environment necessary for wound healing [148]. Halloysite nanotubes are also
popular nanofillers to improve the mechanical properties of wound dressings due to their unique
rod-like structure and hydrophilicity, meaning that they are easily solution-mixed with chitosan in
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aqueous solution, facilitating easy nanocomposite preparation [149-151]. Graphene oxide is also
sometimes included due to its amphiphilicity, high intrinsic strength, and ample oxygen-bearing
groups, in addition to its high surface area, which, like nanofibers, was found to improve fibroblast
attachment and spreading [143].

However, while many additives are included in wound dressings as reinforcement, others serve
purely to enhance the antibacterial properties of the dressing. Metal nanoparticles are popular
additives to chitosan-based wound dressings due to their ability to alter the metabolic activity of
bacteria they encounter, crossing the bacterial membrane and affecting the shape and function of the
cell membrane [143,152] (Figure 9). The presence of these nanoparticles in the metabolic pathway
causes oxidative stress, enzyme inhibition, protein deactivation and altered membrane permeability,
electrolyte balance, and gene expression, which results in microbial death [153]. Most commonly,
silver (Ag), gold (Au), copper (Cu) zinc oxide (ZnO), and titanium dioxide (TiO;) nanoparticles were
incorporated into chitosan-based wound dressings, to enhance antibacterial activity [5,126,154-159].
Ag and Au nanoparticles reduce oxygen molecules, to form reactive intermediates with strong positive
redox potential, such as superoxide and hydroxyl radicals (Ag nanoparticles), and singlet oxygen
(Au nanoparticles). Metal oxides, such as ZnO and TiO,, behave similarly, interacting with water or
hydroxide ions to form hydroxyl radicals, which can be reduced to superoxide. These radicals then
degrade active components governing normal bacterial morphological and physiological function,
providing an antibacterial effect [153]. Similar antibiotic activity has also been investigated by using
honey and antibiotic-loaded chitosan-based wound dressings, but has received less attention than
wound dressings utilizing metal nanoparticles [4,152,160,161].

- Cell wall |
| damage 2 N, Reactive oxygen species

+

Altered membrane

permeability
Ribosomes
\ Disrupted
| ¢ Protein synthesis
£ / o Signal transduction
e Electron transport
Bacterium

Figure 9. Metal nanoparticle interfacing with bacterium and representations of the mechanisms
facilitating microbial death.

7. Human Clinical Trials Utilizing Chitin and Chitosan for Wound Treatment

Commercialization of chitin and chitosan-based wound treatment products, such as Axiostat®,
Beschitin® W, Bexident® Post, Celox®, Chitohem®, HemCon®, Medisorb® R, Surgi shield®, and
SEQUA® San Chitosan, in addition to custom-prepared treatments, have prompted several human
clinical trials of chitin and chitosan for wound-healing applications. These studies predominantly focus
on chitosan and chitosan derivatives for use as wound dressings, gels, powders, films, membranes,
and even mouthwash for oral, nasal, ear, and skin applications, in addition to treatment of ulcers and
serious hemorrhages (Table 3).
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These wound treatments have experienced significant success in oral clinical trials where they
have been used to treat aphthous stomatitis (mouth ulcers), postoperative and tooth extraction wounds.
Chitosan mouthwash (0.5%) reduced aphthous stomatitis pain and ulcer size, exhibiting comparable
performance to Triamcinolone, a corticosteroid product [165]. Similar results could also be achieved
by using a mucoadhesive film [166]. Dental surgery clinical trials also found chitosan-based wound
treatments to significantly shorten bleeding time and improve wound healing for patients undergoing
minor surgery and tooth extractions [167,168]. Clinical trials examining the effect of chitosan on a range
of other wounds also exhibited very promising results, with improved cell adherence, hemostasis
and re-epithelialization [164,171], less itching and sensitivity [171], less exudate and odor [175],
and reductions in wound healing time [170,173], post-hemodialysis puncture site bleeding [173],
and rebleeding [174] in diabetic, puncture, superficial, skin graft, and sinus postoperative wounds.
Chitosan has also been utilized in clinical trials for treatment of ulcers with notable reductions in
exudate, pain on dressing removal, wound area and depth when compared to traditional Vaseline
gauze dressings [176,177]. Additionally, military-grade chitosan-based wound-treatment products,
such as Celox®, have been used as lower-cost alternatives to oxytocin, prostaglandin, and uterine
balloons in the treatment of life-threatening obstetric hemorrhages, completely stopping uncontrolled
bleeding within seconds to minutes. Although chitosan was used in most clinical trials, it should also
be noted that chitin membranes have been used to assist in the closure of chronic tympanic membrane
perforations in the ear [162].

8. Conclusions

Chitin and its chitosan derivative have experienced significant research interest for wound-dressing
applications since the 1970s due to their ability to accelerate healing and reduce scarring. While chitin
historically received academic attention due to its biomedical properties, its deacetylated derivative
chitosan has been the focus of more recent scientific research due to its superior healing properties.
These beneficial properties of chitin and chitosan include nontoxicity, biocompatibility, biodegradability,
and antimicrobial activity and are achieved through numerous mechanisms, such as hemostatic activity
and support in cellular proliferation and attachment. Crustacean-derived chitosan has been widely
investigated and used in wound-healing research due to its high yields and purity, with significant
advances in wound dressings incorporating chemically modified chitosan derivatives to improve
solubility and antimicrobial activity. Chitosan blends incorporating biocompatible additives, such as
natural polysaccharides, synthetic polymers, mineral clays, and metal nanoparticles, have also been
utilized to generate advanced wound dressings with excellent mechanical and biomedical properties.
Fungi, on the other hand, have received significantly less scientific interest due to their lower chitin
content. Moreover, the chitin present in fungi is covalently linked to -glucan. However, the mass
production potential and simple extraction processes associated with fungal chitin, coupled with
variations in the chitin content of fungal species, recent advances in fungal materials technologies, and
the discovery of healing properties in fungal exopolysaccharides suggest that further investigation
of the healing potential of fungal polysaccharide constituents is warranted. With proven biomedical
properties, both fungi- and crustacean-derived chitin and chitosan constitute powerful natural medicinal
agents, with the potential to advance modern medicine and wound treatment through further research
and practical application.
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