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Abstract: This study aims to prepare hybrid chitosan-alginate aerogel microparticles without using
additional ionic crosslinker as a possible pulmonary drug delivery system. The microparticles were
prepared using the emulsion gelation method. The effect of the mixing order of the biopolymer within
the emulsion and the surfactant used on final particle properties were investigated. Physicochemical
characterizations were performed to evaluate particle size, density, morphology, surface area,
surface charge, and the crystallinity of the preparation. The developed preparation was evaluated for
its acute toxicity in adult male Sprague-Dawley rats. Measurements of zeta potential suggest that the
surface charge depends mainly on the surfactant type while the order of biopolymer mixing has less
impact on the surface charge. Chitosan amphiphilic properties changed the hydrophilic-lipophilic
balance (HLB) of the emulsifying agents. The specific surface area of the prepared microparticles was
in the range of (29.36–86.20) m2/g with a mesoporous pore size of (12.48–13.38) nm and pore volume
of (0.09–0.29) cm3/g. The calculated aerodynamic diameter of the prepared particles was in the range
of (0.17–2.29 µm). Toxicity studies showed that alginate-chitosan carrier developed herein caused
mild lung inflammation with some renal and hepatic toxicities.

Keywords: drug delivery; hybrid aerogel microparticles; pulmonary delivery; supercritical fluid;
acute toxicity

1. Introduction

Pulmonary drug delivery is an attractive route for drugs used in both local and systemic
treatment [1–4]. Many challenges exist in the manufacturing stages of inhalations for pulmonary
drug delivery systems [5–9]. Nevertheless, the proven efficiency of this route for many drugs pushes
toward finding practical solutions. Both local medications such as asthmatic drugs, and systemic drugs
like insulin [10], hormones [11,12], and anticancer drugs [13] proved to have higher efficiency in the
pulmonary route in comparison with other routes of administration.

Pulmonary drug particles include liposomes, micelles, and polymeric drug particles [14].
Polysaccharides and other natural polymers including gelatin, chitosan, and alginate have attracted
researchers for their potential application in the biomedical field due to their biocompatibility,
biodegradability, and tailored chemical and structure [15–18].

Due to their high loading capacity, polysaccharides based materials were suggested as a drug
particle for many delivery applications [19–22]. Moreover, hybrid polymers find their way as drug
particles [23–25]. Blends of chitosan-alginate polymers showed promising uses in controlled release
preparations [26,27] and preparations of micro and nanoparticles for drug delivery especially for
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protein delivery application [28–31]. These studies were based on the addition of cationic chitosan
on anionic alginate polymer in the presence of calcium chloride as a cationic electrolytic cross-linker.
However, using calcium chloride in pulmonary particles was opposed by many researchers who
discussed the stimulation of inflammatory response from the presence of calcium ions in alginate
hydrogels [32], which is undesirable in the lungs. On the other hand, biodegradability can be affected
by the presence of such a relatively stable cross-linker. Penhasi shows that the degree of degradation
of pectin film can be directly associated with the concentration of CaCl2 solution for colon targeted
delivery [33].

Due to the ionic nature of alginate and the cationic nature of chitosan, it is possible to generate a 3-D
network structure between them based on the electrostatic interaction between the functional groups
of the biopolymers. The characteristics of the resultant hybrid polyelectrolyte depend on many factors
such as polymer concentration, charge density, molecular weight, ionic strength, pH of the mixture,
reaction temperature, and mixing ratio and procedure [34,35]. Recently, increasing applications are
proposed for alginate/chitosan polyelectrolyte including food engineering [36,37], a free-standing
membrane for drug delivery, wound dressing application [38,39], and drug delivery [40].

This study aims to prepare nanoporous dry particles based on chitosan-alginate polyelectrolyte as
a potential carrier for pulmonary drug delivery using the emulsion-gelation technique. Two surfactants
were used to produce w/o emulsion. The supercritical carbon dioxide extraction was used to extract
the solvent within the gel network of the particles. To the best of our knowledge, no reports are
available in the literature for the production of hybrid alginate chitosan nanoporous particles without
additional cationic crosslinker or their potential for a pulmonary delivery application using supercritical
fluid technology.

2. Materials and Methods

2.1. Materials

Chitosan, alginate, was provided by AZ Chem for chemicals, China. Water (HPLC grade),
HPLC column C18, Span 85, and span 80 were purchased from Sigma-Aldrich, St. Louis, MO, USA.
Potassium bromide (IR spectroscopy grade, Dieuze, France), Hydrochloric acid (37% w/w) was supplied
by Biosolve, France. Absolute ethanol was provided by Solvochem, Holland. Carbon dioxide (CO2)
with a purity of 99.995 was provided by the Jordanian Gas Co., Amman, Jordan. All chemicals were
used as supplied without further modification except for chitosan. Chitosan oligomers (13 kDa) as
water-soluble hydrochloride form were prepared from raw chitosan (250 kDa) as reported by Obaidat
et al. [41], and molecular weight determination was performed using the Mark-Houwink equation [42].

2.2. Preparation of Composite (Alginate-Chitosan) Nanoporous Particles

Aerogel micro-particles were prepared using the emulsifying-gelation method. Briefly, a certain
amount of paraffin oil containing 4% (w/v) surfactant (span 80 or Span 85) was mixed using a
homogenizer at 4000 rpm for two minutes. Thereafter, a 2% aqueous chitosan solution was added to
the oil phase and mixed for 15 min. Finally, an equal amount of 1% aqueous alginate solution was
added to the emulsion and mixed further for another 15 min. The effect of the biopolymer addition
sequence was investigated by adding the alginate first followed by chitosan and the simultaneous
addition of alginate-chitosan to the oil phase. The produced hybrid particles were then separated from
the oil phase using centrifugation at 3000 rpm for 15 min. After that, a successive solvent exchange
process was implemented to replace pore liquid with ethanol as stated in previous work [43,44].
Wet alcogel particles were then placed into a 500 mL cylindrical stainless-steel vessel. CO2 was pumped
into the vessel at a constant flow rate (100–120 g/min), the system pressure and temperature were
maintained about 100 bar and 40 ◦C, respectively. The loaded sc.CO2 was directed to another cylindrical
stainless-steel vessel, where the solvent was separated from CO2. The pressure and temperature of the
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separator were controlled at 60 bars and 40 ◦C respectively to allow phase separation of the CO2-solvent
mixture. Solvent-lean CO2 was then recycled to the extraction autoclave [45].

Six samples were prepared in this work as listed in Table 1. Samples were prepared with two
different surfactants (span 85, span 80) at 4% of the oil phase concentration. The order of addition of
the polymer to the oil phase was also evaluated.

Table 1. Samples IDs and preparation conditions used in this work.

Samples Surfactant
Type

Order of Polymer Addition
to the Oil Phase Yield (%)

S1 Span 85 Chitosan added to Alginate 73 ± 5

S2 Span 85 Alginate added to Chitosan 78 ± 6

S3 Span 85 Both polymers are added
simultaneously 72 ± 8

S4 Span 80 Chitosan added to Alginate 44 ± 3

S5 Span 80 Alginate added to Chitosan 39 ± 5

S6 Span 80 Both polymers are added
simultaneously 59 ± 10

2.3. Physicochemical Characterizations of the Prepared Particles

2.3.1. Measurement of Particle Size

The particle size distribution of the prepared particles was determined using a laser particle size
analyzer. The average particle size was expressed as the mean volume (MV) in units of a micrometer.
Each measurement was repeated three times.

2.3.2. Zeta Potential

A small amount of each formulation dispersed in 5 mL of distilled water then the zeta potential
and particle size were measured using a Malvern (ZEN 3600) instrument at 20 ◦C. Each measurement
was repeated three times.

2.3.3. Surface Area and Porosity Analysis

The samples were degassed at 343 K for 24 h before the analysis. low-temperature nitrogen
adsorption-desorption analysis (Quantachrome NOVA 2000, USA) was used to determine the specific
surface area and the pore volume of the investigated sample following Brunauer–Emmet–Teller (BET)
and Barrett–Joyner–Halenda (BJH) methods, respectively.

2.3.4. Tapped Density Measurement

The tapped densities of the prepared particles were determined using a powder integrative
characterization apparatus. A known weight of each sample was placed in a 10 mL cylinder and
tapped until a constant volume is reached. The volume was recorded and used to calculate the tapped
density according to the following equation:

Tapped density = weight of the sample (g)/Volume of the sample in the cylinder after
tapping (cm3)

(1)

Each measurement was repeated three times.

2.3.5. True Skeleton Density Measurement

The real density of each of the prepared particles was determined using the Helium Ultra
pycnometer. Each measurement was repeated five times.
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2.3.6. Aerodynamic Diameter (DA)

The aerodynamic diameter was calculated based on a theoretical approach that was also employed
by [46] based on the equation:

da = dp

√
ρe

λρs
(2)

where: da is the aerodynamic diameter (µm), dp is the particle diameter (µm), ρe is the effective particle
density(g/cm3), ρs is 1 g/cm3, and λ is the dynamic shape factor of the particle [46–49]. The equation
suggests that the aerodynamic diameter is a shape-dependent, which in turn depends on the drag
forces acting on the moving particles. Davies had intensively reviewed the effect of different particle
shapes on its aerodynamic diameters. For pollen shape with a rough surface, like those produced in
this study, the dynamic shape factor is larger than unity (for spherical particle λ = 1), and 1.2 was
estimated for this shape [47].

2.3.7. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR study was also carried out using IRAffinity-1 Spectrophotometer (Shimadzu, Kyoto, Japan)
with KBr as a reference. 30 mg of each sample was physically mixed with 270 mg KBr in a mortar
with a pestle, and then measured by the instrument. The IR spectrum was acquired in the range from
4000–450 cm−1.

2.3.8. Powder X-Ray Diffraction (PXRD)

Powder X-ray diffraction patterns were carried out using Ultima IV X-ray diffractometer
(Rigaku, Japan) with cobalt radiation (CuKα) at a voltage of 40 kV and a current of 30 mA at
room temperature with diffraction angles from 0◦ to 60◦ of 2θ. The step scan mode was used with a
step size of 0.02◦.

2.3.9. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements were carried out using DSC 204
(Netzch, Germany). Indium was used to calibrate temperature and energy scale. An accurately
weighed sample was placed in a sealed aluminum pan, then it was heated up to 200 ◦C under constant
nitrogen flow at a rate of (30 mL/min). An empty sealed aluminum pan was used as a reference.

2.3.10. Thermogravimetric Analysis (TGA)

Thermogravimetric TGA analysis was carried out using the TG 209 F1 Iris (Netzch, Selb, Germany).
An accurately weighed sample was heated from 30 to 300 ◦C at a rate of 10 ◦C/min under a nitrogen
purge flow of 50 mL/min. The percentage of the mass loss was calculated based on the mass of the
original sample.

2.3.11. Scanning Electron Microscopy (SEM)

The surface morphology of the samples was obtained using Quanta FEG 450, SEM (FEI, felmi-zfe,
Graz, Austria). Before performing SEM analysis, the samples were placed on stubs and coated with
platinum under a vacuum atmosphere using Q150R Rotary-Pumped Sputter Coater/Carbon Coater
(Quorum Technologies, Laughton, East Sussex, UK).

2.3.12. Yield

To determine the yield, the amount of product obtained from each preparation was weighed,
and the yield percent was calculated by using the following equation:

Yield % = (Weight of prepared sample(g)/Total weight of the polymers used for the
preparation(g)) × 100%

(3)
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2.4. Statistics

Each experiment was conducted at least 3 times. The data were presented as mean± standard deviation.

2.5. In Vivo Toxicity Studies

Being evaluated for their physicochemical characteristics, the developed carrier was then evaluated
for its acute toxicity in adult male Sprague- Dawley rats (180 g). 35 mg/kg of the carrier powder
was reconstituted in 0.2 mL normal saline and slowly (over 20 s) administered directly into the
trachea to semi-anesthetized (by ether) using 1 mL syringe. All of the procedures applied to rats
were approved by the Animal Care and Use Committee (ACUC) at Jordan University of Science and
Technology that follows the international IACUC rules. Twenty-four rats were randomly divided into
4 equally-sized groups:

Group 1 received intratracheal saline and was used as a control, group 2 received alginate
raw powder, group 3 received chitosan raw powder, and group 4 received alginate-chitosan
developed carrier,

Rats were clinically observed before and after carrier administration and they had free access to
water and food during the experiments. After 24 h of receiving the treatment, the rats were weighed
and necropsy was achieved by ether overdose. The lungs, liver, and kidneys were collected and stored
in 10% formalin. Tissue slides were examined by light microscopy after staining with hematoxylin
and eosin.

3. Results

The polyelectrolytes composites microparticles were prepared with the yield values exceeding
70% for all prepared samples using span 85, while the yield value of span 80 preparations did not
exceed 40%.

3.1. Structural Properties

Table 2 shows the textural properties of the prepared samples in this study. Samples 1, 2, and 3
were prepared using Span 85 as a surfactant, while samples 4, 5, and 6 were prepared using Span 80
as a surfactant. The average particle size for the preparation prepared using Span 85 were ranging
from 0.433 ± 0.091 µm for sample 1 to 4.170 ± 0.480 µm for sample 2. On the other hand, Nano-sized
particles were obtained using Span 80 ranging from 70± 43 nm for sample 4 to 84 ± 62 nm for sample 5.
Particle size results can show high polydispersity for the samples prepared using Span 80 compared to
Span 85. Samples prepared using span 85 tend to have positive Zeta potential values ranging from
35.4 ± 5.37 mV for sample 2 to 45.3 ± 3.44 mV for sample 1. On the other hand, samples 4, 5, and 6 have
much lower zeta potential values ranging from −2.15 ± 3.70 to −5.98 ± 5.37 mV. Samples prepared using
Span 85 have a higher specific surface area compared to those prepared using Span 80. The specific
surface area for the prepared samples was ranging from about 29 m2/g for sample 5 up to 86 m2/g for
sample 1. The sample 3 surface area was below the detection limit of the nitrogen sorption device.
All prepared samples, excluding sample 3, exhibit mesoporous diameter in the range of 12.48–13.38 nm.
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Table 2. Physical characterization of the prepared microparticles.

Sample Size
(µm)

Zeta Potential
(mV)

Specific
Surface

Area
(m2/g)

Porosity
(cm3/g)

Pore
Diameter

(nm)

Bulk
Density
(g/ cm3)

Tapped
Density
(g/ cm3)

Calculated
Aerodynamic

Diameter
(µm)

Span 85

S1 0.433 ± 0.091 45.3 ± 3.44 86.2 0.288 13.38 0.113 0.16 2.29

S2 4.170 ± 0.480 35.4 ± 5.37 79.89 0.252 12.61 0.048 0.08 0.96

S3 2.970 ± 0.420 2.2 ± 12.6 0.5 0 - 0.071 0.09 0.72

Span 80

S4 0.070 ± 0.043 −5.98 ± 3.45 53.77 0.17 12.79 0.19 1.2 0.19

S5 0.084 ± 0.062 −2.15 ± 3.70 29.36 0.094 12.78 0.17 1.14 0.17

S6 0.081 ± 0.044 −2.28± 3.61 58.84 0.184 12.48 0.19 1.2 0.19

Figure 1 shows model SEM images at 10,000×magnification for the prepared particles for samples
1 and 2. The roughness of the surface of the prepared sample was clear in SEM images. The same
roughness and morphology were obtained for samples prepared using Span 80, where the three
samples (4, 5, and 6) had similar images. This can be observed in the model SEM images for one of the
samples prepared using Span 80 at magnifications 3000, and 12,000×. Moreover, the SEM images show
that some of the particles can have a particle size larger than 5 µm.
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3.2. Physicochemical Characterizations of the Prepared Particles

3.2.1. FTIR Analysis

Figure 2 shows the FTIR scan for the prepared samples compared to the corresponding physical
mixture. The typical bands of chitosan and alginate appeared in the FTIR spectrum of the physical
mixture [50]. Sample 1 and 2 show clear characteristic peaks for chitosan without major changes due
to the hybridization with alginate which emphasizes maintaining the chemical entity of the polymers.
While some shifts were observed in samples for the peaks related to amide I and amide II peaks at
1650 cm−1 and 1600 cm−1, respectively, with the appearance of a new peak around 1160 cm−1. This peak
is characteristics of saccharide structure and can be related to the anti-symmetric stretching of the
C-O-C bridge [50]. For samples 4, 5, and 6, the peak at 2876 cm−1 is caused due to OH stretching of
chitosan, while the peak at 1655 cm−1 is due to an absorption band of C=O. Moreover, the symmetric
stretching of COO− was shifted to 1415 cm−1. A shift was also observed for 1599 cm−1 peak, which is
responsible for NH bending vibrations to 1559 cm−1. Generation of a carboxyl group peak at 1750 cm−1

in all prepared samples can be related to symmetric and asymmetric stretching of –COO– groups [50].
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3.2.2. DSC Analysis

Thermal analysis can help in investigating the interactions between polymers. The DSC
thermograms are presented in Figure 3. The physical mixture thermogram shows an initial shallow
endothermic peak that started below 50 ◦C and extended above 100 ◦C, this peak can be related to
water loss associated with the hydrophilic groups of the two polymers. Another exothermic peak
appeared around 230 ◦C, and 250 ◦C. These peaks can be related to the decomposition of chitosan,
and alginate, respectively [51]. Some changes occurred in the thermograms of chitosan-alginate
samples. These include shifts in the present endothermic peaks. The first peak was shallower in the
first three samples (1, 2, 3) compared to other samples.
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corresponding physical mixture.

Samples prepared using Span 85 showed a large increase in the area of the endothermic peak
in sample 1 with the appearance of two small peaks at 100 ◦C and 130 ◦C. While sample 2 shows
a clear difference from other samples with a lack of endothermic peak that is related to chitosan or
alginate compared to the physical mixture. On the other hand, sample 3 showed the appearance of the
endothermic peak without any difference from that of the physical mixture. For samples prepared
using span 80, both samples 4 and 5 showed a clear appearance of alginate related peak without
significant difference between peaks of sample 6 and the corresponding physical mixture.

3.2.3. TGA Analysis

TGA thermograms (Figure 4) exhibited two stages of weight loss. The first one can be related to
water content inside the sample. The presence of moisture content is expected for chitosan, and alginate
hydrophilic polymers. A clear difference in the water content of the first three samples (1, 2, 3) and all
other samples including a physical mixture. The water loss in the first three samples has an average
value of 9.4 ± 2.4%, compared to 44.3 ± 10.6% in the other three samples (4, 5, 6). While the water
content for the chitosan-alginate physical mixture equals 15.2 ±1.6%. On the other hand, the second
stage can be related to polymeric degradation. All samples exhibited slightly lower degradation
temperatures starting from 200 ◦C compared to 230 ◦C for the physical mixture.
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3.2.4. PXRD Patterns

Both samples 1 and 2 showed different Powder X-Ray Diffraction (PXRD) patterns (Figure 5) from
the physical mixture. The shallow peak in sample 1 is indicating a change into an amorphous structure.
On the other hand, the presence of a main shallow peak at (2θ = 20◦) can be used as indicative of a
specific arrangement of the two polymers. Generally, the other samples show a pattern similar to the
physical mixture with minor differences that can indicate a partial change in the sample.
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(B) Samples 4, 5, and 6.

3.3. In Vivo Toxicity Studies

Control group rats (group 1) showed normal tissue sections (Figure 6). The lungs showed mild
thickening in the alveolar septa and the liver showed vacuolar degeneration in all of the rats receiving
intratracheal alginate (group 2), chitosan (group 3), and alginate-chitosan carrier (group 4). On the other
hand, while group 2 and group 3 had normal kidneys, group 4 showed tubular degeneration and necrosis
with some proteinous materials.
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4. Discussion

4.1. Structural Properties

Alginate solution as well as chitosan solution were subject to the used method and tested if they
can yield a stable gel to be dried later using supercritical carbon dioxide. Both preparations failed to gel
and remain in the liquid form. However, all samples in this study result in the production of porous
particles except for sample 3 (Table 2). This is an indication of the polyelectrolyte complexation between
alginate and chitosan that results in a stable 3D network that can be further processed using supercritical
carbon dioxide extraction to generate the nanoporous dried particles. Delaney and Fredrickson show
that mixing two oppositely charged polyelectrolyte in a polar phase can result in polyelectrolyte
complexes that solidify upon formation. These kind of polyelectrolyte complexes are difficult to
understand since they are highly dependent on the processing pathway [52]. Samples 1 and 2 showed
clear differences in PXRD, high positive zeta potential values, and highest surface area compared
to other samples indicating efficient complexation. The deviation of zeta potential values between
samples suggests a different arrangement between the two chains of the polymers. Chitosan is a
cationic polymer, so having positive zeta potential value is indicative of high contribution to chitosan
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at the surface. On the other hand, negative zeta potential values are indicative of high contribution to
alginate anionic polymer. High zeta potential values suggest that particles can stay physically stable
with less aggregation. Both samples 1 and 2 show high zeta potential values.

Particle properties were affected by surfactant type and order of polymeric addition.
Differences observed in the particle size, surface charge, pore size, pore-volume, and crystallinity of
the prepared samples.

Further calculation of aerodynamic parameters according to Hassan et al. 2009, proved good
results with values lower than 5 µm ranging from 0.17 to 2.29 µm, yet the values in this study
are calculated and further actual cascade impactor experiments and in-vivo deposition tests are
required [46]. Vanbever et al. reported that for porous particles the particle geometric diameter can be
larger than 5 µm for inhalation delivery. Such porous particle have the advantage of less aggregation
and can be deaggregated more easily than smaller particles [53]. Larger geometric diameters are
possible since the aerodynamic diameter is directly proportional to the square root of the effective
particle density.

Looking at the textural properties of the prepared samples (particles size, surface area and
pore volume) it is clear that the samples prepared using lower hydrophilic-lipophilic balance (HLB)
value (span 85) and by adding chitosan to alginate shows the best properties to in terms of yield,
optimum particle size, aerodynamic parameter, and high zeta potential values. Further investigation
is still required to bring these two samples (samples 1 and 2) forward as a particle for inhalation
delivery especially that some other critical parameters can play an important role in particle deposition.
These include gelling and swelling of the particles in the presence of relative humidity, mucoadhesion,
and zeta potential.

4.2. Effect of Changing the Surfactant Type on Particle Properties

Span 80 and span 85 were investigated as surfactants with low HLB values of 4.3 and 1.8, respectively,
to prepare w/o emulsion. The surfactant type appeared to have an important role in the properties of
the prepared particle. The required hydrophilic-lipophilic balance (RHLB) equals 4.3 and span 80 was
supposed to be the best emulsifying agent to prepare a successful emulsion. Yet span 80 failed to produce
particles with optimum properties of particle size and surface charge. Span 80 resulted in lower zeta values
with the presence of aggregates in the prepared samples. On the other hand, researchers decided to try
span 85 with lower HLB value, the specific amount of the surfactant was chosen according to preliminary
experiments. A successful emulsion was produced yielding the best particle properties with the highest
positive zeta values. Consequently, this reduced the aggregation in the prepared samples. Interestingly,
these results confirm the emulsifying effect of chitosan. This suggests that chitosan affected the total
RHLB of the emulsion by combined effect between chitosan and the surfactant. The positive charge for
samples prepared using span 85 suggested chitosan alignment on the outer layer of the particles due to
the presence of chitosan at the oil-water interface. Some previous studies discussed such emulsifying
effect of water-soluble chitosan and alignment of the molecule at the interface [54,55]. This interesting
finding emphasizes the importance of consideration of the emulsifying property of water-soluble chitosan
when enrolled in the preparation of emulsions. Chitosan is expected to change the HLB of the emulsifying
agents. In this study, hydrophilic chitosan has a higher HLB value that is combined with 1.8 value for
span 85 resulted in the achievement of the RHLB value of the emulsion (4.3) suggesting alignment of
chitosan molecules near the span 85 molecules at the (w/o) interface. Further investigation will be required
to define HLB values of chitosan oligomers according to molecular weight and degree of acetylation.
Additionally, other physicochemical characterizations revealed changes in the particle characteristics in
the samples prepared using different surfactants.

4.3. Effect of the Order of Addition of the Two Polymers on Particle Properties

The order of addition played a significant role in particle properties. Higher values of zeta potential,
lower particle size, and higher surface area values were achieved when chitosan was added to alginate
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rather than the opposite. The uniformity in the particle size can be seen in samples 1, 4, 5, and 6 with a
standard deviation lower than 0.09. Further investigation should be performed to study the effect of
rheological properties of the selected polymeric concentration on these properties.

4.4. Physicochemical Characterizations of Prepared Polyelectrolyte Composite Particles

FTIR analysis was used to prove the polyelectrolytic complexation between chitosan and alginate.
Some differences were obtained between samples prepared using span 85 and span 80. Similar shifts in
carboxyl groups to 1415 cm−1 were reported by Li et al. [30]. Variability in the intensity of the peak at
1750 cm−1 (COO−) was observed upon changing the order of addition of the polymer. Still, FTIR alone
might not be enough to illustrate the polyelectrolytic complexation. Moreover, differences were
reported in PXRD analysis especially for samples 1 and 3, which also suggested differences in the final
prepared composite particles. This also suggests efficient polyelectrolytic complexation. The interesting
discrepancy between the PXRD patterns of the prepared samples confirms that each preparation
method resulted in a different type of arrangement of the polymers.

In comparison, the results in SEM analysis showed differences in the external morphology of the
sample. These differences are very critical in pulmonary drug delivery particles. Yet, further in-vivo
pulmonary deposition tests can clarify the morphology effect.

4.5. In Vivo Toxicity Studies

The safety of the pulmonary administration of carriers can be enhanced by being biodegradable [2].
Intratracheal administration of alginate powder, chitosan powder, and alginate-chitosan composite
hydrogel resulted in mild lung congestion. Previous reports showed that the intratracheal administration
of polymers caused mild inflammation of the lungs [56]. Moreover, intratracheal administration of
alginate-chitosan carrier caused some haptic toxicity. This contradicts previous reports where oral
administration of the same carrier in Guinea pigs did not cause any hepatic abnormalities [57]. This could
be attributed to differences in studied species (rats versus Guinea pigs), route of administration
(intratracheal versus oral), or the alginate-chitosan carrier preparation technique (supercritical fluid
technology versus chemical crosslinking using calcium chloride). Overall, the novel carrier produced
in the current work was tolerable by the studied rats at the dose received when administered
for one month [45]. Both chitosan and alginate are known to be biocompatible polymers [58,59].
Biocompatibility is defined as “Ability to be in contact with a living system without producing an adverse
effect” [60]. Biodegradable, is “Qualifier for a substance or device that undergoes biodegradation” [60].
Biodegradation is “Degradation of a polymeric item due to cell-mediated phenomena”, that is not
merely due to contact with tissue water which is known as hydrolysis in this case [60]. The developed
carrier (S1) was used to deliver cisplatin to the lungs for lung cancer treatment. In that study, it was
shown that the carrier allowed for sustained release of cisplatin and reduced the cisplatin-induced
lung toxicity, mortality rate, and weight loss in rats treated with cisplatin loaded carrier as compared
to rats treated with free cisplatin [45].

5. Conclusions

Chitosan-alginate nanoporous particles were prepared without the addition of any cross-linker.
In preparation of chitosan-alginate composite polymers, two processing parameters affected the
properties of the prepared particles. These include the order of polymeric addition during the
gelling process, as well as the type of surfactant used for the emulsification process. The final
properties of the prepared particles that were affected by the studied parameters were: porosity,
specific surface area, shape, crystalline state, surface charge, and zeta potential values. High positive
zeta potential values were obtained for samples prepared using span 85, while negative zeta values
and smaller particle sizes were reported for all span 80 samples. Negative zeta potential values
suggest that alginate is surrounding chitosan oligomers, while positive values may indicate that
chitosan surrounds the core of alginate. Chitosan amphiphilic properties changed the HLB of the
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emulsifying agents. Prepared particles had variability in specific surface area values that reached
86.2 m2/g. Particle sizes were in the range from 70 nm to 4.17 µm. Physicochemical characterizations
proved different arrangements and crystalline states depending on the order of polymeric addition.
These variables affected the value of the calculated aerodynamic diameter which ranged from 0.17 to
2.29 µm. In conclusion, chitosan-alginate hybrid composites can be optimized for pulmonary drug
delivery systems. The preparations are ready for further biodegradability tests, cascade impactor,
and drug loading studies.

Author Contributions: Conceptualization, M.A. and R.M.O.; methodology, R.M.O.; validation, R.M.O. and
M.M.A.; investigation, R.M.O., M.A. and M.M.A.; resources, R.M.O.; data curation, M.A., R.M.O. and M.M.A.;
writing—original draft preparation, M.A. and R.M.O.; writing—review and editing, M.A.; R.M.O. and M.M.A.;
visualization, M.A.; supervision, M.A. and R.M.O.; project administration, R.M.O.; funding acquisition, M.A. and
R.M.O. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by THE SCIENTIFIC RESEARCH SUPPORT FUND/ Ministry of Higher
Education and Scientific Research, Jordan, grant number MPH/2/15/2013.

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

References

1. Sung, J.C.; Pulliam, B.L.; Edwards, D.A. Nanoparticles for drug delivery to the lungs. Trends Biotechnol. 2007,
25, 563–570. [CrossRef] [PubMed]

2. Sarasija, S.; Patil, J. Pulmonary drug delivery strategies: A concise, systematic review. Lung India 2012, 29, 44.
[CrossRef] [PubMed]

3. Patil, J.; Devi, V.; Devi, K.; Sarasija, S. A novel approach for lung delivery of rifampicin-loaded liposomes in
dry powder form for the treatment of tuberculosis. Lung India 2015, 32, 331. [CrossRef]

4. Ahmed, T.; Aljaeid, B. Preparation, characterization, and potential application of chitosan, chitosan derivatives,
and chitosan metal nanoparticles in pharmaceutical drug delivery. Drug Des. Dev. Ther. 2016, 483. [CrossRef]

5. AboulFotouh, K.; Zhang, Y.; Maniruzzaman, M.; Williams, R.O.; Cui, Z. Amorphous solid dispersion
dry powder for pulmonary drug delivery: Advantages and challenges. Int. J. Pharm. 2020, 587, 119711.
[CrossRef] [PubMed]

6. Ho, D.-K.; Nichols, B.L.B.; Edgar, K.J.; Murgia, X.; Loretz, B.; Lehr, C.-M. Challenges and strategies in
drug delivery systems for treatment of pulmonary infections. Eur. J. Pharm. Biopharm. 2019, 144, 110–124.
[CrossRef]

7. Deshmukh, R.; Bandyopadhyay, N.; Abed, S.N.; Bandopadhyay, S.; Pal, Y.; Deb, P.K. Chapter 3—Strategies
for pulmonary delivery of drugs. In Drug Delivery Systems; Advances in Pharmaceutical Product
Development and Research; Tekade, R.K., Ed.; Academic Press: Cambridge, MA, USA, 2020; pp. 85–129,
ISBN 978-0-12-814487-9.

8. Beck-Broichsitter, M.; Merkel, O.M.; Kissel, T. Controlled pulmonary drug and gene delivery using polymeric
nano-carriers. J. Control. Release 2012, 161, 214–224. [CrossRef]

9. Fromen, C.A.; Rahhal, T.B.; Robbins, G.R.; Kai, M.P.; Shen, T.W.; Luft, J.C.; DeSimone, J.M. Nanoparticle
surface charge impacts distribution, uptake and lymph node trafficking by pulmonary antigen-presenting
cells. Nanomed. Nanotechnol. Biol. Med. 2016, 12, 677–687. [CrossRef]

10. Mastrandrea, L.D.; Quattrin, T. Clinical evaluation of inhaled insulin. Adv. Drug Deliv. Rev. 2006, 58,
1061–1075. [CrossRef]

11. Laube, B.L. The expanding role of aerosols in systemic drug delivery, gene therapy and vaccination:
An update. Transl. Respir. Med. 2014, 2, 1. [CrossRef]

12. Poursina, N.; Vatanara, A.; Rouini, M.R.; Gilani, K.; Rouholamini Najafabadi, A. Systemic delivery of
parathyroid hormone (1–34) using spray freeze-dried inhalable particles. Pharm. Dev. Technol. 2015, 1–7.
[CrossRef]

13. Taratula, O.; Kuzmov, A.; Shah, M.; Garbuzenko, O.B.; Minko, T. Nanostructured lipid carriers as
multifunctional nanomedicine platform for pulmonary co-delivery of anticancer drugs and siRNA.
J. Control Release 2013, 171, 349–357. [CrossRef] [PubMed]

14. Smola, M.; Vandamme, T.; Sokolowski, A. Nanocarriers as pulmonary drug delivery systems to treat and to
diagnose respiratory and nonrespiratory diseases. Int. J. Nanomed. 2008, 3, 1.

http://dx.doi.org/10.1016/j.tibtech.2007.09.005
http://www.ncbi.nlm.nih.gov/pubmed/17997181
http://dx.doi.org/10.4103/0970-2113.92361
http://www.ncbi.nlm.nih.gov/pubmed/22345913
http://dx.doi.org/10.4103/0970-2113.159559
http://dx.doi.org/10.2147/DDDT.S99651
http://dx.doi.org/10.1016/j.ijpharm.2020.119711
http://www.ncbi.nlm.nih.gov/pubmed/32739389
http://dx.doi.org/10.1016/j.ejpb.2019.09.002
http://dx.doi.org/10.1016/j.jconrel.2011.12.004
http://dx.doi.org/10.1016/j.nano.2015.11.002
http://dx.doi.org/10.1016/j.addr.2006.07.019
http://dx.doi.org/10.1186/2213-0802-2-3
http://dx.doi.org/10.3109/10837450.2015.1125924
http://dx.doi.org/10.1016/j.jconrel.2013.04.018
http://www.ncbi.nlm.nih.gov/pubmed/23648833


Polymers 2020, 12, 2223 15 of 17

15. Peng, H.; Liu, X.; Wang, R.; Jia, F.; Dong, L.; Wang, Q. Emerging nanostructured materials for musculoskeletal
tissue engineering. J. Mater. Chem. B 2014, 2, 6435–6461. [CrossRef]

16. García-González, C.A.; López-Iglesias, C.; Concheiro, A.; Alvarez-Lorenzo, C. Chapter 16 Biomedical Applications
of Polysaccharide and Protein Based Aerogels. In Biobased Aerogels: Polysaccharide and Protein-based Materials;
The Royal Society of Chemistry: Croydon, UK, 2018; pp. 295–323, ISBN 978-1-78262-765-4.

17. Thomas, S.; Pothan, L.A.; Mavelil-Sam, R. Biobased Aerogels: Polysaccharide and Protein-based Materials;
Royal Society of Chemistry: Croydon, UK, 2018; Volume 58, ISBN 1-78262-765-0.

18. Kirschning, A.; Dibbert, N.; Dräger, G. Chemical Functionalization of Polysaccharides-Towards Biocompatible
Hydrogels for Biomedical Applications. Chem. A Eur. J. 2018, 24, 1231–1240. [CrossRef] [PubMed]

19. García-González, C.A.; Alnaief, M.; Smirnova, I. Polysaccharide-based aerogels—Promising biodegradable
carriers for drug delivery systems. Carbohydr. Polym. 2011, 86, 1425–1438. [CrossRef]

20. Menon, J.U.; Ravikumar, P.; Pise, A.; Gyawali, D.; Hsia, C.C.W.; Nguyen, K.T. Polymeric nanoparticles for
pulmonary protein and DNA delivery. Acta Biomater. 2014, 10, 2643–2652. [CrossRef]

21. Gurikov, P.; Smirnova, I. Amorphization of drugs by adsorptive precipitation from supercritical solutions:
A review. J. Supercrit. Fluids 2017. [CrossRef]

22. Ho, D.-K.; Costa, A.; De Rossi, C.; de Souza Carvalho-Wodarz, C.; Loretz, B.; Lehr, C.-M. Polysaccharide
Submicrocarrier for Improved Pulmonary Delivery of Poorly Soluble Anti-infective Ciprofloxacin:
Preparation, Characterization, and Influence of Size on Cellular Uptake. Mol. Pharm. 2018, 15, 1081–1096.
[CrossRef]

23. Tahara, K.; Sakai, T.; Yamamoto, H.; Takeuchi, H.; Hirashima, N.; Kawashima, Y. Improved cellular uptake of
chitosan-modified PLGA nanospheres by A549 cells. Int. J. Pharm. 2009, 382, 198–204. [CrossRef]

24. Martins, M.; Barros, A.A.; Quraishi, S.; Gurikov, P.; Raman, S.P.; Smirnova, I.; Duarte, A.R.C.; Reis, R.L.
Preparation of macroporous alginate-based aerogels for biomedical applications. J. Supercrit. Fluids 2015,
106, 152–159. [CrossRef]

25. Barros, A.; Quraishi, S.; Martins, M.; Gurikov, P.; Subrahmanyam, R.; Smirnova, I.; Duarte, A.R.C.; Reis, R.L.
Hybrid Alginate-Based Cryogels for Life Science Applications. Chem. Ing. Tech. 2016, 88, 1770–1778.
[CrossRef]

26. Jia, M.; Li, Z.-B.; Chu, H.-T.; Li, L.; Chen, K.-Y. Alginate-Chitosan Microspheres for Controlled Drug Delivery
of Diltiazem Hydrochloride in Cardiac Diseases. J. Biomater. Tissue Eng. 2015, 5, 246–251. [CrossRef]

27. Takka, S.; Gürel, A. Evaluation of Chitosan/Alginate Beads Using Experimental Design: Formulation and In
Vitro Characterization. AAPS Pharmscitech 2010, 11, 460–466. [CrossRef]

28. Ahmad, Z.; Pandey, R.; Sharma, S.; Khuller, G.K. Alginate nanoparticles as antituberculosis drug carriers:
Formulation development, pharmacokinetics and therapeutic potential. Indian J. Chest Dis. Allied Sci. 2006,
48, 171. [PubMed]

29. Coppi, G.; Iannuccelli, V.; Leo, E.; Bernabei, M.T.; Cameroni, R. Chitosan-Alginate Microparticles as a Protein
Carrier. Drug Dev. Ind. Pharm. 2001, 27, 393–400. [CrossRef]

30. Li, P.; Dai, Y.-N.; Zhang, J.-P.; Wang, A.-Q.; Wei, Q. Chitosan-alginate nanoparticles as a novel drug delivery
system for nifedipine. Int. J. Biomed. Sci. 2008, 4, 221–228. [PubMed]

31. Malesu, V.K.; Sahoo, D.; Nayak, P.L. Chitosan–sodium alginate nanocomposites blended with cloisite 30B as
a novel drug delivery system for anticancer drug curcumin. IJABPT 2011, 2, 402–4011.

32. Chan, G.; Mooney, D.J. Ca2+ released from calcium alginate gels can promote inflammatory responses
in vitro and in vivo. Acta Biomater. 2013, 9, 9281–9291. [CrossRef]

33. Penhasi, A. Preparation and characterization of in-situ ionic cross-linked pectin films: II. Biodegradation and
drug diffusion. Carbohydr. Polym. 2017, 157, 651–659. [CrossRef]

34. Florczyk, S.J.; Kim, D.-J.; Wood, D.L.; Zhang, M. Influence of processing parameters on pore structure of 3D
porous chitosan-alginate polyelectrolyte complex scaffolds. J. Biomed. Mater. Res. Part A 2011, 98A, 614–620.
[CrossRef] [PubMed]

35. Sankalia, M.G.; Mashru, R.C.; Sankalia, J.M.; Sutariya, V.B. Reversed chitosan–alginate polyelectrolyte
complex for stability improvement of alpha-amylase: Optimization and physicochemical characterization.
Eur. J. Pharm. Biopharm. 2007, 65, 215–232. [CrossRef] [PubMed]

36. Kulig, D.; Zimoch-Korzycka, A.; Jarmoluk, A. Cross-linked alginate/chitosan polyelectrolytes as carrier of
active compound and beef color stabilizer. Meat Sci. 2017, 123, 219–228. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/C4TB00344F
http://dx.doi.org/10.1002/chem.201701906
http://www.ncbi.nlm.nih.gov/pubmed/28804933
http://dx.doi.org/10.1016/j.carbpol.2011.06.066
http://dx.doi.org/10.1016/j.actbio.2014.01.033
http://dx.doi.org/10.1016/j.supflu.2017.03.005
http://dx.doi.org/10.1021/acs.molpharmaceut.7b00967
http://dx.doi.org/10.1016/j.ijpharm.2009.07.023
http://dx.doi.org/10.1016/j.supflu.2015.05.010
http://dx.doi.org/10.1002/cite.201600096
http://dx.doi.org/10.1166/jbt.2015.1299
http://dx.doi.org/10.1208/s12249-010-9406-z
http://www.ncbi.nlm.nih.gov/pubmed/18610673
http://dx.doi.org/10.1081/DDC-100104314
http://www.ncbi.nlm.nih.gov/pubmed/23675094
http://dx.doi.org/10.1016/j.actbio.2013.08.002
http://dx.doi.org/10.1016/j.carbpol.2016.10.027
http://dx.doi.org/10.1002/jbm.a.33153
http://www.ncbi.nlm.nih.gov/pubmed/21721118
http://dx.doi.org/10.1016/j.ejpb.2006.07.014
http://www.ncbi.nlm.nih.gov/pubmed/16982178
http://dx.doi.org/10.1016/j.meatsci.2016.08.010
http://www.ncbi.nlm.nih.gov/pubmed/27788419


Polymers 2020, 12, 2223 16 of 17

37. Bilbao-Sainz, C.; Chiou, B.; Punotai, K.; Olson, D.; Williams, T.; Wood, D.; Rodov, V.; Poverenov, E.; McHugh, T.
Layer-by-Layer Alginate and Fungal Chitosan Based Edible Coatings Applied to Fruit Bars. J. Food Sci. 2018,
83, 1880–1887. [CrossRef]

38. Caridade, S.G.; Monge, C.; Gilde, F.; Boudou, T.; Mano, J.F.; Picart, C. Free-Standing Polyelectrolyte
Membranes Made of Chitosan and Alginate. Biomacromolecules 2013, 14, 1653–1660. [CrossRef]

39. Sun, W.; Chen, G.; Wang, F.; Qin, Y.; Wang, Z.; Nie, J.; Ma, G. Polyelectrolyte-complex multilayer membrane
with gradient porous structure based on natural polymers for wound care. Carbohydr. Polym. 2018, 181,
183–190. [CrossRef]

40. Lefnaoui, S.; Moulai-Mostefa, N.; Yahoum, M.M.; Gasmi, S.N. Design of antihistaminic transdermal films
based on alginate–chitosan polyelectrolyte complexes: Characterization and permeation studies. Drug Dev.
Ind. Pharm. 2018, 44, 432–443. [CrossRef]

41. Obaidat, R.; Al-Jbour, N.; Al-Sou’d, K.; Sweidan, K.; Al-Remawi, M.; Badwan, A. Some Physico-Chemical
Properties of Low Molecular Weight Chitosans and their Relationship to Conformation in Aqueous Solution.
J. Solut. Chem. 2010, 39, 575–588. [CrossRef]

42. Kasaai, M.R. Calculation of Mark–Houwink–Sakurada (MHS) equation viscometric constants for chitosan in
any solvent–temperature system using experimental reported viscometric constants data. Carbohydr. Polym.
2007, 68, 477–488. [CrossRef]

43. Alnaief, M.; Obaidat, R.; Mashaqbeh, H. Loading and evaluation of meloxicam and atorvastatin in carrageenan
microspherical aerogels particles. J. Appl. Pharm. Sci. 2019, 9, 83–88. [CrossRef]

44. Alnaief, M.; Obaidat, R.; Mashaqbeh, H. Effect of processing parameters on preparation of carrageenan
aerogel microparticles. Carbohydr. Polym. 2018, 180, 264–275. [CrossRef] [PubMed]

45. Alsmadi, M.M.; Obaidat, R.M.; Alnaief, M.; Albiss, B.A.; Hailat, N. Development, In Vitro Characterization,
and In Vivo Toxicity Evaluation of Chitosan-Alginate Nanoporous Carriers Loaded with Cisplatin for Lung
Cancer Treatment. AAPS PharmSciTech 2020, 21, 191. [CrossRef] [PubMed]

46. Hassan, M.S.; Lau, R.W.M. Effect of Particle Shape on Dry Particle Inhalation: Study of Flowability,
Aerosolization, and Deposition Properties. AAPS Pharmscitech 2009, 10, 1252–1262. [CrossRef] [PubMed]

47. Davies, C.N. Particle-fluid interaction. J. Aerosol Sci. 1979, 10, 477–513. [CrossRef]
48. Edwards, D.A. Delivery of biological agents by aerosols. AICHE J. 2002, 48, 2–6. [CrossRef]
49. Zelenyuk, A.; Cai, Y.; Imre, D. From Agglomerates of Spheres to Irregularly Shaped Particles: Determination

of Dynamic Shape Factors from Measurements of Mobility and Vacuum Aerodynamic Diameters.
Aerosol Sci. Technol. 2006, 40, 197–217. [CrossRef]

50. Mohy Eldin, M.S.; Hashem, A.E.; Tamer, T.M.; Omer, A.M.; Yossuf, M.E.; Sabet, M. Development of Cross
linked Chitosan/Alginate Polyelectrolyte Proton Exchanger Membranes for Fuel Cell Applications. Int. J.
Electrochem. Sci. 2017, 3840–3858. [CrossRef]

51. Arianto, A.; Bangun, H.; Harahap, U.; Ilyas, S. Effect of alginate chitosan ratio on the swelling, mucoadhesive,
and release of ranitidine from spherical matrices of alginate-chitosan. Int. J. Pharmtech. Res. 2015, 8, 653–665.

52. Delaney, K.T.; Fredrickson, G.H. Theory of polyelectrolyte complexation—Complex coacervates are
self-coacervates. J. Chem. Phys. 2017, 146, 224902. [CrossRef]

53. Vanbever, R.; Mintzes, J.D.; Wang, J.; Nice, J.; Chen, D.; Batycky, R.; Langer, R.; Edwards, D.A. Formulation
and Physical Characterization of Large Porous Particles for Inhalation. Pharm. Res. 1999, 16, 1735–1742.
[CrossRef]

54. Klinkesorn, U. The Role of Chitosan in Emulsion Formation and Stabilization. Food Rev. Int. 2013, 29,
371–393. [CrossRef]

55. Wang, X. Emulsifying Properties of Chitosan and Chitosan/Gelatin Complexes. Ph.D. Thesis,
École Polytechnique de Montréal, Montreal, QC, Canada, 2016.

56. Xie, Y.; Aillon, K.L.; Cai, S.; Christian, J.M.; Davies, N.M.; Berkland, C.J.; Forrest, M.L. Pulmonary delivery of
cisplatin-hyaluronan conjugates via endotracheal instillation for the treatment of lung cancer. Int. J. Pharm.
2010, 392, 156–163. [CrossRef] [PubMed]

57. Pandey, R.; Khuller, G.K. Chemotherapeutic potential of alginate–chitosan microspheres as anti-tubercular
drug carriers. J. Antimicrob. Chemother. 2004, 53, 635–640. [CrossRef] [PubMed]

58. Li, D.; Li, P.; Zang, J.; Liu, J. Enhanced Hemostatic Performance of Tranexamic Acid-Loaded Chitosan/Alginate
Composite Microparticles. J. Biomed. Biotechnol. 2012, 2012, 981321. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/1750-3841.14186
http://dx.doi.org/10.1021/bm400314s
http://dx.doi.org/10.1016/j.carbpol.2017.10.068
http://dx.doi.org/10.1080/03639045.2017.1395461
http://dx.doi.org/10.1007/s10953-010-9517-x
http://dx.doi.org/10.1016/j.carbpol.2006.11.006
http://dx.doi.org/10.7324/JAPS.2019.90112
http://dx.doi.org/10.1016/j.carbpol.2017.10.038
http://www.ncbi.nlm.nih.gov/pubmed/29103505
http://dx.doi.org/10.1208/s12249-020-01735-8
http://www.ncbi.nlm.nih.gov/pubmed/32661587
http://dx.doi.org/10.1208/s12249-009-9313-3
http://www.ncbi.nlm.nih.gov/pubmed/19866362
http://dx.doi.org/10.1016/0021-8502(79)90006-5
http://dx.doi.org/10.1002/aic.690480102
http://dx.doi.org/10.1080/02786820500529406
http://dx.doi.org/10.20964/2017.05.45
http://dx.doi.org/10.1063/1.4985568
http://dx.doi.org/10.1023/A:1018910200420
http://dx.doi.org/10.1080/87559129.2013.818013
http://dx.doi.org/10.1016/j.ijpharm.2010.03.058
http://www.ncbi.nlm.nih.gov/pubmed/20363303
http://dx.doi.org/10.1093/jac/dkh139
http://www.ncbi.nlm.nih.gov/pubmed/14998985
http://dx.doi.org/10.1155/2012/981321
http://www.ncbi.nlm.nih.gov/pubmed/23193369


Polymers 2020, 12, 2223 17 of 17

59. Mladenovska, K.; Cruaud, O.; Richomme, P.; Belamie, E.; Raicki, R.; Venier-Julienne, M.-C.; Popovski, E.;
Benoit, J.; Goracinova, K. 5-ASA loaded chitosan-Ca-alginate microparticles: Preparation and physicochemical
characterization. Int. J. Pharm. 2007, 345, 59–69. [CrossRef] [PubMed]

60. Vert, M.; Doi, Y.; Hellwich, K.-H.; Hess, M.; Hodge, P.; Kubisa, P.; Rinaudo, M.; Schué, F. Terminology for
biorelated polymers and applications (IUPAC Recommendations 2012). Pure Appl. Chem. 2012, 84, 377–410.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ijpharm.2007.05.059
http://www.ncbi.nlm.nih.gov/pubmed/17616284
http://dx.doi.org/10.1351/PAC-REC-10-12-04
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Composite (Alginate-Chitosan) Nanoporous Particles 
	Physicochemical Characterizations of the Prepared Particles 
	Measurement of Particle Size 
	Zeta Potential 
	Surface Area and Porosity Analysis 
	Tapped Density Measurement 
	True Skeleton Density Measurement 
	Aerodynamic Diameter (DA) 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	Powder X-Ray Diffraction (PXRD) 
	Differential Scanning Calorimetry (DSC) 
	Thermogravimetric Analysis (TGA) 
	Scanning Electron Microscopy (SEM) 
	Yield 

	Statistics 
	In Vivo Toxicity Studies 

	Results 
	Structural Properties 
	Physicochemical Characterizations of the Prepared Particles 
	FTIR Analysis 
	DSC Analysis 
	TGA Analysis 
	PXRD Patterns 

	In Vivo Toxicity Studies 

	Discussion 
	Structural Properties 
	Effect of Changing the Surfactant Type on Particle Properties 
	Effect of the Order of Addition of the Two Polymers on Particle Properties 
	Physicochemical Characterizations of Prepared Polyelectrolyte Composite Particles 
	In Vivo Toxicity Studies 

	Conclusions 
	References

