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Abstract

Although nanofillers contribute to improved physical characteristics and bio-
logical functionalities of polymer-based biomaterials, their dispersion in poly-
mer matrices is still a challenging issue in terms of obtaining consistency for
the inherent properties. To tackle this problem, homogenization techniques
are applied to disperse the nanofillers in such polymers, however, these
methods can cause undesired changes especially in the rheological properties
and the physical structure of the biopolymer matrices. Recently, as a novel
homogenization technique, microfluidization has been used to homogenize
polymer nanocomposites to minimize these limitations. In this study, two dif-
ferent nanocomposite structures as chitosan/montmorillonite (CS/MMT) and
chitosan/polyhedral oligomeric silsesquioxane nanocages (CS/POSS) were
homogenized with microfluidization and investigated in terms of physical
alterations. Furthermore, the effect of microfluidizer technique on material
characteristics was compared with conventional homogenization techniques,
i.e., ultrasonic bath and sonication in terms of solution, nano - (e.g., hydrody-
namic size, drug encapsulation) and macroscopic material characteristics
(e.g., porosity, mechanical properties, swelling and thermal degradation). It
was found that the microfluidizer homogenization improves the physical char-
acteristics in both nano and macroscale materials: Nanospheres obtained from
CS/MMT composites showed enhanced stability, uniform size distribution
(<100 nm, PDI: <0.2), and good encapsulation efficiency (>50%) whereas 3D
CS/POSS  scaffolds
(i.e., homogeneous and interconnected microstructure) and enhanced thermal

porous showed improved structural uniformity
and mechanical properties. The obtained results indicate that the microfluidi-
zer homogenization ensures a successful nanofiller dispersion in polymer
matrices, thereby improving the biomaterial characteristics impressively com-

pared to the sonication methods.
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1 | INTRODUCTION

Biopolymers are widely preferred as fundamental material
sources due to their various advantages in biomaterial fab-
rication. However, due to the comparably low stability of
biopolymer-based materials, their structure is mostly rein-
forced with covalent (e.g., glutaraldehyde, carbodiimide)
and transient crosslinkers (e.g., ionic and hydrophobic
interactions).! As an alternative to crosslinkers, using
nanoscale fillers as reinforcement agents is a great advan-
tage in forming bio-nano composites by improving the
physicochemical properties and the bioactivity of polymer
matrices. It has been proven that nanofiller reinforcement
shows promising developments in the functionality of the
materials such as improved physicochemical properties,
enhanced biological properties such as better tissue
regeneration,® osteoconductivity,™” bioactivity,”” and bet-
ter control in drug delivery processes.® ' However, most
of the nanoscale fillers tend to agglomerate and form clus-
ters, and this non-uniformity in the nanoscale ends up in
heterogeneity in material characteristics."' Several homog-
enization approaches such as ultrasonic method, mechani-
cal shearing, or micro-scale techniques are applied to
polymer-nanofiller dispersions to spread particles in the
polymer matrix and obtain homogenous physical and
chemical properties. In the ultrasonication process, the
sound waves generate alternating high-pressure (compres-
sion) and low-pressure (rarefaction) cycles in the liquid
phase. Sonication power, amplitude, time, and probe sur-
face area are the parameters that describe the amount of
energy delivered to the liquid phase and affect the particle
dispersion in the suspension.'” Ultrasonication is widely
used for intercalation and distribution of nanofillers in
biopolymer-based solution, however, it generally contami-
nates the solution by the erosion of metal ions on the soni-
cator probe. Conventional mechanical shearing can be an
alternative, but the homogenization efficiency is relatively
low compared to other methods. As an innovative tech-
nique, micro-scale methods can be promising alternatives
to conventional methods with favorable properties such as
easy processability and low energy consumption. Among
these methods, microfluidization has come into promi-
nence as a powerful technique for homogenization. Micro-
fluidizer (MF) is a high-pressure homogenization
technique that applies high shear stress to the solution in
microchannels and can be evaluated as a bottom-up
approach among the conventional composite formation
techniques. The product enters the MF via the inlet reser-
voir and is forced to pass through microchannels by a
high-pressure pump into the interaction chamber. A con-
denser pump inside provides the desired pressure to the
product along the microchannels in the interaction cham-
ber. The microfluidizer directs the product at constant

pressure along the fixed geometry microchannel. The
product is exposed to high-speed cutting rates in the inter-
action chamber. The velocity in microchannels can
increase up to 500 m/s."*> MF ensures that all the inlet
material is homogeneously subjected to the same proces-
sing conditions. The effective process parameters of the
microfluidizer process are pressure and the number of
passes. The pressure and pass number induce homogeni-
zation and affect physiochemical characteristics.

MF homogenization has been used in various applica-
tions such as nano-emulsion and liposome production,
high-pressure homogenization, breaking up particle clus-
ters, and polymer degradation.*”'® Recently, the use of
microfluidizer homogenization to obtain uniform nano-
particles has gained increasing interest, especially in
improving the encapsulation performance of carrier
matrices.'”” For instance, Alkanawati et al.*° compared
the effect of microfluidizer homogenization and ultraso-
nication on the physicochemical properties of starch-
based nanocarriers. By applying microfluidization, they
not only achieve smaller nanoparticles but also obtain
more uniform nanoparticle size distribution, possibly due
to homogeneous energy provided compared to the energy
produced by the cavitation-induced ultrasounds. Further-
more, Wei et al.** proved that microfluidizer homogeni-
zation prevents unwanted leakage of loaded agents
(i.e., curcumin) from zein-propylene glycol alginate com-
posite particles and increased particle stability. The physi-
cal and chemical properties of the polymers can be
altered with MF operation. Therefore, the MF processing
parameters (pressure and pass number) should be opti-
mized to obtain a good dispersion level of particles in the
polymer matrix to avoid degradation of the polymer
structure, especially in biopolymers.

Literature findings indicate that homogenization tech-
niques can drastically affect biopolymers’ molecular
weight due to the breakdown of covalent bonds in the
macromolecule chain.?*** Up to now, a few studies have
been conducted regarding MF as a homogenization tech-
nique for the nanocomposite formation.'****’ Primarily,
the effect of microfluidizer homogenization on the devel-
opment of nanofiller-enriched biomaterials for biomedical
applications has not been studied in detail. In this work,
the microfluidization technique was used to homogenize
polymer-nanoparticle solution to prepare chitosan-based
nanocomposite biomaterials, which are commonly used
biopolymers for various biomedical applications. In detail,
two different chitosan-based nanocomposites were fabri-
cated as nanospheres and 3D porous scaffolds with a com-
bination of chitosan matrix with two different inorganic
nanofillers. As a reinforcement agent, layered and cage-
like nanoclays (i.e., sodium montmorillonite (MMT) and
polyhedral oligomeric silsesquioxane nanocages (POSS),
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respectively) were used to form chitosan-based composite
materials. In detail, layered silicate MMT was dispersed in
high molecular weight chitosan to form nanospheres for
drug delivery whereas POSS, the smallest hybrid particles
of silica, was incorporated into low molecular weight chit-
osan solution to form porous scaffolds. For these two
nanocomposite materials, the effect of the microfluidizer
treatment on nanofiller dispersion, polymer characteris-
tics, and physical properties of the final biomaterials was
investigated. Furthermore, the impact of microfluidizer
treatment on 3D scaffold formation was compared with
the conventional homogenization methods such as sonica-
tion and ultrasonic bath.

2 | MATERIALS AND METHODS

2.1 | Materials

High molecular weight chitosan (HMW CS; molecular
weight: 310-375 kDa) and low molecular chitosan (LMW
CS; molecular weight: 50-190 kDa) were obtained from
Sigma-Aldrich (Schnelldorf, Germany). Organically mod-
ified montmorillonite (MMT, Cloisite 10A) was pur-
chased from Southern Clay Products Inc (Gonzalez, TX).
Gentamicin sulfate (Genta, IE Ulagay, Istanbul, Turkey)
and vancomycin hydrochloride (Anko-L, Mustafa Nevzat,
Istanbul, Turkey) were selected as model antibiotics for
drug loading in nanospheres. POSS Octa TMA® (Hybrid
Plastics, Hattiesburg, MS) was used for nanocomposite
scaffold fabrication with LMW CS.

2.2 | Methods

2.2.1 | Preparation and characterization of
CS/MMT and CS/POSS nanocomposite
solutions

To obtain two different 3D structures with distinct mor-
phologies, chitosan-based nanospheres and 3D micropo-
rous scaffolds were fabricated with high and low
molecular weight chitosan, respectively. Briefly, the
nanosphere-forming solution was prepared with 2%
(w/w) HMW chitosan, which was solubilized in 90%
(v/v) acetic acid solution and mixed overnight. MMT (3%
w/w chitosan) was separately dispersed in distilled water
(dH,0) and mixed overnight to allow swelling. Next, clay
dispersion was added to the chitosan solution dropwise.
CS/MMT mixture was mixed for an additional 12 h and
fed to the “Z” type interaction chamber of microfluidizer
(Microfluidics®, LV1, Microfluidizer® Processors, USA)
at 10000 and 20,000 psi pressure; cycled for 3, 5, and

10 passes for an efficient homogenization. The scaffold-
forming solution was prepared with LMW chitosan,
which was dissolved in 1% acetic acid solution with a
concentration of 1% (w/w) of CS. Next, POSS nanoparti-
cles were dried at 80°C under a vacuum for 24 h to pre-
vent moisture and dispersed in dH,O (10% w/w). Then,
CS solution and POSS dispersion were gently mixed and
fed to the microfluidizer to obtain a homogeneous LMW
CS/POSS  solution. Conventional homogenization
methods, ultrasonic bath (ISOLAB, Eschau, Germany)
and sonication with 15 and 35 Amplitude (Misonix Ultra-
sonic Liquid Processor, Farmingdale, NY) were also used
in nanocomposite preparation for comparison. Both
homogenization methods were applied for 30 min.

2.2.2 | Characterization of polymer solutions
Rheology

Polymer composite dispersions require a homogenization
process for effective particle distribution in the polymer
matrix. The high shear stress applied to biopolymers dur-
ing the homogenization process can affect their rheological
properties. Therefore, the effect of microfluidizer homoge-
nization on the rheological properties of HMW chitosan
was investigated using a rotational rheometer (Haake Mars
IT, Thermo Electron Corporation, Karlsruhe, Germany) in
a cone/plate measuring system (with a 35 mm diameter
and 2° angle). The shear stress (c) was determined for
shear rates (7) between 0 and 10 s™, and the average of
five measurements was reported. To find the consistency
index (K) and the flow behavior index (n) of the solu-
tions, the power law was applied as follows:

o=Ky" (1)

Viscosity and molecular weight determination

To determine the rheological behavior, intrinsic viscosities
of HMW and LMW chitosan solutions were also examined
with a capillary viscometer (SI Analytics, Typ513 10, App.
Nr. 1067 23). Briefly, samples (n = 3) were fed to the capil-
lary viscometer, and the flow time of the solvent and the
solutions were recorded. Experiments were conducted at
25°C. The extrapolation of reduced viscosity determined
the intrinsic viscosity to zero-concentration. Then, the
viscosity-average molecular weight was calculated accord-
ing to the Mark-Houwink-Sakurada equation below:

n=KM" 2)

where K and o are constants specific to polymer, solvent,
and temperature. The viscosity average molecular weight
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was calculated from the equation where K = 9.66 x 10>
(dm*/g) and a = 0.742 in the solvent system, composed
of 0.15 M Ammonium acetate and 0.2 M Acetic acid solu-
tion at 25°C.*®

Fourier transform infrared spectroscopy analysis

The effect of the microfluidizer homogenization on the
deacetylation degree (DD %) of HMW and LMW chitosan
matrices was determined using FT-IR analyses. The pres-
ence of nanofillers distributed in the polymer matrix was
also detected with Fourier Transform Infrared Spectros-
copy (FT-IR). First, solutions were pre-frozen at —20°C
overnight and lyophilized for 48 h (Labconco-Freezone)
at —46°C and under 0.0lmBar vacuum. Before measure-
ments, freeze-dried solutions were dehumidified under a
vacuum at 35°C. Dried samples were analyzed with FT-
IR (Shimadzu FTIR-8400S, Shanghai, China) by KBr pel-
let technique at wavelengths ranging from 4000 to
400 cm ! and a resolution of 4 cm ™. The peak heights
were determined with IR Solution (Shimadzu) software.
DD of the pure chitosan samples was calculated by the
absorbance ratios of the amide-I band (at 1655 cm™ ') and
OH ' band (at 3450 cm ') using the equation derived by
Domszy and Roberts (1985):*°

DD [%] = [1 — [(A1655/A3450) / 133]] x 100 (3)

X-Ray diffraction

X-ray diffractograms of HMW chitosan. Na-MMT and
CS/MMT dispersions were acquired in 20 = 3-30° with a
scan rate of 0.139°/second (Philips X'PertPro MRD).
Before experiments, solutions were pre-frozen at —20°C
overnight and lyophilized as described above. Diffraction
patterns of the samples were analyzed at 40 kV using Cu-
Ko radiation (A = 1.54A).

2.2.3 | Fabrication and characterization of
CS/MMT nanospheres

Chitosan/MMT nanospheres were fabricated by using the
electrospraying technique. The nanocomposite solution
was filled into a blunted syringe (21 G) and fed to the
electrical field with a constant flow rate using a syringe
pump. The operating conditions were adjusted as a volt-
age of 20kV, 5 ml/h flow rate, and 10 cm distance
between syringe and collector surface. Fabricated
CS/MMT nanospheres were kept in a desiccator at RT for
further characterizations in terms of morphology, particle
size, and encapsulation efficiency, which are significantly
affected by nanofiller distribution in a polymer matrix
with homogenization process.

Effect of homogenization on morphology and

particle size

SEM analysis. The morphology of the nanospheres was
examined with Scanning Electron Microscopy (SEM,
Quanta FEG 250, FEI Inc., USA). Before analysis, sam-
ples were coated with gold under an Argon atmosphere
(Emitech K550X, Kent, UK). The diameter of nano-
spheres was measured as an average of a minimum of
250 individual spheres using the Image J software.

Dynamic light scattering analysis and determination of
zeta potential. The nanospheres’ hydrodynamic size and
zeta potential were determined with light scattering using
a Nano ZS zeta sizer (Malvern Instruments, Herrenberg,
Germany) with a backscatter angle of 173°. Before mea-
surements, samples (n = 3) were dispersed in distilled
water and vortexed, and the mean hydrodynamic diame-
ters were analyzed as intensity average distributions. The
zeta potential of the nanospheres was investigated with
Malvern Zetasizer Nano-Zs. Samples (n = 3) were ana-
lyzed in 1x PBS (pH = 7.4) and ultrapure water at 25°C.
Samples were dispersed in liquid media, vortexed, and
studied with 3 runs and 100 scans per run.

Effect of homogenization on drug encapsulation efficiency.
Two model antibiotics, Gentamicin sulfate (GC) and
Vancomycin hydrochloride (VC), were incorporated into
the sphere-forming nanocomposite formulation to inves-
tigate the drug entrapment efficiency of nanospheres. To
do so, GC and VC were dissolved in HMW chitosan solu-
tion before the MMT addition with a total polymer to
drug ratio (P:D) of 20:1 and 8:1, respectively. The homog-
enization and electrospraying steps were applied to drug-
incorporated solutions as described above. Obtained
nanospheres were dispersed in 5 ml of PBS (pH = 7.4),
disrupted in an ultrasonic bath for 30 min, and filtrated.
The total amount of entrapped drug in the nanocompo-
site matrix was determined spectroscopically at 256 and
282 nm for GC and VC, respectively (Varioskan, Thermo
Fisher Scientific, MA, USA). The encapsulation efficiency
(EE) of the nanospheres was calculated as follows:

amount of drug entrapped in nanospheres [mg)

EE %] = amount of initial drug feed [mg]
x 100
(4)
2.2.4 | Fabrication and characterization of
CS/POSS scaffolds

Porous LMW CS/POSS scaffolds were obtained with the
freeze-drying technique. Briefly, the solutions were
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homogenized with different techniques, then molded in
24-well plates, pre-frozen at —20°C overnight, and freeze-
dried for 48 h at —46°C and under 0.01 mbar vacuum.
Fabricated scaffolds were kept in a desiccator at RT until
further characterization tests in terms of morphology,
mechanical characteristics, and swelling properties.

Effect of homogenization on morphological
characteristics

SEM and micro CT analyses. The homogenization pro-
cess, which affects the viscosity of polymer composite
solution, may lead to alterations in 3D structure and
porosity. Therefore, scaffold structure was determined
with SEM to investigate the effect of the homogenization
process on morphology and 3D microstructure as well as
average pore size and porosity. Samples were first pre-
pared for the SEM analysis as described above, and the
lateral pore sizes were determined using Image J software
by the obtained SEM micrographs. 3D morphology and
structure of the scaffolds were also analyzed using a com-
puterized microtomography method (Scanco-pCT50,
Scanco Medicals, Switzerland) with the real resolution at
45kVp and 88 uA. Scaffolds were scanned through
500 slices with a 3 pm voxel size in micro-Ct analyses.
Average pore size, total porosity, and interconnections of
porous structures were determined with micro-CT
analyses.

Liquid displacement method. The liquid displacement
method was used to calculate the percentages of open
pores in the scaffold. For this study, scaffold samples
(n = 3) were placed into a measuring cylinder containing
20 ml of 100% ethanol (V) and placed in a vacuum oven
to replace the entrapped air in the open pores with etha-
nol. Next, the volume overflowing with the scaffold (V)
and the decreasing volume (V5) after the scaffolds were
recorded. The open porosity (%) was measured with the
equation given below:

e=(V1—=V3)/(V,—V3) (5)

Effect of homogenization on physical properties
Mechanical properties. Mechanical properties of fabri-
cated scaffolds were determined with the compression
test using TA XT Plus Texture Analyzer (Stable Micro
Systems, UK). Experiments were conducted according to
the ASTM D-5024 standard. A 5 kgf load cell was used at
a testing speed of 3 mm/min.

Water absorption capacity. Swelling tests were performed
to determine the water absorption capacity of the scaf-
folds. Prior to tests, samples were neutralized with a 1 M

NaOH solution for 30 min. Then, scaffolds were
immersed in 1x PBS (pH = 7.4) at 37°C for 48 h. The
swelling ratio of scaffolds (SR) was determined according
to the relation between the weight of wet (W) and dry
samples (Wy):

SR=(Wy—W4)/Wa (6)

Thermal gravimetric analysis

The thermal stability of LMW CS and CS/POSS compos-
ites was assessed via thermogravimetric analysis to inves-
tigate the effect of different homogenization techniques
on chitosan matrix (Perkin Elmer Diomand TG/DTA).
Analyses were performed under a nitrogen atmosphere
in the temperature range of 30-650°C at a heating rate of
10°C/min.

3 | RESULTS AND DISCUSSION

In this study, the microfluidization technique was used to
homogeneously disperse two different nanofillers in a
biopolymer matrix for different biomedical aspects. As a
base matrix material, natural biopolymer chitosan was
selected due to its good biocompatibility,>*° antimicro-
bial activity,*** and biodegradability,® which makes it
one of the ideal polymer materials for biomedical applica-
tions.** Therefore, high- and low-molecular-weight chito-
san was used to prepare nanocomposites with two fillers,
that is, MMT and POSS, respectively. Homogeneous dis-
persion of these nanofillers is a challenging issue due to
the agglomeration tendency of nanoparticles in the poly-
mer solution. Thus, homogenization techniques were
generally used for the preparation of nanocomposite
solutions. This is the point at which microfluidization is
an efficient and novel homogenization technique to over-
come the possible non-uniformity in the polymer matrix.
However, the homogenization process leads to changes
in the physical properties of polymer solutions that even-
tually affect the physical characteristics and lead to
changes in morphology and characteristics of the fabri-
cated polymer matrix. From this point of view, chitosan
solutions were investigated regarding rheological behav-
ior and viscosity. Then fabricated nanocomposites were
investigated in their physical and morphological charac-
teristics to observe the effects of the homogenization pro-
cess on material characteristics.

3.1 | Rheological behavior

Microfluidizer treatment applies high pressure to the
polymeric solutions in microchannels to homogenously
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FIGURE 1 Flow curve (a) and
viscosity curve (b) of HMW chitosan
treated with different microfluidizer
parameters [Color figure can be viewed
at wileyonlinelibrary.com]

CIENCE
(a) 25 . (b) 6
»
20 d
o~ o —
é ® g 4+ °
] 154 L4 A F_'a °
§ ° A 2 s
101 - wh o 8 X
s v 2 v o
2 ° y Y L 2 27
@ 5 v . * ¢ v v
° v * M ! * *
;e |
0-? T T T T 0- T
0 2 4 6 8 10 0 2

shear rate [1/s]

e w/o MF 10000 psi 3 pass 4

v 10000 psi 10 pass ¢ 20000 psi 5 pass

distribute nanofillers/nanoparticles in a polymer matrix.
However, the working parameters should be well-
optimized for the applications, especially with the natural
polymers, since factors such as high pressure and temper-
ature increase with the cyclic application might cause an
irreversible change in the polymer characteristics. There-
fore, the effect of microfluidizer pressure and pass num-
ber on rheological properties of HMW chitosan solution
was investigated with a rotational rheometer equipped
with a cone/plate geometry. LMW CS solutions, however,
could not be analyzed with this set of equipment due to
their highly aqueous structure and low viscosity. Figure 1
represents the shear-dependent stress (a) and viscosity
(b) of MF-treated HMW chitosan solutions, respectively.
It was observed that the viscosity of HMW-CS samples
decreased with the increment of the shear rate
(Figure 1b). This shear-thinning (or pseudo-plastic)
behavior is generally found in polymeric solutions. The
experimental viscosity versus shear rate fit the power-law
well with high regression coefficients (R* > 0.99). The
rheological parameters, together with the apparent vis-
cosity and shear stress values, were shown in Table S1 in
the supplementary file. Apparent viscosities were calcu-
lated at the shear rate of 10 s~'. As usual for shear-
thinning fluids, the flow behavior index n is smaller than
1.>° Results implied that MF caused a change in rheologi-
cal properties of HMW chitosan solution, especially in
high pressure and pass numbers. Groups with a pass
number of 3 and 5 at constant pressure (10,000 psi)
showed similar rheological properties. Increasing the
pressure from 10,000 to 20,000 psi, however, significantly
affected the solution characteristics, and the viscosity of
the solution changed from shear-thinning to almost New-
tonian behavior. It was found that the pressure had more

4 6 8
shear rate [1/s]

10000 psi 5 pass

20000 psi 10 pass

impact on the solution viscosity than the pass number.
The decrease in viscosity can be attributed to polymer
chain degradation, conformational change, and a
decrease in molecular weight. Literature findings also
indicate that the apparent viscosity of the chitosan solu-
tion containing lemongrass essential oil has been signifi-
cantly reduced with a high-pressure homogenization."®

3.2 | Molecular weight determination

A change in the biopolymer's molecular weight signifi-
cantly affects the fabricated material's physicochemical
characteristics, leading to tremendous changes in its
functionality and bioactivity. It has been shown that MF
homogenization affects the physical properties of
biopolymer-based materials due to the application of
high pressure through the microchannels.**** Therefore,
to be able to assess these possible responses, first, the
molecular weight of high- and low molecular weight chit-
osan solutions was determined with a capillary viscome-
ter. Here, the viscosity-average MW of the solutions was
further used to calculate the intrinsic viscosity and the
molecular weight through the equation Mark-Houwink-
Sakurada empirical correlation. However, the HMW CS
groups homogenized with 20,000 psi were eliminated due
to their very low viscosity, which is not desired for the
nanosphere fabrication technique that we aim to use. As
shown in Table S2, the MW of solutions decreased with
an increase in the pressure and pass number due to the
inflated energy flow that leads to polymer degradation.
However, the MF treatment caused a very slight change
in the molecular weight at 10000 psi and 3 passes for
HMW and 5000 psi with 3 passes for LMW, respectively.
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After that point, it was observed that the molecular
weight sharply decreased. At 10000 psi, the molecular
weight of HMW chitosan decreased from 131.0 to
101.4 kDa when the pass numbers increased from 3 to
5 passes. The MW was further reduced to 68.55 kDa with
MF conditions at 10000 psi with 10 passes, which can be
attributed to reduction due to chain scission of chitosan
backbone.

Similarly, the molecular weight of LMW chitosan
decreased from ~98.8 to 45.1 kDa at 5000 psi and 5 passes

10000 psi 10 pass = sonication (15 Amp)

of MF application. To compare the effect of a microfluidi-
zer with an alternative homogenization method, high
molecular weight chitosan solution was treated with a
sonicator probe for 30 min. Results indicated that intrin-
sic viscosity decreased drastically and molecular weight
as 169, and 23.5 kDa, respectively (Table S2). Although a
similar homogenization technique was applied to LMW
chitosan, ultrasonic bath homogenization did not affect
the molecular weight and caused a slight molecular
weight decrease from 98 to 91 kDa. On the contrary,
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TABLE 1 Deacetylation degree of HMW and LMW chitosan
treated with different microfluidizer parameters

Polymer MF parameters Deacetylation degree (%)

HMW CS  Non homogenized 77.5+2
10,000 psi 3 passes 809 +2
10,000 psi 5 passes 809 +2
10,000 psi 10 passes 843 +1
20,000 psi 5 passes 803 +1
20,000 psi 10 passes  84.9 + 3

LMW CS  Non homogenized 751 +0
5000 psi 3 passes 752+ 0
5000 psi 5 passes 779 + 0
10,000 psi 3 passes 713+ 0
10,000 psi 5 passes 752+ 0

ultrasonicated LMW chitosan exhibited a remarkably
reduced molecular weight of 30 and 33 kDa with sonica-
tion amplitudes at 15 and 35, respectively.

3.3 | FT-IR and XRD analyses

The deacetylation degree of chitosan treated with differ-
ent homogenization conditions was evaluated with FT-IR
analyses. The relation regarding the absorbances of the
bands at 1655 cm ™' (the amide I band, which represents
the residual —CO—NH— groups) and at 3455cm
(OH bar, which is used as a reference band) was used to
calculate the DD. First, the characteristic peaks of chito-
san spectra at amide III (1380 cm™ Y, Figure 2b, line 3),
amine (1560 cm ’, Figure 2b, line 4), and amide I
(1655 cm ™%, Figure 2b, line 5) peaks were determined for
two chitosan composite groups. When the amide band at
1655 cm ™! for pure chitosan spectra was evaluated, a
decay at different treatment conditions was observed due
to the possible transformation of acetamide groups into
primary amine groups, thus, leading to an increase in the
DD (Figure 2a, ¢). The deacetylation degrees of the chito-
san solutions at different MF conditions were given in
Table 1. The DD of the HMW chitosan without MF was
calculated as ~77.6%, which was found reasonable since
the original product was described as >75% deacetylated.
However, the MF-treated samples showed a higher DD
(80-85%) compared to the non-treated sample. Results
indicated that the pass number affects the deacetylation
degree more when compared to the effect of pressure. On
the contrary, it was observed that this homogenization
step did not cause a significant change in the deacetyla-
tion degree of LMW chitosan. Additionally, these find-
ings fit well with previous studies regarding the

microfluidizer treatment of chitosan for other applica-
tions.>* The deacetylation of chitin results in the forma-
tion of free amine groups that gives the solubility
property to chitosan, so it is one of the most important
physicochemical parameters that affect the physical,
chemical, and biological properties of the chitosan-based
materials.’>*® Together with the visual observations of
the solutions, such a harmful effect, i.e., lowered solubil-
ity, was not observed for both high and low molecular
weight chitosan. FT-IR analysis was further performed to
determine the presence of nanofillers in HMW CS/MMT
and LMW CS/POSS composites (Figure 2b, d) or any
interactions between CS and fillers. The representative
peaks of MMT were determined at the groups at
913 cm ™' (Figure 2b, line 1) due to Al-Al-OH, and an
explicitly sharp peak at 1070 cm ' (Figure 2b, line 2)
representing Si—O—Si stretching,*’ which confirms the
presence of nanoclay in the chitosan matrix. Upon sub-
jecting CS/MMT samples to the microfluidizer homoge-
nization, the characteristic peaks of chitosan at
1655 cm ™' (amide I bonds), 1560 cm™' (amine bonds),
and 1380 cm ™' (amide III bonds) slightly shifted to left in
CS/MMT composite. Furthermore, the N-H stretching
band (3295 cm ! - 3370 cm ') became broader with the
microfluidizer application. When the pass number was
increased, it was observed that the pattern at 1560 cm~!
indicating the N-H bending of chitosan was slightly
shifted to 1570 cm ™!, which can be possibly explained by
the favorable interactions between the entrapped water
in MMT layers and the N-H of chitosan.**

Similarly, the presence of POSS nanoparticles in the
chitosan matrix was proven with FT-IR analysis. Here, the
FTIR spectrum of composites homogenized with other
methods, i.e., ultrasonic bath and sonication, were also
tested and compared. In all LMW CS/POSS groups, a strong
Si—O—Si stretching absorption band at 1070 cm ™’
(Figure 2d, line 7) was obtained. Additionally, a slight
peak observed at 920 cm ™' (Figure 2d, line 6) was attrib-
uted to the torsional vibration of NMe4 groups that
exhibits in the POSS structure.*> Furthermore, a peak at
1680 cm ' was observed at all the samples treated with
microfluidizer homogenization, which is a signature peak
of C=O0 stretching of the newly formed amide bond in
the composites.** These characteristic peaks of POSS
nanocage in the FT-IR spectra again approves that the
nanoparticles were successfully incorporated into the
matrix.

Diffraction patterns of HMW CS, Na-MMT, and
CS/MMT solutions treated with microfluidizer homoge-
nization (10,000 psi 3 and 5 passes) were characterized
using XRD as depicted in Figure 3. The results show that
non-processed CS samples showed the main chitosan
peak in the 20 range of 20-25°.*> However, after
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FIGURE 3 XRD diffractograms of (a) HMW chitosan, Na-MMT and (b) CS/MMT composites that are homogenized with microfluidizer

[Color figure can be viewed at wileyonlinelibrary.com]

microfluidizer treatment, the signature chitosan peak
had a lower amplitude for both groups, which can be
attributed to the increased disarray in chain alignment
compared to the non-processed, pure chitosan samples
(Figure 3b). <001> diffraction of Cloisite 10A nanoclay
indicated 20 values of 4.65 (Figure 3a), however, the dis-
appearance of <001> reflection of Cloisite 10A nanoclay
in the MF processed CS/MMT composites can be attrib-
uted to exfoliation of layered silicates in the CS matrix
(Figure 3b) that indicates the good dispersion of MMT
with MF homogenization in CS matrix.

3.4 | The effect of homogenization on
CS/MMT nanospheres

So far, the experiments were conducted with the solubilized
or freeze-dried samples to show the effect of the homogeni-
zation step on the material-forming solutions. In the next
step, the HMW CS/MMT nanocomposite solution was elec-
trosprayed to form nanospheres under predetermined con-
ditions. SEM images indicated that, both HMW CS and
HMW CS/MMT nanocomposite processed with different
microfluidizer parameters were able to form spherically
shaped, dry nanospheres whereas, non-uniform
nanosphere-fiber forms were obtained with conventional
homogenization methods (ultrasonic bath, sonication with
15-35 Amp) (Figure 4). These homogenization methods
caused unfavorable conditions for the electrospray process
due to the significant decrease in CS/MMT solution viscos-
ity. However, observations showed that the pressure
increase impeded dry nanospheres’ formation under these
conditions. Therefore, groups homogenized at 20000 psi
pressure could not be further used to characterize nano-
spheres. This effect could be explained by the low viscosity
of this group that negatively affected the continuous jet
conditions in electrospray, which requires either increasing
the distance between the collector and the syringe needle
or the nanofiller amount in the nanocomposite.

On the other hand, nanocomposite groups homoge-
nized with a microfluidizer at 10000 psi pressure could
be used to form spherical, uniform nanoparticles with a
dry size range of 31-76 nm (Table 2). Histogram data in
Figure 4 also indicated that MF homogenization
decreased the nanosphere size range compared to the
non-homogenized CS group. Besides, an increase in pass
number induced this size change by reducing the diame-
ter range from 50-500 to 20-200 nm with a 10 pass
number.

Light scattering measurements were performed to
investigate the hydrodynamic sizes of nanoparticles and
the homogeneity of chitosan matrix. MMT nanofiller
ensured the stability by acting as a physical cross-linker
for CS/MMT nanospheres homogenized with MF at
10000 psi. In literature, it was indicated that the MF
treatment induces the conformational changes in the
polymer chain and the number of charged groups is
increased in the polymer hydration surface.”” Therefore,
it is likely that the cyclic application of MF caused
improved interactions between cationic chitosan and
negatively charged MMT interlayers. The intensity aver-
age hydrodynamic size distributions of CS/MMT nano-
spheres were depicted in Table 2. The group treated with
10,000 psi and 5 passes resulted in the smallest average
size (65 + 4 nm) with a very low polydispersity index
(PDI, 0.10), which confirms the visual observations as
obtained by the SEM imaging. Zeta potential of the CS
and CS/MMT nanospheres was investigated at pH = 7.4.
The zeta potential of the unmodified chitosan without a
nanofiller reinforcement was found to be highly positive
(24.0 + 3.6 mV) due to the protonation of the primary
amine groups of chitosan. The zeta potential of the nano-
composite spheres was also found in the positive range,
which shows that the chitosan dominated the overall sur-
face charge. MMT incorporation resulted in comparably
lower zeta potential values (6-14 mV) due to the net neg-
ative charge of surface silicate layers of MMT platelets in
the working pH. However, it was observed that with the
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FIGURE 4 SEM images of electrosprayed, non-homogenized HMW CS (a) and HMW CS/MMT nanospheres treated with different MF
conditions (b-f), ultrasonic batch (g), and sonicator (h, i). Images were acquired with an accelerating voltage of 5 kV; scale bar

represents 2 pm

TABLE 2  Average size, hydrodynamic size, polydispersity index (PDI), and the zeta potential of CS/MMT nanospheres

MF parameters Average size SEM (nm)

Non homogenized 117 + 34 166 + 41
10,000 psi 3 passes 77 + 27 207 + 30
10,000 psi 5 passes 59 + 14 65+4
10,000 psi 10 passes 31 +12 15+ 5

increase from 3 to 5 pass, the net negative surface charge
of the nanospheres was increased from 6 to 13 mV due to
possible improvement in the dispersion of the platelets in
the chitosan matrix. This remarkable difference was not
observed with the increase in the pass number to 10.
However, the average hydrodynamic size was reduced.
The positive zeta potential of CS/MMT nanospheres was
found to be beneficial for further use in many delivery
strategies such as intracellular delivery and mucoadhe-
sive systems.***’

As indicated before, the deacetylation degree plays an
important role in the crosslinking and stability of
chitosan-based systems, which are the essential factors,
especially for the nanoscale drug delivery systems. In the
study of Gupta and Jabrail (2006), it has been shown that
the increase in the deacetylation degree of chitosan
causes higher encapsulation efficiency, and consecutively
a higher control over the release rate for chitosan-based
microspheres.*  Therefore, such effects of the

Average hydrodynamic size DLS (nm) PDI

Zeta potential (mV)

0.86 24.0 + 3.6
0.53 6.40 +£ 1.0
0.10 13.3+13

0.40 137 45 75

deacetylation degree and the improved nanofiller disper-
sion on drug carrier nanospheres were evaluated. Here,
two different antibiotics (GS and VC) were used as model
drugs, and the polymer to drug ratio was adjusted for
each formulation regarding the solubility of the antibi-
otics. Again, a determination of the encapsulation effi-
ciency was not possible for the unmodified control CS
nanospheres due to the aforementioned stability prob-
lem. The VC EE % of CS/MMT nanospheres varied
between 55% and 85%, whereas GC EE % was in the
range of 64-95% (Table 3). For both drugs, interestingly,
a similar effect was observed in EE by changing homoge-
nization parameters: The EE of the nanospheres homoge-
nized with 3 passes was found to be lowest and
remarkably increased with the application of 5 passes
due to a possible improvement in the dispersion of the
nanoclay sheets in the biopolymer matrix.

Furthermore, EE of the nanospheres decreased when
the pass number was increased to 10. This could be
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TABLE 3
with different MF parameters

The encapsulation efficiency of nanospheres treated

vC GC
encapsulation encapsulation
MF parameters efficiency (%) efficiency (%)
10,000 psi 3 passes 56 + 19 72 + 24
10,000 psi 5 passes 86 + 2 93+ 6
10,000 psi 10 passes 72 + 36 64 + 19

explained by the homogeneity and yield of the nanoparti-
cles under these working conditions. By considering the
results together with the observations and the
nanosphere-forming solution properties such as
increased deacetylation degree, one can conclude that the
CS/MMT nanospheres showed remarkably improved
characteristics with the good homogenization of the
MMT nanofillers.

3.5 | The effect of homogenization on CS
and CS/POSS nanocomposite scaffolds

3.5.1 | Morphology and 3D structure

LMW CS/POSS nanocomposite dispersion was used for
the fabrication of 3D microporous scaffolds. POSS nano-
particles were utilized as nanofiller reinforcement to
obtain a nanocomposite structure for hard tissue regener-
ation. However, biomaterials should meet several criteria
to be considered as a biomaterial, for example, adequate
pore size and morphology, good mechanical properties,
biodegradability, and biocompatibility. Since the biocom-
patibility of the chitosan-based materials was successfully
proven in various applications,*”** in this study, the
effect of the homogenization parameters on macro-and
microstructure and the physical properties of the scaf-
folds were focused on in detail. First, SEM analysis was
performed to determine the morphology, microstructure,
and average lateral pore size of the CS and CS/POSS
scaffolds.

The effect of ultrasonic bath, sonication, and micro-
fluidizer conditions on porous structure and the pore
walls of scaffolds was determined (Figures 5- 8), and the
average lateral pore sizes were calculated with Image J
software and given in Table 4. Conventional homogeniza-
tion techniques such as ultrasonic bath and sonication
did not significantly alter the average pore size of CS scaf-
folds compared to non-homogenized CS. Histograms
showed similar pore size distribution for non-
homogenized CS; ultrasonic bath homogenized CS and
CS group sonicated at 15 amplitudes. However,

Applied Polymer WiLgy-| ==

increasing the amplitude of sonication from 15 to 35 led
to an increase in the pore size by altering the pore struc-
ture and changing the pore size distribution range (159-
267 pm) (Figure 5). In addition, the sonication technique
changed the pore walls into thinner interconnected struc-
tures due to their decrease in molecular weight and vis-
cosity. It was observed that the microfluidizer
homogenization with 5000 psi and 3 passes caused cracks
on the pore walls and caused the formation of a non-
homogeneous structure. However, when the pass number
is increased to 5, homogenous pore morphology and
microstructure were achieved (Figure 6). Histograms of
CS/POSS scaffolds indicated that ultrasonic bath and son-
ication at 15 amplitudes enhanced the pore size com-
pared to pure CS scaffolds (Figure 7). However, the pore
size distribution range decreased as the pressure and pass
number increased in microfluidizer homogenization
(Figure 8). This led to homogeneity in pore size and mor-
phology. However, microstructure deteriorations and
elongation of the pore walls have occurred in LMW
CS/POSS composite scaffolds with microfluidizer homog-
enization, unlike pure LMW CS scaffolds. With increased
pressure (10,000 psi, 5 passes), the pore walls of CS/POSS
scaffolds became thinner (Figure 8). SEM images showed
that the MF-processed scaffolds obtained by lyophiliza-
tion could mimic the porous structure of the trabecular
bone. The literature reported that the pore sizes in a
range of 75-250 pm had optimum pore diameter in bone
scaffolds.® Also, it was found that the macropores larger
than 100 pm were suitable for cell migration, vasculariza-
tion, and bone tissue formation, and these sizes ensure
cell migration and transport.>>

Larger pores in the range of 100-150 and 150-200 pm
are required for substantial bone in-growth, whereas
pores in the range of 75-100 pm provide an appropriate
microenvironment for unmineralized osteoid tissue in-
growth. Smaller pores (10-44 and 44-75 pm) are pene-
trated only by the fibrous tissue.”® Here, the average pore
size of CS and CS/POSS scaffolds were found in the
appropriate range (199-283 pm) (Table 4). In addition to
that, it is known that an ideal scaffold should have open
pores that could provide successful nutrient and gas
transfer. Therefore, the open pore percentage of CS/POSS
scaffolds was determined with the liquid displacement
method as 70-85% (Table 4). These values were, again,
found to be sufficient to mimic the trabecular bone tissue
with a 50-90% porosity.>* Among the dispersions homog-
enized with the microfluidizer, the highest open porosity
was obtained in the groups with the working conditions
of 10,000 and 5000 psi with 3 cyclic passes. According to
the observations, a further increase in the pass number
caused the formation of less porous structures due to the
change in polymer solution viscosity.
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FIGURE 5 SEM images of non-homogenized LMW CS (a, b, ¢c) and LMW CS scaffolds treated with ultrasonic bath (d, e, f); sonicator-
15 amp (g, h, i); sonicator-35 amp (j, k, 1) in magnification of 100x, 250x, and 500x [Color figure can be viewed at wileyonlinelibrary.com]

3D structure of the CS and CS/POSS scaffolds was
also evaluated with micro-CT analysis (Figures 9 and 10).
Scaffolds showed highly interconnected, porous micro-
structures with a porosity varying between 87.5 and
89.8% (Table 4). Nonhomogenized CS scaffolds showed
layered structures in the peripheral parts and more com-
pact pore morphology in the interior. Moreover, weak
and non-uniform interconnections were observed
(Figure 9a). Cross-sectional images indicated that

scaffolds treated with ultrasonic bath and sonication pro-
cesses showed weak pore interconnections. In contrast,
microfluidization induced highly interconnected pore
structures (Figure 9b-f and Figure 10a-e). On the other
hand, micro-CT images of the microfluidizer-treated scaf-
folds showed uniform and branched microstructures with
interconnected open pores. Additionally, the cross-
sectional slides taken from the middle part of the scaf-
folds showed that the homogenous interconnected
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FIGURE 6 SEM images of LMW CS scaffolds treated with microfluidizer homogenization. Microfluidizer parameters are: 5000 psi
3 pass (a, b, ¢); 5000 psi 5 pass (d,e,f); 10,000 psi 3 pass (g, h,i); 10,000 psi 5 pass (j, k, 1) in magnification of 100x, 250%, and 500x [Color

figure can be viewed at wileyonlinelibrary.com]

structure did not change within the matrix. However,
groups homogenized with ultrasonic bath and sonicator
showed weak and shorter interconnections. The obtained
microstructure herein is preferred in the scaffolds to be
used as an implant material to deliver nutrient-liquid
transport and allow for vascularization. Micro-CT results
indicated that microfluidizer homogenization did not
have a negative effect on the microstructure of scaffolds.

3.5.2 | Mechanical properties and water
absorption capacity

Compression tests were performed to investigate the
effect of different homogenization techniques on the
mechanical properties of scaffolds in terms of compres-
sive strength and modulus (Figure 11). Compression
moduli of chitosan scaffolds pretreated with an ultrasonic
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FIGURE 7 SEM images of CS/POSS nanocomposite scaffolds treated with ultrasonic bath (a, b, ¢); sonicator-15 amp (d, e, f); sonicator-
35 amp (g, h, i) in magnification of 100x, 250x, and 500x [Color figure can be viewed at wileyonlinelibrary.com]

bath (661 Pa) were found to be similar to untreated scaf-
folds (708 Pa). However, sonication pretreatment with
both 15 and 35 Amp affected the mechanical properties
of the scaffolds negatively. Results supported the mor-
phological observations as the decrease in the compres-
sion modulus of groups treated with the sonication (183-
466 Pa) could be explained by the asymmetrically distrib-
uted microstructure observed in SEM images. On the
other hand, compression moduli of CS scaffolds were not
affected significantly with microfluidizer pretreatment at
5000 psi pressure (724-755 Pa), then lowered with the
increase in pressure from 5000 to 10,000 psi. However,
enhanced compression modulus values were observed for
both pressure conditions with an increase in the pass
number due to the enhanced homogeneity of the micro-
structures. Compression results of CS/POSS nanocompo-
sites showed that the reinforcement effect of the POSS
nanoparticle dispersion in the polymer matrix was
observed for all groups. In detail, the highest compression
modulus was observed for the group homogenized with
the ultrasonic bath (862 Pa), whereas sonication had a
lowering effect for this group (200-442 Pa). This effect

could be attributed to the low viscosity of the sonicated
groups, which leads to irregular pore distributions in the
structure. Homogenous and interconnected microstruc-
tures obtained with microfluidizer homogenization
caused an increment in mechanical characteristics. When
the effect of the microfluidizer homogenization was
assessed, it was observed that the increase in the pass
number from 3 to 5 at constant pressure (5000 psi)
improved the mechanical properties (645-846 Pa). This
enhancement in mechanical properties can be related to
the microstructure of scaffolds depicted in SEM micro-
graphs showing larger and more homogenous pore wall
surfaces at 5000 psi compared to other homogenization
groups. As observed for pure chitosan scaffolds, a further
increase in the pressure to 10,000 psi affected the
mechanical properties of the nanocomposite scaffolds
negatively due to decreasing viscosity (220-632 Pa).
Biomaterials should absorb the body fluid to allow
protein adsorption at the material surface. This initial
protein adsorption further ensures cellular attachment
and proliferation on the scaffold surface. Thus, the water
absorption capacities of scaffolds were determined with
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FIGURE 8

the swelling test. The swelling degree of the scaffolds was
found in a range of 30-46 (Figure 12). Results indicated
that the swelling ratio of CS scaffolds homogenized with
ultrasonic bath and sonication at 15 Amp showed a simi-
lar trend due to their similar microstructure as shown in
SEM images. It was observed that the water absorption
capacity was increased with the POSS nanofiller disper-
sion due to its hydrophilic structure.”® Additionally, with
an increase in pressure and pass number from 5000 to
10,000 psi, scaffolds showed thinner pore walls and
higher open porosity, resulting in enhanced water

Applied Polymer WiLgy-| ==

SEM images of LMW CS/POSS nanocomposite scaffolds treated with microfluidizer homogenization. Microfluidizer
parameters are: 5000 psi 3 pass (a, b, ¢); 5000 psi 5 pass (d, e, f); 10,000 psi 3 pass (g, h, i); 10,000 psi 5 pass (j, k, 1) in magnification of
100x, 250%, and 5000 [Color figure can be viewed at wileyonlinelibrary.com]

absorption capacity. A significant change in the swelling
degree was not observed within different incubation
periods, which shows that the absorbed liquid in the
nanocomposite matrix was not lost within the first 48 h.

3.5.3 | Thermal degradation

The thermal stability and decomposition behavior of
LMW CS and LMW CS/POSS composites were analyzed
with thermogravimetric analysis (TGA) (Figure 13).
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TABLE 4  Average pore size and porosity % values of LMW CS and LMW CS/POSS scaffolds with different MF operation conditions

Homogenization parameters
Cs Non homogenized

Ultrasonic bath

Sonicator (15 Amp)

Sonicator (35 Amp)

5000 psi 3 passes

5000 psi 5 passes

10,000 psi 3 passes

10,000 psi 5 passes
CS/POSS Ultrasonic bath
Sonicator (15 Amp)
Sonicator (35 Amp)
5000 psi 3 passes
5000 psi 5 passes
10,000 psi 3 passes
10,000 psi 5 passes

CS-Nonhomogenized

CS-Ultrasonic bath

Porosity: 87.5% Porosity: 89.3%

CS-5000psi 3 pass CS-5000psi 5 pass

Porosity: 89.8% Porosity: 89%

FIGURE 9

Average lateral pore size (um) Open porosity (%)
213 + 44 77 £ 0.5
199 + 52 74 + 12
211 + 55 74 + 12
240 + 52 83+5
235+ 72 76 + 10
221 + 42 70+ 5
277 + 41 85+ 1
281 +43 74 + 4
283 + 52 78 + 8
281 + 67 75+ 6
239 + 39 78 +2
258 + 57 77 + 2
223 + 55 70 £9
257 + 40 81+2
191 + 33 71+ 6

CS-Sonicator 15Amp

Porosity: 89.6%

CS-10000psi 3pass

Porosity: 89.5%

Micro-CT images of LMW CS scaffolds with 3D structural view and cross-sectional view: Non homogenized (a); ultrasonic

bath (b); Sonicator 15 amp (c), 5000 psi 3 pass (d); 5000 psi 5 pass (e); 10,000 psi 3 pass (f) [Color figure can be viewed at

wileyonlinelibrary.com]

Thermal degradation is combination of physical and
chemical processes that includes the phase transition,
oxidation and decomposition of materials, and it is
important for the characterization of the biomaterials for
medical applications.>® Here, it was seen that the micro-
fluidizer homogenization, as well as the conventional
methods (ultrasonic bath and sonication) did not cause a
remarkable alteration in the thermal stability of the
LMW CS matrices. The TGA results indicated that non-
homogenized CS and CS scaffolds homogenized with

ultrasonic bath showed similar TG trends where MF
homogenization showed similar effects with sonication at
15AMP with regard to the transition regimes. Initial
weight loss of samples was observed in the range of 30-
100°C and this regime was attributed to the dehumidifi-
cation of the samples. Further, the second decay in the
range of 300-400°C regime indicated the thermal degra-
dation as the attributing depolymerization of the polymer
matrices. The thermal decomposition in this region is
related to the complex dehydration of the saccharide
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CS/POSS-Ultrasonic bath

Porosity: 88.5%

CS/POSS-5000psi 3 pass

Porosity: 88.5%

FIGURE 10

CS/POSS-5000psi 5 pass

Porosity: 87.7%

Applied Polymer WiLgy-| 7=

CS/POSS-Sonicator 15Amp

Porosity: 87.6%

CS/POSS-10000psi 3pass

Porosity: 87%

Micro-CT images of LMW CS/POSS nanocomposite scaffolds: 3D structural view and cross-sectional view: Ultrasonic bath

(a); Sonicator 15 amp (b); 5000 psi 3 pass (c); 5000 psi 5 pass (d); 10,000 psi 3 pass (e) [Color figure can be viewed at wileyonlinelibrary.com]
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Mechanical characterization of the tissue scaffolds. Compression modulus (a, ¢) and mechanical strength (b, d) of pure

chitosan and chitosan/POSS nanocomposite scaffolds, respectively. The mechanical properties of chitosan (a, b) and chitosan/POSS
nanocomposite tissue scaffolds (c, d). Error bars denote standard deviation obtained from »n = 5 independent samples
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FIGURE 12 The swelling degree of chitosan (a) and chitosan/POSS composite tissue scaffolds (b) after 24 and 48 h of incubation in 1x

PBS (pH = 7.4). Error bars denote standard deviation obtained from n = 5 independent samples
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FIGURE 13
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rings and the decomposition of the both acetylated and
deacetylated units of the chitosan.”” However, at 650°C,
total weight loss of CS samples altered with different
homogenization techniques. TGA of CS/POSS composites
showed that conventional techniques (ultrasonic bath
and sonication) showed similar degradation trend at 200-

(®) 100
90 |
80 |
70
60 |
50
40 |
30
20t 1
10 1
0

LMW CS/POSS -

weight (%)

0 100 200 300 400 500 600 700
temperature (°C)

LMW CS-POSS ultrasonic bath

LMW CS-POSS sonication 15SAMP

LMW CS-POSS 5000 psi 3 pass

LMW CS-POSS 10000 psi 3 pass

TGA thermograms of LMW CS and LMW CS/POSS composites under nitrogen environment [Color figure can be viewed at

300°C. However, microfluidizer homogenization altered
the thermal degradation behavior of CS/POSS composites
by shifting degradation regime to 300-400°C. Overall
weight loss of samples indicated that microfluidizer
homogenization decreased the total weight loss of com-
posites at 650°C.
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4 | CONCLUSION

This study showed that the microfluidizer homogenization
technique could improve the nanoparticle dispersion in high
and low molecular chitosan matrices. Besides, microfluidiza-
tion techniques can be an alternative to conventional
homogenization techniques such as ultrasonic homogeniza-
tion, which causes drastic changes in the viscosity of biopoly-
mer solutions. Results indicated that the microfluidization
process altered the solution characteristics at a minimum
level compared to the conventional techniques, provided
homogenous distribution, and positively affected the fabri-
cated nanocomposites' physical properties. By using this
technique, an efficient nanofiller dispersion and a consecu-
tive reinforcement effect were observed in both nano and
macroscale chitosan nanocomposites compared to the con-
ventional ultrasonic homogenization methods. The low sta-
bility of the chitosan nanospheres was obviated with the
MMT reinforcement, which leads to uniform size distribu-
tion and high drug encapsulation efficiency.

Furthermore, 3D tissue scaffolds obtained by MF tech-
nique (CS/POSS nanocomposites) showed high porosity
and interconnected pores, good mechanical properties,
and adequate swelling degree due to successful reinforce-
ment in the structure. Thermal stability of CS/POSS com-
posites altered with microfluidizer homogenization
compared to conventional homogenization methods.
These findings demonstrate that the microfluidizer is a
powerful technique to supply improved homogeneity of
nanocomposite biomaterials for various biomedical appli-
cations. It is a more appropriate method to process bio-
polymers regarding the property requirements.
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