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Preface to “Advances in Biocompatible and
Biodegradable Polymers-Volume I1”

Among the strategies for reducing the negative effects on the environment effected by the
uncontrolled consumption and low potential for the recovery of conventional plastics, the synthesis
of new biodegradable and recyclable plastics represents one of the most promising methods for
minimizing the negative effects of conventional non-biodegradable plastics. The spectrum of existing
biodegradable materials is still very narrow; thus, to achieve greater applicability, research is being
carried out on biodegradable polymer mixtures, the synthesis of new polymers, and the incorporation
of new stabilizers for thermal degradation, alongside the use of other additives such as antibacterials
or new and more sustainable plasticizers. Some studies analyze direct applications, such as shape
memory foams, new cartilage implants, drug release, etc.

The reader can find several studies on the degradation of biodegradable polymers
under composting conditions; however, novel bacteria that degrade polymers considered
non-biodegradable in other, unusual conditions (such as conditions of high salinity) are also

presented.

José Miguel Ferri, Vicent Fombuena Borras, and Miguel Fernando Aldas Carrasco
Editors
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Article

Major Factors Influencing the Size Distribution Analysis of
Cellulose Nanocrystals Imaged in Transmission

Electron Microscopy

Hui Qian

Nanotechnology Research Center, National Research Council of Canada, 11421 Saskatchewan Drive,
Edmonton, AB T6G 2M9, Canada; Hui.Qian@nrc-cnre.ge.ca

Abstract: Size distributions of cellulose nanocrystals (CNCs), extracted from softwood pulp via
strong sulfuric acid hydrolysis, exhibit large variability when analyzed from transmission electron
microscopy (TEM) images. In this article, the causes of this variability are studied and discussed. In
order to obtain results comparable with those reported, a reference material of CNCs (CNCD-1) was
used to evaluate size distribution. CNC TEM specimens were prepared as-stained and dried with a
rapid-flushing staining method or hydrated and embedded in vitreous ice with the plunge-freezing
method. Several sets of bright-field TEM (BF-TEM), annular dark-field scanning TEM (ADF-STEM)
and cryogenic-TEM (cryo-TEM) images were acquired for size distribution analysis to study the
contributing factors. The rapid-flushing staining method was found to be the most effective for
contrast enhancement of CNCs, not only revealing the helical structure of single CNCs but also
resolving the laterally jointed CNCs. During TEM specimen preparation, CNCs were fractionated
on TEM grids driven by the coffee-ring effect, as observed from contrast variation of CNCs with a
Citation: Qian, H. Major Factors stain-depth gradient. From the edge to the center of the TEM grids, the width of CNCs increases,
Influencing the Size Distribution

) while the aspect ratio (length to width) decreases. This fractionated dispersion of CNCs suggests that
Analysis of Cellulose Nanocrystals

. o images taken near the center of a droplet would give a larger mean width. In addition to particle
Imaged in Transmission Electron

Microscopy. Polymers 2021, 13, 3318, fractionation driven by the coffee-ring effect, the arrangement and orientation of CNC particles on

https:/ /doi.org/10.3390/ polym the substrate significantly affect the size measurement when CNC aggregation cannot be resolved in
13193318 images. The coexistence of asymmetric cross-section CNC particles introduces a large variation in

size measurement, as TEM images of CNCs are mixed projections of the width and height of particles.
Academic Editors: José Miguel Ferri, As a demonstration of how this contributes to inflated size measurement, twisted CNC particles,
Vicent Fombuena Borras and Miguel  rectangular cross-section particles and end-to-end jointed CNCs were revealed in reconstructed
Fernando Aldés Carrasco three-dimensional (3D) micrographs by electron tomography (ET).
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_ o 1. Introduction
published maps and institutional affil-

{ations. Cellulose nanocrystals (CNCs) are crystalline particles derived from naturally abun-
dant plant or animal cellulose sources (wood, cotton, tunicate and bacteria, etc.) via strong
acid hydrolysis. Depending on the origin of bulk cellulose and acid hydrolysis conditions,

the crystallinity, shape and geometric dimensions of extracted CNCs exhibit great variety.

In general, CNCs come in rod, ribbon or whisker-like shapes, with lengths ranging from

tens of nanometers to several microns and widths ranging from 3 to 50 nm [1-4]. Com-

pared with bulk cellulose with greater amorphous fractions, CNCs exhibit a higher aspect
ratio (length-to-width) with the reactive surface of hydroxyl side groups, a greater axial
conditions of the Creative Commons _ €lastic modulus and unique liquid crystalline properties. These properties, along with

Attribution (CC BY) license (https://  their natural abundance and biocompatibility, make CNCs attractive for many industrial

creativecommons.org/licenses /by / applications, such as sustainable energy and electronics, biomedical engineering, water

4.0/). treatment, etc. [5-8].
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CNCs are reminiscent of crystalline regions within elementary fibrils, and the cross-
sections of terminating surfaces are either square, rectangle or hexagon [9]. However,
CNCs derived following acid hydrolysis display considerable variability in crystallinity
and morphology despite being from the same cellulosic source. The processing condi-
tions during the exaction and post-drying of CNCs may result in the variability of CNC
products [3,10]. On the other hand, the characterization of products, as a bridging pro-
cedure between production and utilization, may also provide inconsistent results due to
varying characterization techniques. This variability makes further functionalization and
application of CNCs inconsistent. Therefore, the development of consistent, reliable and
accurate measurement protocols is critical to understand the various processes required for
optimizing CNC production and utilization.

The structure and size distribution of CNCs, as significant physicochemical properties,
have been characterized using light scattering and electron microscopy for several decades.
Since the early 1950s, transmission electron microscopy (TEM) has been used to reveal the
morphology of CNCs extracted from cotton, ramie and bacterial cellulose [1,11]. Samira
et al. performed comprehensive characterization using TEM/cryogenic-TEM, atomic
force microscopy (AFM) and small- and wide-angle X-ray scattering (SAXS and WAXS)
to determine the shape and size distribution of CNCs from several cellulose sources
by [4]. However, challenges in CNC size distribution analysis still remain, and a standard
analysis protocol has yet to be established, although numerous efforts have been made
in several aspects, including analysis methods and material treatment [12-14]. Johnston’s
team recently reported interlaboratory comparisons of CNC size distributions measured
with both TEM and AFM. The results show great variability between the participating
laboratories, and a skew-normal distribution method was proposed to accommodate the
variability from different datasets [15,16]. Interestingly, the mean width (7.5 nm) measured
in TEM is still approximately twice the mean height (3.4 nm) measured in AFM. This may
indicate that not all CNC particles are composed of single crystallites, CNC particles are
composed of single crystallites in different sizes or CNCs are laterally jointed bundles.
More recently, both the width and height of CNCs were measured using AFM images with
an internal calibration standard to evaluate the broadening effect of the AFM tip on width
measurement. The results show 28% of CNCs with an approximately symmetric transverse
cross-section (square) and the remainder with an asymmetric cross-section [17]. However,
a validation procedure is required for width measurement in AFM, which may introduce
another source of variability from gold nanoparticles used as the internal calibration
standard.

Unlike AFM topography images, TEM images are the projection of three-dimensional
(3D) objects along the electron-beam direction on a camera or detector as a two-dimensional
(2D) image. Therefore, the arrangement and orientation of CNCs on substrate/TEM grids
will affect the projected image, which is used for size measurement. As illustrated in the
schematic diagram (Figure S1) in the Supplementary Materials, the width measured from a
projected image is equal to the height when a rod-shaped particle has a symmetric cross-
section. However, with an asymmetric cross-section, they may be different, depending on
which side lies on the substrate. Therefore, the measured width distribution from TEM
images is a mix of the width and height of 3D particles. In addition to the orientation on
the substrate, CNC particle arrangement may also introduce variation in width and length
measurements when individual particles cannot be resolved. Furthermore, sessile droplets
on TEM grids may cause the CNC particles to be distributed fractionally during drying,
leading to an inaccurate size distribution due to the missing representation of particles from
certain regions of the TEM grids. In this article, several image sets with different imaging
conditions were processed to evaluate the size distribution of CNCs. The major factors
influencing the size distribution of CNCs will be discussed in depth based on observations
and analysis.
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2. Materials and Methods
2.1. TEM Specimen Preparation

The CNC material used is a National Research Council Canada-certified reference
(NRCC), CNCD-1 [12,15-18]. The CNCs were extracted with sulfuric acid hydrolysis of
softwood pulp, followed by neutralization and sodium exchange, purification and spray
drying. The CNC aqueous solution was prepared by dispersing dry CNC powders in
deionized water with a concentration of 0.02% (w/v). Vortex or sonication of the CNCs in
aqueous solution was performed before preparing TEM specimens.

Continuous and perforated carbon-film-supported TEM grids were treated with glow
discharge in air for 15 s at 15 mA current (PELCO easiGlow™, Ted Pella, Inc., Redding, CA,
USA) before applying samples. CNC TEM specimens were prepared under four different
conditions as described below. The first specimen (Sp1) was CNCs negatively stained with
2% uranyl acetate (UA) on TEM grids. Briefly, a 3 uL droplet of CNC aqueous solution was
deposited on an ultra-thin continuous carbon-film TEM grid. Excess solution was blotted
off with filter paper from the edge of the grid or the top of the droplet after 10 s incubation.
The TEM grid was then tilted 30 to 45 degrees, rapidly washed with two running UA
droplets and placed with a 2 pL droplet. After about 30 s of incubation, UA was blotted
away with filter paper from the edge of the grids, and a thin layer of stain was left to air-dry
on the TEM grids. The second specimen (Sp2) was pristine CNCs deposited on carbon
TEM grids with the same preparation procedure as Sp1, except that the droplet incubation
time was 60 s without UA staining. The third specimen (Sp3) was negatively stained CNCs
on carbon TEM grids with gold nanoparticles as fiducial markers for electron tomography
(ET). Colloid gold nanoparticles with a 5 nm diameter (0.1 mg/mL) were deposited on
carbon-coated TEM grids and air-dried prior to CNC deposition. The same procedure for
Sp1 was then followed to obtain negatively stained CNCs.

The fourth specimen (Sp4) was CNCs embedded in vitreous ice, and the cryo-TEM
specimen was prepared using the plunge-freezing method [19]. Briefly, the plunge freezer
Dewar/chamber (EMS-002 Rapid Immersion Freezer, Electron Microscopy Sciences, Hat-
field, PA, USA) was precooled with liquid nitrogen for 30 min. Compressed ethane gas was
liquefied in a Falcon tube surrounded with liquid nitrogen. The liquid ethane was then
poured into a cryogen container immersed in a liquid nitrogen chamber with a temperature
of —184 °C. The container was ready for use when the ethane was lightly frozen at the
bottom and the walls of the container. One 4 pL droplet of CNC aqueous solution was
placed on the perforated carbon side of a TEM grid facing up for 2 min. The tweezer
securing the TEM grid was then mounted to the releasing anvil. Excess solution was
blotted using filter paper from the back side of the TEM grid for 4 s, and the TEM grid was
rapidly plunged into the liquid ethane. The frozen CNCs on the TEM grid were kept in
liquid nitrogen and transferred for cryogenic-TEM (cryo-TEM) imaging.

2.2. Image Acquisition

All bright-field TEM (BF-TEM) and annular dark-field scanning TEM (ADF-STEM)
images of CNCs were obtained using a JEOL 2200FS TEM/STEM at a 200 kV accelerating
voltage with an in-column Omega energy filter. BF-TEM images with a pixel size of
2048 x 2048 were acquired on a Gatan slow-scan camera with pixel resolution at selected
magnifications calibrated with a standard specimen (MAG*I*CAL, Electron Microscopy
Science, USA). For imaging CNCs embedded in vitreous ice, the frozen specimen was
transferred to a cryo-TEM holder (Gatan Inc., Pleasanton, CA, USA) while being kept
below —170 °C. During TEM imaging, the specimen was kept at —180 °C, and the electron
beam was blanked between image acquisitions to minimize beam damage on CNCs. The
beam dose for each image was 2 e~ /AZ. Ten to fifteen TEM images of CNCs from different
regions on the TEM grid were acquired at each magnification.

In STEM mode, ADF-STEM images of CNCs were acquired using a 0.5 nm probe with
a pixel dwelling time of 10 us and an image size of 512 x 512 pixels. The pixel resolution
was 0.5 nm, which was the same as the scanning step to avoid oversampling between
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pixels. Approximately 15 ADF-STEM images of CNCs taken from different areas were
used for size measurement.

The TEMography® software package (Frontier Inc., Tokyo, Japan) was used for the
acquisition of tilt-serial BF-TEM images, fine alignment of 2D images, reconstruction of 3D
data, rendering and visualization of CNCs in 3D. The tilt-serial dataset was collected by
tilting the holder along the x-axis from —70° to +70° with a 2° increment and a defocus
value of 1 um. Gold nanoparticles were used as fiducial markers and focusing objects
during image acquisition and fine alignment.

2.3. Size Measurement and Distribution Analysis

Image] (Version 1.53c), an open-source software, was used for image processing [20].
Single CNC particles or particles with clear separation outlines were manually selected
for size measurement. The size of CNC particles was measured directly from TEM/STEM
images. As shown in Figure 1, the length (L) is defined as the distance in a straight
line between the two furthest points along a single CNC particle (major axis), and the
width (W) (minor axis) is measured at the midpoint of its length unless a particle is
clearly asymmetric. An ImageJ] macro was used to open sequential images automatically
after manual measurement of the length and width of selected CNCs on an active image.
Measurement results were exported in a data format suitable for further statistical analysis
in OriginPro 2017 or Excel. Approximately 200 particles were measured to give adequate
statistical confidence. Histograms of length and width distributions for each dataset were
plotted, and Gaussian fitting was applied for descriptive statistics. Box plots labeled with
median, mean and one standard deviation (SD) above and below the mean were also used
for comparing size distributions in datasets of stained CNCs and CNCs in vitreous ice.

Figure 1. The length (L) is defined as the straight line between the furthest two points (P1 & P2)
along the individual CNC particle; the width (W) is defined as the distance between two edges of
CNC particle, as indicated in BF-TEM image (left) and ADF-STEM image of CNCs (right). Scale bars
are 20 nm.

3. Results and Discussion
3.1. Contrast of CNC Particles in a TEM Image

CNCs are low-density (1.6 g/cm3), high-aspect-ratio and electron-beam-sensitive
biopolymers. The mass contrast of CNC nanoparticles in a normal BF-TEM image is very
weak (Figure 2a). To enhance the contrast, conventional negative staining is widely used,
and generally, 1-2% aqueous uranyl acetate is used as the staining reagent. However, due
to the different staining methods/protocols, inconsistent quality and properties of the
supporting films on TEM grids, as well as individual operator skills, staining results vary
even for CNCs deposited on the same TEM grids [21]. As shown in Figure S2, a typical
region of CNCs stained with 2% uranyl acetate has a gradient stain depth, resulting in
CNCs with different contrasts. The very shallow stain cannot cover the overall contour of
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CNCs, resulting in a weak contrast (Figure 2b). The CNCs in the deep stain appear bright
with a fairly uniform dark background (Figure 2d), whereas those in the shallow stain
are outlined by the stain (dark outlines), and the helical structure of the CNC particles is
revealed clearly (Figure 2c). Despite this stain-depth variation, the rapid-flushing staining
method described in the TEM specimen preparation was found to be the most suitable
method among all those tested. To ensure that particles selected for image processing and
size measurement were as homogenous as possible, regions of CNCs with similar stain
depths were chosen as one dataset.

Figure 2. Variation in stain-depth of CNCs shown in BF-TEM images. (a) unstained; (b) very shallow;
(c) shallow and (d) deep stained CNCs, respectively. Scale bars: 100 nm.

In addition to heavy-metal staining such as UA, the contrast of CNCs can also be
enhanced with other approaches such as electron energy filtering, objective lens defocusing
and phase-plate insertion in the BF-TEM mode. As shown in Figure 3a, a zero-loss BF-TEM
image of unstained CNCs was taken with a 10 eV energy filter and a defocus of —3 um,
in which the helical-like structure of CNCs was revealed, which indicates that the helical
structure in stained CNCs is not an artifact. In the last decade, phase-plate imaging has also
been explored in contrast enhancement of soft materials. However, considering the various
phase-plate types, phase-shift interpretation and access to instruments with a phase plate,
it might be challenging to standardize the size distribution with this approach. In addition
to the above approaches of contrast enhancement, STEM imaging is an important method
of contrast tuning for polymers and biomolecules [22,23]. The contrast of an ADF-STEM
image is related to mass thickness and atomic numbers in the specimen. The pristine
CNCs in the ADF-STEM images give high contrast, the individual CNC particles are
distinguishable and some CNC particles (pointed by arrows) with nonuniform width along
their long axis can be revealed (Figure 3b). On the other hand, electron-beam-induced
contaminations can easily build up during scanning and blur the image at high resolution.
For CNCs stained with uranyl acetate, edges of CNCs exhibit sharp contrast from the stain
with a shallow depth in the ADF-STEM image, as shown in Figure 3d. It is easier to identify
the individual CNCs than those in the BF-TEM images (Figure 3c) taken from an adjacent
area, even though the helical or twist structure of CNCs is not revealed in the ADF-STEM
images, which may not be important for size measurement.
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Figure 3. (a) under-focused (—3 pum) BF-TEM and (b) ADF-STEM images of unstained CNCs;
(c) BE-TEM and (d) ADF-STEM image of stained CNCs. Scale bars: 100 nm.

With the contrast enhancement methods discussed above, sets of BF-TEM and ADEF-
STEM images of stained and unstained CNCs deposited on carbon TEM grids (Sp1 and
Sp2 specimens) were acquired. The length and width of selected CNCs imaged at different
conditions were measured, and the descriptive statistics of their distributions are summa-
rized in Table S1. For curiosity, a set of BF-TEM images of CNCs was taken for each of
the areas with a gradient stain depth, indicated as Zones Al, A2 and A3 in Figure 52, and
the image resolution was 0.41 nm/pixel, 0.41 nm/pixel and 0.29 nm/pixel, respectively.
The mean length of CNCs in Zones A1, A2 and A3 is 100.5 nm, 88.8 nm and 79.6 nm, and
the mean width is 5.8 nm, 6.4 nm and 6.7 nm, respectively. Moving toward inward areas
with a shallow stain (a similar stain depth as in Zone A3), an image set of ADF-STEM for
Zone A4 was taken with an image resolution of 0.5 nm/pixel. The mean length and width
of CNCs in Zone A4 are 76.3 nm and 7.0 nm, respectively. The histograms of length and
width distributions are all included in Figure S3. Box plots of length, width and aspect
ratio (length to width) for Zones Al to A4 are shown in Figure 4. From Zones Al to A4
with decreasing stain depths, the CNC width increases, while the CNC length and aspect
ratio (AR) decrease, which suggests a correlation between size distribution and stain depth
or imaging zone. Thus, the question to be answered is: does the stain depth affect the size
of CNCs, or are CNC particles distributed differentially or fractionally on the substrate by
size during droplet drying?
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Figure 4. Box plots of length, width and aspect ratio (L/W) distribution of stained.CNCs at zones Al to A4 with deceasing
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deviation (SD) above and below the mean are labelled to the left of boxes.

3.2. Dispersion of CNCs Adsorbed on Carbon-Film-Supported TEM Grids

As known, when a sessile droplet containing dispersed solid dries on a solid surface, a
characteristic “coffee ring” is formed due to capillary flow toward the droplet edge [24]. In
general, during the evaporation of a sessile droplet, the distribution of solids can be affected
by capillary flow direction [24], Marangoni flows [25], particle—substrate interactions,
particle—particle interaction and particle shape [26]. During TEM specimen preparation,
the coffee-ring effect starts once the initial droplet is placed on TEM grids, and the degree
of this effect depends on CNC concentration, incubation time, droplet volume and film
surface properties. In the initial droplet, rod-shaped particles can be fractionated by particle
size along the capillary flow direction when the contact lines of droplets recede on the
substrate [27,28]. Particles with a high AR can be orderly arranged near the ring (droplet)
edge with their major axis parallel to the contact lines [29]. After a certain incubation
time, the initial capillary flow direction is interrupted by shear force from blotting, and the
initial droplet is divided into many smaller droplets scattered on the carbon film surface,
which might cause redistribution of the CNC particles on the substrate. In subsequent
staining, the staining reagent may change the CNC distribution and orientation, but the
lateral movement of CNCs should be confined within small areas. After drying, coffee
rings might be formed, resulting in gradient thickness of stain. In Specimen Sp1 of stained
CNCs, 3 uL of CNC solution and a 10 s incubation time for the initial droplet were used
to minimize the coffee-ring effect so that CNCs of all sizes are included for quantitative
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analysis. However, it is difficult to void the coffee-ring effect completely, as seen in the
gradient depth of stain in Figure S2. The results from Zone A1 to Zone A4 with decreasing
stain depth, showing that the mean width increases while the mean length and the mean
AR decrease, are due to the coffee-ring effect fractionating CNC dispersion on the substrate,
instead of different stain thicknesses.

To avoid the influence of staining reagent on CNC distribution, unstained CNCs
dried on TEM grids (Specimen Sp2) were prepared with the same volume of the initial
droplet (3 uL) as Sp1 but with a longer incubation time (60 s). As shown in Figure 5a,
well-dispersed CNCs are surrounded by more concentrated CNCs lying along their major
axis in a coffee-ring pattern (only part of the ring is shown). The major axis of CNCs
was redirected to follow the blotting direction rather than being parallel to the pinned
line. The size distribution of CNCs in the center area is shown as Dataset A5 in Table S1.
The mean length and width are 85.6 nm and 8.9 nm, respectively. The mean length is
comparable to those in Datasets Al to A4, while the mean width is much larger. Such a
large mean width was also reported by Johnston’s team with a consensus distribution of
7.7 + 2.2 nm [15]. In their case, a 10 uL. volume and a 4 min incubation time were used for
the initial droplet of CNCs, and an extra washing step with water was added before the
subsequent staining of CNCs. The larger droplet volume and longer incubation time made
the fractionation and ordered arrangement of CNCs on the substrate driven by the coffee-
ring effect more predominant. The washing step may have removed or redistributed some
loose CNCs, but the subsequent staining should not affect the dispersion of CNCs already
adsorbed on the carbon film surface. Due to the polydispersity of CNCD-1 materials, the
fractionated dispersion of CNCs caused by the coffee-ring effect may introduce variability
of size distribution when CNCs are imaged and selected from different regions on TEM
grids, especially in the radial direction (TEM grid center to edge). The measured mean
width of CNCs adsorbed on the center of the TEM grids is larger than that near the edge.
Unfortunately, the location of images taken for each laboratory was not specified. In
general, areas near the center of the TEM grids would be used for imaging as the default
location, likely resulting in biased size distributions.

Figure 5. (a) coffee-ring formed while unstained CNCs dried on carbon film and more CNCs are
concentrated on the edge (white arrow) with well-dispersed CNCs in the center; (b) cryo-TEM
images of CNCs embedded in vitreous ice taken from the areas near the rim of TEM grids; CNCs
lined up parallel to the hole edge and filled across the hole; and (c) less ordered CNCs embedded in
the ice near the hole edge taken from near the center of TEM grids; possible end-to-end or slightly
side-by-side arranged CNCs are pointed by arrows.

To further prove this coffee-ring effect or the dispersion of CNCs within a droplet,
Specimen Sp4 was prepared using the plunge-freezing method to vitrify the CNC aqueous
solution without a further drying process. Compared with Specimens Sp1 and Sp2, the
incubation time of Sp4 was longer so that most CNCs could settle down within the droplet.
Despite blotting from the backside of the droplet, the majority of CNCs near the edge
of the droplet were arranged with their major axis parallel to each other (Figure 5b) and
dispersed across the entire carbon film hole. CNCs near the center of the TEM grids were
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less ordered and dispersed than those near the edge of the carbon film hole (Figure 5c).
Cryo-TEM images were acquired from regions near the center of the TEM grids as Datasets
A6 and near the edge as Dataset A7, respectively. The size distribution in each dataset
is summarized in Table S1. The histograms of length and width distributions are shown
in Figure S4. The mean width and length with standard deviation for A6 and A7 are
70+ 1.1nm and 112.4 £ 40.6 nm, 6.2 £ 1.2 nm and 96.4 & 30.0 nm, respectively. The
population of CNCs near the center (A6) has a larger length and width than that near
the edge (A7), as shown in the box plots in Figure 6. The ARs in both regions are similar,
in contradiction to the dried CNC specimen, Spl. The blotting direction and TEM grid
surface used for the cryo-TEM specimen and the dried CNC specimen were different,
which may interfere with the CNC distribution differently during blotting. As illustrated
in Figure S5, shear force is induced once the filter paper touches the edge of the continuous
carbon-film-coated TEM grid, causing CNCs near the air-water interface to drain along
the shear force direction. However, when blotting from the backside of perforated film, the
shear force induced flow is through the holes so that CNCs near the air-water interface
are drawn within thinned aqueous film rather than being removed [30,31]. CNCs within
frozen aqueous film can be dispersed at different heights along the beam direction, which
is different from CNCs drying on continuous film after blotting. As shown in Figure 5¢, the
larger particles marked by arrows might be composed of multiple end-to-end or slightly
side-by-side CNC particles or overlapped projections from two particles embedded in
different vertical positions, contributing to size inflation for both length and width.
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Figure 6. Box plots of length, width and aspect ratio (L/W) distribution of CNCs embedded in
vitreous ice near the center and edge of TEM grids. The line and dot in the box is the median and
mean, respectively. The values of the median and one standard deviation (SD) above and below the
mean are labelled to the left of boxes.
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3.3. Orientation of CNCs on Carbon-Film-Supported TEM Grids

As discussed above, CNCs on TEM grids could be fractionated during TEM specimen
preparation, resulting in variability of size distribution when CNCs images are taken from
different regions in the radial direction. In addition to the fractionated dispersion, the
orientation of CNCs on the substrate also has a significant influence on size measurement
from TEM images, as illustrated in Figure S1. In the CNCD-1 materials, about 28% of
CNCs are particles with a square or a symmetric cross-section, while the remainder are
asymmetric with one axis 2-3 times longer than the other, as analyzed in AFM [17]. When
these asymmetric particles adsorb on the substrate surface with random orientations, the
width distribution measured from TEM images may have large heterogeneity, as the TEM
images are mixed projections of width and height from the minor-axial side of CNCs.
Due to the strong hydrogen bond, CNCs tend to be laterally or twistedly jointed, and
the widest side is normally the preferred orientation on the substrate. Figure 7 shows a
typical example of aggregated CNCs in one region, which are either in a lateral (NP1, NP2),
vertical and lateral (NP3) or twisted arrangement (NP4). NP3 and NP4 may be composed
of more than two CNCs, and the width of NP4 along the long axis is not uniform. All
these arrangements and orientations of CNCs on the substrate cause the variability of size
measurement both in TEM and AFM. With proper staining of CNCs, the separation line
between laterally jointed CNCs can be resolved in TEM. As shown in the line profile of
NP1 in Figure 7, two particles with widths of 5.34 nm and 5.64 nm are well revealed and
resolved. However, for unstained CNCs dried or embedded in vitreous ice or overstained
CNCs, the separation between two CNC particles may not be revealed, resulting in inflated
width measurement in TEM. In AFM, due to its limited resolving power in the lateral
direction, it is difficult to resolve or separate laterally jointed CNCs. Therefore, the mean
width measured with AFM may be overestimated when the orientation of CNCs is on
the wider side. When CNC particles are arranged end-to-end or slightly side-by-side as
illustrated in Figure S1, the length measurement will be affected if the separation cannot be
resolved in either TEM or AFM.

5.34 nm 5.64 nm

6
Distance (nm)

Figure 7. Right: Aggregated CNCs with different orientations marked by arrows (NP1, NP2, NP3 &
NP4) on carbon film supported TEM grids. Left: The line profile of NP1 composed of two laterally
jointed CNCs with width of 5.34 nm and 5.64 nm, respectively.

To reveal particle orientation and arrangement on the substrate, typical regions of
CNC particles on Specimen Sp3 were used for ET. Figure 8a shows a reconstructed 3D
micrograph of two geometrically twisted CNCs, which are identified as one individual
CNC particle (marked with an orange arrow) in the BE-TEM image (Figure 8b). These two
CNCs are screw-like or helical along the long axis, as revealed in the reconstructed volume
views. The length and width of these two CNCs measured from the reconstructed 3D data
are 57 nm and 3.5 nm and 60 nm and 3.8 nm, respectively. Moreover, in the 2D TEM image
(Figure 8b), the width measured for this twisted particle is 5.7 nm, which is used for width
distribution analysis. In the same field of view, there is another particle marked with a
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white arrow. Tilting the particle along the long axis by about 20 degrees showed the particle
is actually composed of three end-to-end-connected single CNC particles (Figure 9). Thus,
the length measurement for size distribution will give a larger value.

C

Figure 8. Geometrically twisted CNCs bundles and ribbon-liked CNCs coexists with rod-like CNCs
(Sp3 specimen). Scale bars 10 nm. (a) Reconstructed 3D volume view of two helical CNCs twisted
with an angle (left) and overlapped view (right); (b) 2D BF-TEM image of the twisted CNCs (marked
as orange arrow) used for 3D reconstruction; (c) Reconstructed 3D isosurface of a ribbon-like CNC
viewed at an angle with the narrowest width (left), widest width (middle) and the slice view (right);
(d) BF-TEM image of the CNC used for 3D reconstruction (marked as orange arrow).

Figure 9. The end-to-end arranged CNC particles is shown as one particle in BE-TEM (Left); as two
particles (Middle) tilted at 10° along long-axis; and as three particles tilted at 20° (Right).

In addition to the particle-particle interactions and arrangement on TEM specimens,
the intrinsic shape of CNC particles also contributes to size measurement variability.
Ribbon-like CNCs marked with an orange arrow in Figure 8d coexist in the same materials,
as shown in Figure 8c of a typical reconstructed 3D isosurface view. The reconstructed
3D data reveal that the CNC particle is helical-like, and its width is not uniform along
the long axis. The length, height (thickness) and width of this particle are 60 nm, 3.6 nm
(left in Figure 8c) and 5.7 nm (right in Figure 8c), respectively. Thus, this asymmetric or
rectangular cross-section suggests that CNC particles with a large width may be composed
of more than one single crystallite.
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Therefore, the shape, geometrical variation and orientation of CNCs on the substrate
all contribute to the size measurement. The size measured from 2D images may not be
the true parameter of CNC particles; rather, it is the average size of the projected images
of all possible shapes and geometrical arrangements of CNCs deposited on the substrate,
resulting in large variability of size distribution.

4. Conclusions

High-quality CNC images with good contrast and resolution can mitigate human bias
in particle selection and size measurement. The traditional method of staining with heavy
metal to enhance contrast for soft materials or biopolymers is still a very effective approach
for CNCs. The rapid-flushing staining method has demonstrated that it can reveal the
helical structure of single CNCs and separate laterally jointed CNC particles (Figure 2c,d,
Figures 3c and 7). It can also reduce the preferential orientation of CNCs on the substrate by
running droplets. AFD-STEM imaging is also a good approach for contrast enhancement,
as shown in Figure 3, revealing the pristine structure of CNCs. To overcome beam-induced
contamination and damage in future work, cooling the TEM holder at liquid nitrogen
temperature can be performed when imaging unstained CNCs in ADF-STEM. ADF-STEM
images of CNCs with a shallow stain depth give a sharp contrast of CNC particle edges,
which may be helpful in particle identification and measurement.

Ideal statistical analysis of size distribution should include CNC particles of all sizes
with equal representation. Due to the polydispersity of CNCs and their propensity to
agglomerate, it is very challenging to obtain well-dispersed single CNC particles across
TEM grids. During TEM specimen preparation, CNC particles could be fractionated
across the substrate due to the coffee-ring effect, as seen in dried and hydrated cryo-
TEM specimens. Droplet volume, drop-casting incubation time and substrate surface
properties will affect the degree of fractionation. A smaller droplet volume and a shorter
incubation time are recommended to minimize the coffee-ring effect while preparing CNCs
dried on TEM grids. CNCs from different regions of TEM grids, especially in the radial
direction, are recommended to be imaged and analyzed for size distribution. Specimen
Sp1 is a typical example of fractionated CNCs on a substrate. The size distribution was
obtained using the combined datasets from Zones Al to A3, giving a mean width and
length of 6.3 £ 1.3 nm and 89.9 & 26.2 nm, respectively. Histograms of length and width
and descriptive statistics are shown in Figure S6. Compared with the reference values
in the certificate (mean width of 7.3 £ 1.8 nm and length of 87.0 & 35 nm), the length
distribution agrees well, but not for the width distribution. The higher mean width
of the reference is likely due to lower CNC representation from the edge of droplets
with a lower mean width in the measurement sampling, as the center of the droplet is
typically the default starting measurement location when TEM grids are loaded inside the
instrument. In addition to fractionation, the arrangement and orientation of CNC particles
on the substrate significantly affect the size measurement when CNC aggregates cannot
be resolved in images. The large mean width in Dataset A5 of unstained CNCs indicates
that a large population of laterally jointed or twisted CNCs lying with the widest side on
the substrate was included in the analysis. Furthermore, when a large CNC population
with an asymmetric cross-section coexists with a symmetric population, the random CNC
orientations on the substrate contribute to the variability of the width distribution because
the measured width in the TEM images contains the width and height of 3D CNC particles.

In short, to obtain an accurate size measurement of CNCs from TEM images, high-
quality CNC TEM specimens and images are essential. To avoid unintended bias of
size distribution, imaging and analyzing CNCs from all regions across the TEM grids is
recommended. For future work, correlated AFM and TEM imaging can be explored for
size distribution analysis of CNCs deposited on the same substrate, which may provide
more insight into cross-section shape distribution.
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Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/polym13193318/s1, Figure S1: Schematics of the transverse cross-section, orientation on
substrate and projected image on camera of rod-shaped nanoparticles and the possible particle—
particle arrangements, Figure S2: Stain-depth variation of CNCs deposited on TEM grid, Table S1:
Length and width distributions measured from BF-TEM, ADF-STEM and cryo-TEM images of CNCs,
Figure S3: Histograms of length, width and aspect ratio distributions of CNCs measured from images
taken in Zones A1, A2 and A3 of stained CNCs on TEM grids (Specimen Sp1), Figure S4: Histograms
of length and width distributions for unstained CNCs from TEM specimen Sp2 and cryo-TEM
specimen Sp4, Figure S5: Initial droplet of CNC aqueous solution on continuous carbon-film-coated
TEM grids and perforated carbon-film-coated TEM grids, Figure S6: Size distribution of CNCs by
combining Datasets Al, A2 and A3 measured from Specimen Sp1.
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Abstract: Polylactic acid (PLA)/silica composites as multifunctional high-performance materials have
been extensively examined in the past few years by virtue of their outstanding properties relative
to neat PLA. The fabrication methods, such as melt-mixing, sol-gel, and in situ polymerization,
as well as the surface functionalization of silica, used to improve the dispersion of silica in the
polymer matrix are outlined. The rheological, thermal, mechanical, and biodegradation properties of
PLA /silica nanocomposites are highlighted. The potential applications arising from the addition
of silica nanoparticles into the PLA matrix are also described. Finally, we believe that a better
understanding of the role of silica additive with current improvement strategies in the dispersion of
this additive in the polymer matrix is the key for successful utilization of PLA /silica nanocomposites
and to maximize their fit with industrial applications needs.

Keywords: polylactic acid; silica; composites; thermal stability; toughness; biodegradability; 3D
printing applications

1. Introduction

Owing to its versatility and good performance, polylactic acid (PLA) as a biodegrad-
able polymer is regarded as one of the most favorable polymers to substitute petroleum-
based plastics [1-3]. The low toughness and poor thermal stability of PLA, however,
restrict the usage of PLA in applications, such as food packaging and medical implants [3].
To improve the performance, therefore, several approaches, such as blending with other
polymers, mixing with inorganic fillers, and copolymerization, have been suggested by
several research groups [4-10]. In particular, the mixing with inorganic additives, such as
TiO,, carbon nanotube, ZnO, Al,O3, MgO, and SiO,, was reported to be a useful method
to boost the performance of neat PLA [5,7].

Silicon dioxide (S5iO;), commonly referred to as silica, which may exist in the amor-
phous and crystalline structure, was found to be a useful filler for improving the mechanical
performance of polymeric materials [11,12]. The silica, as an additive, is used in coatings,
food, and biomedical applications. For example, silica as a bio-safe additive can be in-
corporated along with silver nanoparticles to improve the antibacterial properties and
corrosion properties of biomaterials [13-23]. The amorphous silica nanoparticles extracted
from natural sources, such as rice husk and fly ash, can be used as a nucleating agent
when added to thermoplastic polymers in very low amounts, owing to their large surface
area [24]. The improving dispersibility of silica within the PLA matrix during fabrication of
PLA /silica composites would lead to enhancing the mechanical, thermal, and rheological
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properties of neat PLA [21]. The presence of silanol groups, siloxane bridges, and hydroxyl
groups on the silica would facilitate the surface functionalization of silica for biomedical,
catalysis, and sensor applications [12].

Therefore, by taking into consideration the attractive properties of silica, the fabrication
of PLA /silica composites would be a beneficial procedure to enhance the performance of
PLA. To the best of our knowledge, this is the first systematic article deliberating the recent
progress in PLA /silica. Thus, this work aims to discuss the recent developments in the
field of PLA /silica composites in terms of fabrication, properties, and applications.

2. Synthesis of PLA/Silica Composites

The direct melt-mixing, solution mixing, sol-gel process, and in situ polymeriza-
tion methods are considered as the main methods utilized for the synthesis of PLA /silica
composites. The melt-mixing method involves the direct mixing of PLA with silica nanopar-
ticles, while the sol-gel process can be performed either in the existence of PLA or simul-
taneously during the polymerization of lactic acid monomers [25]. The solution mixing
method starts from the dissolution of polymers in a suitable solvent with nanoparticles
together with the evaporation of the solvent, or precipitation [25]. As for the in situ poly-
merization method, the silica nanoparticles should be distributed in the monomers before
polymerization [25]. In addition, it is worth mentioning that the freezing-drying process
would also be a promising method to fabricate PLA composites. In the freezing-drying
process, the colloidal dispersion of the aerogel precursors is frozen, with the liquid com-
ponent freezing into different morphologies depending on a variety of factors, such as
the precursor concentration, type of liquid, temperature of freezing, and freezing con-
tainer [25]. However, a lack of works was found on the utilization of this method to
fabricate PLA /silica composites.

The surface modification by physical or chemical methods is a common procedure to
increase the compatibility between PLA and silica nanoparticles [26-30]. The functionaliza-
tion of hydrophilic silica nanoparticles, which is usually conducted on the reactive silanol
end-groups, would improve the hydrophobicity of silica nanoparticles, improving their
dispersion in the PLA matrix. This process, i.e., the formation of hydrophobic-fumed silica,
can be obtained by chemical treatment of hydrophilic silica with silanes or siloxanes. As
a result of the improved dispersion of silica particles in the PLA matrix, the rheological
properties of the composites are improved. In general, the large surface area and the
smooth surface of silica nanoparticles could increase the interactions not only between
silica nanoparticles but also between PLA and silica nanoparticles. Thus, good physical
interactions between the silica and PLA matrix can be achieved, leading to significant
enhancements in composites properties. Several functionalization (coupling) agents, such
as tetraethyloxysilane (TEOS) and y-glycidoxypropyltrimethoxysilanes (GOPTMS) were
used to improve the dispersibility of silica nanoparticles in the PLA matrix. In the study
of Hakim et al. [26], a reactive extrusion method was utilized for the melt-mixing of PLA
with 2.5 wt.% of silica nanoparticles. The schematic illustrations of SiO, before and after
surface modification by organic chains are displayed in Figure 1. As shown in Figure 1b,
the surface -OH groups of both surface-modified silica types were mostly substituted by
functionalized organic chains. Thus, many PLA chains could be grafted on one silica
nanoparticle, which would have risen the local shear field applied to the agglomerated
nanoparticles during mixing, thereby improving the dispersibility of silica nanoparticles
in the polymer matrix. However, transmission electron microscopy (TEM) observations
implied that the uniformity and dispersibility of the nanoparticles under the experimental
processing conditions were found not to be affected by the enhanced interfacial interaction
of both surface-treated silica types (Figure 1c—e).

16



Polymers 2021, 13, 3036

Si0,-A: R=[CH,],NH,
$i0,-E: R=CH-CH.O

Figure 1. Schematic representation of the (a) surface-unmodified silica and (b) surface-modified silica
aggregate. (c—e) TEM images of the PLA composites containing (c) un-modified SiO,, (d) SiO,-A,
and (e) SiO,-E [26].

The fabrication of PLA /silica composites via the sol-gel method was first reported by
Yan et al. [31], who aimed to obtain plasticized composites. The fabrication process of the
composites involved an in situ synthesis of silica nanoparticles via condensation reactions
of TEOS and GOPTMS in the presence of PLA and polyethylene glycol as a plasticizer
in tetrahydrofuran. Hydrochloric acid was utilized as a catalyst during the synthesis
method. The infrared results proved the formation of a silica network structure within
the PLA matrix, while the results of mechanical tests indicated that the incorporation
of 4 wt.% of silica nanoparticles would increase the tensile strength of PLA from 15 to
18 MPa. In another work, Yan et al. [32] polymerized L-lactic acid (PLLA) in the presence
of silica without the use of catalysts, but in solution. In this case, the silica surface was
not organically treated. The polycondensation was carried out in toluene to remove the
water formed by azeotropic dehydration. The result is silica grafted with PLLA oligomers.
The authors were able to witness the grafting by infrared spectroscopy characterization
(unfortunately, the molar masses are not specified). The grafted silica was then dispersed
in PLLA and its good dispersion helped to improve mechanical properties, as compared to
the PLLA composites with non-grafted silica.

Wau et al. [32] also polycondensed L-lactic acid in the presence of silica nanoparticles,
but this time in bulk. The authors first mixed an aqueous solution of L-Lactic acid (LA) with
an acidic silica sol containing silica particles of 12 nm. The mixture was dehydrated under
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vacuum with sonication treatment to well disperse the particles. After complete drying of
the mixture, the polycondensation was performed under vacuum conditions to remove
the water formed. The grafting occurred as above, with the polycondensation using the
SiOH groups on the surface of the silica nanoparticles. The results showed that the molar
mass of the grafted PLLA was about 31,100 g-mol~!. Liu et al. [33] fabricated PLA /silica
composites through ring-opening polymerization of lactide initiated by modified silica
nanoparticles in the presence of stannous octoate as a catalyst. The experimental conditions,
such as the weight ratio of silica to the lactide monomer, reaction temperature, and reaction
time were optimized to be 1:20, 140 °C, and 72 h, respectively. The morphological obser-
vations revealed that silica nanoparticles tended to be distributed uniformly within the
PLA matrix, improving compatibility between PLA and silica nanoparticles. Accordingly,
the thermal and mechanical properties of the composites were improved significantly in
comparison to that of pure PLA. In other works [24,34,35], the melt-mixing method to
fabricate PLA /silica composites was carried out at 175 °C. In comparison to neat PLA, the
PLA /silica composites containing various contents of silica (from 1 to 10 wt.%) exhibited
significant improvements in the thermal stability and the barrier properties against nitro-
gen and oxygen gases, which were connected with the establishment of the silica network
structure as approved by Fourier-transform infrared (FTIR) and rheological results. In
the work of Liu and co-workers [36], amino-functionalized nano-5iO, (m@g-SiO,) was
first prepared through a coupling reaction on the surface of silica nanoparticles before its
melt-mixing with PLA. Molecular dynamics simulation was carried out to discover the
correlation between PLA and silica nanoparticles before and after the organic functionaliza-
tion of silica. The crystallization behavior and the mechanical properties of PLA exhibited
significant improvements after the melt-mixing with functionalized silica nanoparticles
which were attributed to the fact the organic modification of silica nanoparticles would
lead to enhancements in the interaction energy and mobility of PLA chains.

To improve the dispersion of silica in the PLA matrix, an in situ melt condensation of
l-lactic acid was carried out in the presence of silica nanoparticles [37]. However, when
the content of silica exceeded 10 wt.%, some agglomerated nanoparticles appeared in
the TEM images of the prepared composites. The agglomeration of silica nanoparticles
would be attributed to the strong van der Waals forces, which tended to reduce the physical
properties of the obtained composites. Thus, it is believed that the physical mixtures of PLA
and organo-modified SiO; resulted in the separation in discrete phases, leading to inferior
mechanical properties [38,39]. Zou and coworkers tried to mix silica nanoparticles with
a copolymer made of PLA and epoxidized soybean oil [40]. The FTIR and thermogravimet-
ric analysis (TGA) results confirmed the reactions between silica and epoxidized soybean
oil, which, in turn, led to improve crystallization behavior and mechanical properties of
PLA, while Sepulveda et al. [41] demonstrated that the direct grafting of L-lactic acid
oligomer onto the silica surface through its silanol groups was a good strategy to enhance
the physical, thermal, and mechanical properties of PLA /silica composites. As such, Zhu
et al. [42] found that the surface functionalization of fumed silica nanoparticles oleic acid
by oleic acid would help to improve the rheological, thermal, and mechanical properties
of PLA /silica composites prepared via the melt-mixing method, which was linked to the
good interfacial adhesion in the composites containing functionalized-silica nanoparticles.

3. Rheological Properties

Understanding the rheological properties is very important due to their considerable
effects on molecular weight, morphology, chain structure, and chain motions [43-49].
Basilissi et al. [50] demonstrated that the melt viscosity of PLA/silica composites fabricated
by bulk ring-opening polymerization can be improved by the silane-based modification of
silica nanoparticles. Li et al. [51] reported that both the storage modulus and biodegradation
rate of PLA tended to be improved by the addition of silica nanoparticles into the PLA
matrix. The formation of a silica network structure was responsible for storage modulus
improvements, while the enhancement in the biodegradation rate was ascribed to the easy
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release of silica aggregates from the PLA matrix. Nerantzaki et al. [52] prepared a series of
poly(DL-lactide) (PDLLA)/SiO, composites by a novel two-step technique (ring-opening
polymerization (ROP)—polycondensation). The concentration of SiO, was varied from
2.5t0 5,10, and 20 wt.%. The results of this work are presented in Figure 2. Based on the
intrinsic viscosity results, it was demonstrated that the average molecular weight of PDLLA
(Mn ~ 38,097 g mol’l) tended to reduce with an increase in the silica content. Moreover,
the average Mn values of PLA were found to decrease when the content of silica increased
from 2.5 to 20 wt.%. This finding was elucidated based on the fact that the addition of
silica to the PDLLA matrix would hinder the increment in the molecular weight of the
polymer. Besides, silica nanoparticles can interact with DL-lactide through their silanol
groups. In another study [53], the silica was functionalized with TEOS and GOPTMS
through graft-condensation reaction. Afterward, the functionalized silica was melt-mixed
with PLA by reactive extrusion technique. In comparison to neat PLA, the addition of
functionalized silica to the PLA matrix caused considerable improvements in values of the
complex viscosity and the storage modulus of the PLA /silica composites. The inclusion
of silica was expected to enhance the hydrolysis resistance by the formation of a stable
silica network. Although the molecular weight of PLA was reduced by 12 wt.% during the
processing, a slighter reduction of less than 10% was reported upon the addition of TEOS,
which also resulted in increasing the value of zero-shear rate viscosity (1g) obtained via the
Cross model.

(a) 0.40 —=— PDLLA/SIO, nanocomposites (b) 40.000 —s— PDLLA/SIO, nanocomposites
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Figure 2. Effect of silica content on the (a) intrinsic viscosity and (b) average molecular weight of PDLLA [52].

As reported by Hao’s group [54], the inclusion of 1.1, 2.8, 5.8, and 9.0 vol.% of silica
particles into the PLA matrix led to the improvement in the viscoelastic properties of
PLA. Here, silica with different sizes (same density), namely, silica 300 (7 nm), silica OX50
(40 nm), and silica 63 (9000 nm), were used. As shown in Figure 3, the low-frequency G’
increased with the addition of silica and reached an approximately frequency-independent
plateau at the high content (above 2.8 vol.%). Moreover, it was observed that the effect
induced by silica 63 on the storage modulus (G0) and complex viscosity (n*) of PLA/silica
63 composites was extremely weak. With the increased silica loading, GO varied negligibly
in the high-frequency region and just a slight increase was found at the low-frequency
range. Moreover, the times obtained from the plots of storage modulus (G'(t)/G’ onset
versus time) at 180 °C in the case of neat PLA were found to be 5000 s, while longer times
of 8000 s were reported for PLA /silica composites. The results obtained in this work clearly
show that the rheological properties of PLA /silica composites are strongly affected not
only by the particle size but also by the particle content.
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Figure 3. The influence of silica type on the rheological properties of PLA/silica composites:
(a,b) PLA /silica 300; (c,d) PLA /silica OX50; (e,f) PLA /silica 63 [54].

4. Thermal Properties

The thermal stability of PLA can be improved by the incorporation of silica nanopar-
ticles. In the works of Wen et al. [24,55], PLLA /silica composites were fabricated via
a melt-mixing method. The thermal stability of PLA showed significant improvement with
the addition of silica which was linked to the barrier effect of the silica network structure,
which was also responsible for the improvements in the rheological properties of PLA
discussed in the previous chapter. Zhang et al. [56] reported experimentally and theoreti-
cally, using a molecular dynamics simulation, that the thermal properties of PLA tended
to be enhanced with the addition of silica into the polymer matrix during the processing
in a twin-screw extruder. The results indicate that the glass transition temperature (Tg) of
PLA was increased by 1.34 °C, while the thermal stability was increased by 12 °C when
2 wt.% of fumed silica was added into the PLA matrix. Klonos and Pissis [57] examined
the thermal behavior of PLA /composites by taking the role of H-bonds, formed due to
the reaction between the carbonyl groups in PLLA with hydroxyl groups on the silica
surface, into account. Examinations of findings involved a combination of assessments on
initially amorphous and on semicrystalline (annealed) samples. No change in the Tg by the
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PLLA unfilled

silica was noted by differential scanning calorimetry (DSC), whereas the heat capacity step
decreased in the PNCs. The segmental relaxation in the broadband dielectric relaxation
spectroscopy (DRS) became, however, quicker and weaker in the PLA /silica composites.
They reported that Ty and the temperature difference between onset (Tonset) and end (Tenq)
of the event (DTGt = Teng + Tonset) tended to increase after annealing of crystallization, by
6-8 K and by a factor of ~2, respectively, as compared to the amorphous samples, due to
constraints imposed by crystallites and heterogeneities. As for semicrystalline composites,
Tg was increased by ~2 K, as compared to neat PLA. Simultaneously, DTgr decreased
slightly with increasing silica content. The authors attributed these results to the changes
in semicrystalline morphology (Figure 4), polymer diffusion, and porosity /dispersion of
silica particles.

2.5 wt% silica 10 wt% 20 wt%

MAF

® o

®

amorphous

crystallization
annealing

N

semicrystalline

Figure 4. The proposed distribution of the silica in the PLA matrix before and after annealing of crystallization [57].

In the work of Bouamer et al. [58], a casting method was used to fabricate hybrid
PLA composites with silica and AlO particles. In this regard, 10 wt.% of either silica or
AlOQ particles was incorporated into the PLA matrix to fabricate PLA /silica and PLA/AIO
composites, respectively, while 5 wt.% of SiO; and 5 wt.% of AlO particles were added to
the PLA matrix to formulate PLA /silica/AlO composites. Based on the XRD patterns, it
was reported that the crystallinity of the PLA acid film could be increased with the addition
of silica/AlO particles into the PLA matrix. This result was attributed to the nucleating
role of silica and AlO particles, which would facilitate the crystallization of PLA. However,
Santos et al. [59] reported that the crystallinity of PLA was not affected by the inclusion
of silica into the PLA matrix, while the dual addition of silica and cellulose into the PLA
matrix resulted in significant improvements in the crystallization behavior of PLA. This
finding was ascribed to the synergism between the two types of nanoparticles in which
the agglomeration of cellulose nanoparticles could be prevented in the presence of silica.
Thus, the nucleation was related not only to the chemical nature of the particles but also to
the increased contact surface between the silica and cellulose nanoparticles. Zou et al. [60]
demonstrated that the inclusion of a proper amount of silica nanoparticles (nucleating
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agent) would cause a reduction in the nucleation barrier shortening the nucleation period
of PLA. The higher crystallinity was obtained in the composites containing 1.5 wt.% of
silica nanoparticles. Such an amount of silica was expected to increase the interfacial
compatibility and crystallinity of the composites thus enhancing the thermal stability.
According to Prapruddivongs et al. [61], the crystallinity of the PLA film would have been
affected by the type of silica added to the PLA matrix. Here, two types of silica, such
as commercial silica (CSiO;) and silica extracted from rice husks (RSiO,), were added.
The DSC thermograms of PLA composites (containing Triallyl isocyanurate and dicumyl
peroxide) indicated that the silica nanoparticles affected the crystallinity and the melting
behavior of PLA by impeding the chemical crosslinking reactions which were reflected by
the change in the FTIR functional band of silica/CPLA composites at 1685 cm ™.

Prapruddivongs and coworkers [62] studied the properties of PLA /silica and chemi-
cally crosslinked PLA (CxrPLA)/silica composites prepared via the melt-mixing method
in the presence of triallyl isocyanate and dicumyl peroxide as crosslinking agents. Here,
two types of silica, such as CSiO; and RSiO,, were used. Irrespective of the silica type,
the thermal properties of the PLA /silica CrPLA /silica composites were improved. The
addition of 1 wt.% of CSiO, and RSiO; led to an increase in the T50 value (the temperature
associated with loss of 50 wt.%) of PLA from 321 °C to 339 °C and 342 °C, respectively. It
was found also that the degradation temperature of PLA composites tended to increase in
the presence of triallyl isocyanate and dicumyl peroxide. Moreover, the thermal stability of
CrPLA /RSiO, composites was better than the thermal stability of CrPLA /CSiO,, implying
that RSiO, was an efficient additive for enhancing the thermal stability of PLA and CrPLA.
Vidakis and coworkers [63] prepared PLA /silica composites via the melt-mixing of PLA
with different contents of silica, such as 0.5, 1, 2, and 4 wt.%. Although the mass loss for the
PLA /4 wt.% silica composite was lower than for PLA /1 wt.% silica, the overall thermal
stability of the PLA seemed not to be influenced by the existence of the silica filler, which
would be related to the strong H-bond interactions between Si-OH in silica nanoparticles
with PLA chains. This is, in turn, restricted their release into the environment.

Lv et al. [64] examined the thermal properties of the PLA /silica composites prepared
via the melt-mixing method. As displayed in Figure 5a, the increase in the silica content
increased the degradation temperature of PLA /silica composites. For example, the inclu-
sion of 10 wt.% of silica led to increasing the degradation temperature by 15 °C, indicating
a significant increase in the thermal stability of PLA was achieved. From Figure 5b, it was
found that the cold crystallization temperature (T¢.) of neat PLA acid tended to be shifted
to lower temperatures upon the inclusion of silica nanoparticles, suggesting that plying the
silica nanoparticle worked as nucleating agents or it could hinder crystallization from the
melt. While the low-temperature melting peaks became weak, the high-temperature melt-
ing peaks showed a gradual increase with the increase in the silica content in the composites.
This result would suggest that the inclusion of silica causes a reduction in the defective
crystals, increasing the perfect crystals for the PLA phase. According to Ge et al. [65], the
dispersibility of silica nanoparticles in the PLA matrix could be improved when the content
of silica was less than 3 wt.%. Accordingly, the crystallinity of PLA was improved. The
best crystallization behavior was obtained when 1 wt.% of silica was added to the PLA
matrix. However, although some agglomerated nanoparticles were observed, the thermal
stability of PLA was enhanced by the addition of silica nanoparticles.

The effect of silica content on the Tg of PLA /silica composites was explored by Pili¢
and coworkers [66]. It was reported that the addition of low amounts of silica, such as
0.2 and 0.5 wt.%, into the PLA matrix led to an increase in the Ty of neat PLA (47.6 °C)
to 48.9 and 50.6 °C, respectively. This behavior was ascribed to the fact that the chain
mobility throughout the PLA matrix volume tended to be decreased in the presence of
silica nanoparticles, while the high loadings of silica, such as 1, 2, 3, and 5 wt.%, resulted in
a decrease in the values of Ty in comparison to that in neat PLA, which was assigned to
the agglomeration of silica nanoparticles within the PLA matrix which affected the chain
mobility of the polymer. However, Wen et al. [56] reported that the addition of various
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Figure 5. The effects of SiO, content on the thermal behavior of neat PLA and PLA /silica composites: (a) thermogravimetric

analysis; (b) crystallization and melting behavior [64].

Techawinyutham et al. [67] examined the thermal stability of PLA and porous silica-
containing capsicum oleoresin (SiCO)-modified PLA composites before and after the accel-
erating weathering test. The results imply that the accelerated weathering test induced the
photolysis and partial hydrolysis, which resulted in improvements in the crystallization be-
havior of PLA. In addition, the accelerated weathering reduced the storage and loss moduli
due to the increased chain mobility caused by the chain scission of the polymer chains.

Wau et al. [68] first grafted PLA on the surface of silica nanoparticles, then examined
the thermal properties of PLA /PLA-grafted silica composites. Based on the DSC results, it
was found that the addition of PLA-grafted silica could accelerate the crystallization rate
of PLA. Besides, PLA /PLA-grafted silica composites exhibited typical homopolymer-like
behavior in the final structure, regardless of the PLA-grafted silica content. The PLLA /silica
composites containing 2.5 wt.% of silica exhibited a shielding effect to the evolution of
gases that were released during the decomposition, improving mostly the initial stages of
thermal degradation [69]. The thermal stability of PLA could be increased by 20 °C when
low amounts of stearic acid-modified silica nanoparticles (0.1-1.5 wt.%) were added to the
PLA matrix [40]. Similarly, Khankrua et al. [70] demonstrated that the presence of 5 wt.%
of silica nanoparticles in the polymer matrix could cause significant improvements in the
thermal stability of PLA. The effect of untreated silica nanoparticles on the thermal stability
of PLA was examined by Basilissi et al. [51]. They found that the thermal stability of the
composites tended to improve with the increase in the silica content. For instance, the
temperature corresponding to 5 wt.% weight loss in the case of PLA composites containing
2 wt.% silica was higher by 70 °C than the counterpart corresponded to neat PLA, which
was connected to the formation of silica network structure in the composites. The formation
of a silica network structure hindered the diffusion of volatile decomposition products
out of PLA and the diffusion of oxygen into the matrix. Similar results were reported by
Wen et al. [24], who fabricated PLA /silica composites via the melt-mixing method and
found that the thermal stability of PLA could be increased by the addition of <5 wt.% silica.
However, the higher loading of silica (>5 wt.%) would cause an agglomeration of the
nanoparticles in the polymer matrix due to the weak dispersion, which led to a reduction
in thermal stability of PLA. In contrast, Lv et al. [64] found that the thermal stability of
PLA /silica composites made by melt-mixing method tended to increase with the increase
in the silica content—even when high loadings of silica, such as 7 and 10 wt.%, were added
to the PLA matrix. Similarly, Mustapa et al. [71] postulated that the thermal stability of PLA
could be increased with the addition of 2.5 and 7.5 wt.% of silica nanoparticles. In another
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works by Mustapa and coworkers [72-74], it was reported that the melting temperature
and crystallization behavior were affected by the addition of silica nanoparticles, which
acted as nucleation sites that induced the crystallization phenomenon of PLA. Lai and
Li [75] functionalized the silica by the melt-mixing with polyurethane and found that the
functionalized silica could greatly trigger the nucleation and crystallization behavior of
PLA, when compared to the counterpart composites with non-functionalized silica. The
influence of silica particles on the thermal properties of PLA composites is summarized
in Table 1.

Table 1. The influence of silica incorporation on the thermal properties of PLA composites.

Silica (wt.%) Ty (°C) Tee CO) Tonset °C)  Tmax (°C)  AHm (J/g) Ref.

10 - - 3423 370.9 - [24]
5.0 59 135 - - 8 [35]
2.0 64.5 0 - - 31.32 [36]
0.5 52.3 102.8 1135 - 543 [49]
3.0 61.22 107.87 162.60 168.70 34,57 [55]
2.0 52.23 - - - - [56]
25 60 - - - 37 [57]
15 - - - 300 - [60]
40 60.8 108.3 146.6 153.6 249 [61]
40 - - 273 374 - [63]
10 - - - 370 - [64]
5.0 - 120 - - 70 [65]
0.5 50.6 - - - - [66]
3.08 57.66 112.33 147.5 153.41 22.73 [67]
0.5 61.02 124.26 - - - [68]
02 - - 345.54 362.56 - [70]
75 59.0 - 355.5 412.3 - [71]
75 59.0 124.94 - - 6.22 [72]
75 60.0 96.3 355.5 4123 9.9 [73]
75 57.4 117 - - - [74]

5. Mechanical Properties

Several research teams have aimed to improve the mechanical properties of PLA with
the addition of silica to the polymer matrix. For example, He et al. [76] reported that the
inclusion of silica nanoparticles is a good strategy to improve the mechanical properties
of PLA. Indeed, the tensile strength (TS), Young’s modulus (YM), and impact strength
of the PLA /silica composites made by the melt-mixing method were greatly increased
with the addition of silica nanoparticles, which was linked to the good dispersibility of the
particles in the polymer matrix, as well as PLA-silica interactions [77]. The low loading of
silica (below 5 wt.%) was found to be distributed homogenously within the PLA matrix,
while some agglomerates were observed at the high loading (higher than 5 wt.%) [36].
Ahmed et al. [78] studied the impact of silica additive into PLA matrix-3D printing. When
the silica addition amount was 10 wt.%, its TS, flexibility, YM, and other properties were
greatly enhanced. The application of this kind of composite material is feasible, but once
the silica content exceeds 15%, the performance is reduced. The improved mechanical
properties promote the recycling of PLA while retaining its biodegradability. As such, YM
and ultimate tensile stress (UTS) of PDLLA were increased by 106% and 63.7%, respectively,
upon the addition of 3 wt.% silica into the polymer matrix [79].
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Yan et al. [32] prepared PLA /silica composites via two steps: grafting of L-lactic acid
oligomer onto the silica surface, followed by melt-mixing with PLA. This procedure led
to fabricating composites with improved mechanical properties. In another work by Yan
and co-workers [31], the TS of the plasticized PLA /silica composite could be increased to
large values even in the presence of low loadings of silica. Although the addition of the
silica nanoparticles accelerated the biodegradation rate of PLA, the resultant composites
had improved mechanical properties, as reported by Georgiopoulos et al. [80].

To obtain better dispersion in the PLA matrix, silica nanoparticles with 24 nm in
average diameter were functionalized via stearic acid [38]. Different contents of silica, such
as 0,0.1,0.3,0.5,0.8, 1, and 1.5 wt.%, were mixed with PLA via an extrusion technique.
The mechanical tests revealed that the addition of 0.8 wt.% of silica nanoparticles into the
PLA matrix led to increasing the Izod impact strength from 1.57 to 5.13 k] /m?2. The impact
strength values of the PLA /silica composites increased with increasing silica content,
then decreased when the silica content exceeded 0.8 wt.%. Moreover, the presence of
nano-silica in the PLA matrix caused improvements in the EB and TS of PLA (Figure 6a).
As shown in Figure 6b, dimple morphologies were observed on the fractural surfaces
of PLA /silica composites, suggesting that neat PLA was less ductile than PLA /silica
composites. According to the lubrication sliding and the ductile behavior, it was confirmed
the toughness of PLA could be largely improved by the incorporation of silica nanoparticles.
The effects of silica content (1, 3, and 5 wt.%) on the mechanical performance of PLA film
were studied Zirak and Tabari [81]. It was found that the values of the TS and YM of
PLA tended to be increased upon the incorporation of silica nanoparticles into the PLA
matrix, regardless of the silica content. For example, the addition of 5 wt.% of silica into
PLA led to an increase in the values of TS and YM for PLA from 29 MPa and 2.3 GPa
to 43 MPa and 3.1 GPa, respectively, which was attributed to the reinforcing effect of
SiOy nanoparticles. In contrast, the value of EB of PLA (17.5%) was reduced with the
inclusion of silica nanoparticles, where a value of 10.5% was found in the composite
containing 5 wt.% SiO,.
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Figure 6. (a) The stress—strain curve of neat PLA and PLA composites. (b) The fracture morphology after the tensile test of

PLA composite [38].

In Yan’s research [32], it was approved that the grafting of L-lactic acid oligomer on the
silica nanoparticles by condensation reaction without catalyst would result in the formation
of a good filler, helping to increase the toughness of PLA. Chrissafis et al. [82] reported
that the inclusion of 2.5 wt.% of fumed silica and montmorillonite into the PLA matrix
would result in the formation of composites having higher values of TS and YM than neat
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PLA. However, the addition of fumed silica and montmorillonite to PLA led to a reduction
in the value of EB, implying that those two additives acted as reinforcing agents. Lai
and Hsieh [83] examined the influence of the surface functionalization of silica on the
mechanical properties of PLA. To form the modified silica, polyethylene glycol methyl
ether was grafted on the silica in the presence of aminosilane. The interfacial interaction
between silica and PLA was improved in the presence of modified silica; thereby, the value
of TS of the composites with modified silica was higher than the counterpart composites
containing unmodified silica.

Battegazzore et al. [84] used different contents, such as 5, 10, 20, and 30 wt.%, of
silica powder, obtained by the conventional extraction method from rice husk, to fabricate
PLA /silica nanocomposites via the melt-mixing method. Based on Archimedes law, the
silica density was calculated to be 1.82 and 1.88 g-cm 3 for the extracted silica and com-
mercial silica, respectively, while the density of PLA was 1.25 g-cm 2. The density values
were used to calculate the volumetric fractions. When the extracted silica nanoparticles
were melted with PLA, the YM of neat PLA was increased, while the oxygen permeability
of PLA was slightly reduced. As compared to the composites including 10 and 30 wt.% of
commercial silica, the counterpart composites with extracted silica exhibited better mechan-
ical properties. Considering the economic analysis of the whole process and by reusing the
energy recovered from burning rice husk, the authors considered the composites containing
20 wt.% of extracted silica as economically sustainable materials.

It is worth mentioning that silica can improve the mechanical properties of other
PLA composites. For example, the addition of silica can improve the jute/PLA interfacial
adhesion, which results in the enhancement of the mechanical performances of the resultant
composites [85].

On the other hand, the influence of other silica-based materials on the properties of
PLA was explored by many research groups. For instance, the addition of glass fibers to
the PLA matrix improved the mass flow rate and flexural modulus, while their effects on
the impact and flexural strength, as well as thermal stability of PLA, were insignificant [86].
Besides, the TS and EB were reduced with the addition of glass fibers.

6. Biodegradbility and Other Properties

In general, significant research still needs to be performed to achieve the final target
of ideal biodegradable PLA /silica composites that exhibit high performance and easy
biodegradability when their roles are completed. The hydrophilic nature of silica nanopar-
ticles is expected to affect the degradation of PLA. The hydroxyl groups in silica are bound
together by hydrogen bonds and can assist the hydrogen bonding interaction with the
functional groups in PLA or a covalent bonding with a macromolecular chain [87]. Thus,
silica nanoparticles are expected to facilitate the hydrolysis or enzymatic attacks of ester
groups of PLA, leading to a fast biodegradation rate. For instance, Li et al. [50] reported that
the weight loss during the biodegradation process of PLA /silica composites, fabricated by
melt-mixing method, was larger than that in neat PLA. Indeed, the incorporation of 9 wt.%
of silica nanoparticles into the PLA matrix led to a biodegradation rate of 0.36 mg cm 2 h~!,
which was 6.5 times higher than that of neat PLA. Figure 7a shows the fast biodegradation
of the PLA composites compared to neat PLA. This result was confirmed by the DSC
curves shown in Figure 7b. As shown in Figure 7b, all samples were amorphous at a Tg
of 60 °C. The improvements in the degradation rate were attributed to the easy release of
silica particles from the PLA matrix. The hydrophilic silica facilitated the hydrolysis and
enzymatic attack of ester groups of PLA chains. The biodegradation was more pronounced
in the composite membrane after 2 months of in vitro tests [88]. On the other hand, it
was reported that the flame retardant properties of PLA could be improved greatly by
adding treated silica nanoparticles into the PLA matrix [64]. Indeed, the weight loss ratios
of PLA /silica composites at different burning time intervals tended to decrease with the
increase in the silica content, which was linked to the excellent dispersion of particles in
the PLA matrix. So, the larger specific surface area in the composites provided a better
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effect of thermal insulation [64]. SiO,-fluorinated PLA composites can be used as reversible
and highly hydrophobic coatings to protect the exterior of buildings [89]. Similarly, it was
reported that the flame retardancy of PLA could be improved by the addition of fumed
silica and NiyOs into the polymer matrix [90].
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Figure 7. (a) The effect of silica content on the biodegradation rate of PLA /silica composites. (b) The DSC curves of the

PLA /silica composites before and after degradation of 24 h [50].

A study has been reported by Zhao et al. [91], where N-halamine precursor with epoxy
and hydantoin structures, 3-(4'-epoxyethyl-benzyl)-5, 5-dimethylhydantoin (EBDMH) was
utilized for the N-halamine-modified silica nanoparticles. EBDMH was fabricated and
immobilized onto aminofunctionalized silica nanoparticles to form EBDMH-SiO; nanopar-
ticles (Figure 8a). PLA was mixed with EBDMH-5iO; nanoparticles via the melt-mixing
method. The efficiency of the PLA/EBDMH-SiO, composite as antimicrobial material was
evaluated against S. aureus and E. coli, respectively, and the obtained results are shown in
Figure 8b. The PLA/EBDMH-5iO, composite exhibited excellent bactericidal efficiency.
Indeed, the PLA/EBDMH-5iO, composite with a contact time of 10 min neutralized about
90.2% of S. aureus and 89.4% of E. coli. When the contact time was increased to 180 min,
a kill efficiency of 99.97% and 99.91% against S. aureus and E. coli, respectively, was ob-
tained. Due to improved biocompatibility between PLA and silica, as well as the excellent
antibacterial efficiency, the PLA/EBDMH-5iO, composite could be utilized for hygienic
product packaging and filters, as well as medical textiles.

The impact of silica nanoparticles on the interfacial tension between PLA and su-
percritical CO; at high temperature and high pressures was examined by Sarikhani and
coworkers [92]. The addition of a low loading of silica (less than 2 wt.%) led to reducing the
interfacial tension, while the interfacial tension tended to increase when the silica content
was larger than 2 wt.%, which was linked to the fact that higher levels of silica originated
attractive lateral capillary forces due to the perturbation of the PLA-CO, interface by
particles. The interfacial interactions between PLA and silica nanoparticles were found to
be decreased with an increase in the CO, content, which facilitated the adsorption behavior
at higher pressures. Based on the experiments carried out by Seng and co-workers [93], it
was reported that the addition of 1 wt.% of silanol treated-silica into the PLA matrix led to
a decrease of 40% in the hygroscopicity of PLA, while the other loadings of silica caused im-
provements between 3 and 19% in the reduction in hygroscopicity. Chen et al. [94] reported
that the hydrophilicity of PLA /silica composites tended to be improved with increasing the
silica content, where the inclusion of 5 wt.% of silica into the PLA matrix led to a decrease
in the water contact angle of PLA from 82° to 68°. In other words, the less silica in the
composite, the larger the contact angle is, thereby, the higher the hydrophobicity of the
composite surface is. Thus, the hydrolytic degradation ability of PLLA /silica composites
was accelerated in the presence of higher loadings of silica in the polymer matrix.
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Figure 8. (a) Synthesis of N-halamine precursor-modified silica nanoparticles (EBDMH-SiO, NPs).
(b) Antibacterial tests of PLA/EBDMH-SiO,-9 plastic sheets after chlorination against S. aureus and
E. coli. In the inset are photographs showing the bacterial culture plates of S. aureus and E. coli upon
180 min contact with the control and PLA /EBDMH-SiO,-9 plastic sheets [91].

Kosowska and Szatkowski [95] examined the impacts of silica addition on the ultravi-
olet aging of PLA nonwovens obtained by the electrospinning technique. The inclusion of
silica nanoparticles greatly increased the percentages of crystalline and amorphous phases
in the fabricated films and altered the photodegradation mechanism. In the work of Jin-
Bo [96], a novel porous membrane composed of PLA with the addition of S5i0,—CaO by the
sol-gel method was designed. The surface potentials of the composite membranes became
more negative with higher SiO,—CaO contents. Apatite with an orderly ring structure
nucleated and grew on the surface of the composite membranes after immersion in SBF for
7 days, implying that the incorporation of SiO,-CaO significantly improves the bioactivity
of PLA. Based on the dielectric spectroscopy study [97], it was reported that the lifetime and
thermal stability of the electric state in PLA can be increased with the addition of SiO,, where
the optimal concentration of silica for negative corona electrets was found to be 4 wt.%.

7. Potential Applications of PLA/Silica Composites

Owing to its high resistance to heat and good thermal stability, silica has received con-
siderable attention in 3D-printing applications. The enhanced melt viscosity of PLA /silica
composites could facilitate the molding and processing of these materials which could
lead to a variety of applications [54]. Since the usage of PLA used in the bone tissue
applications would not be able to withstand the high-load resistance associated with such
applications, the incorporation of silica would make PLA a suitable candidate in these
applications, as the flexural modulus and the tensile strength of PLA tended to be improved
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significantly with the incorporation of a silica filler. For this reason, it was reported that the
biorenewable PLA /S5iO, composites can be used as promising materials in the bone repair
processes in animal models [98]. As indicated by cell-culture measurements conducted
by Abe et al. [99], PLA /silica composite could exhibit excellent cytocompatibility. Inter-
estingly, the ROS-responsive LDLR peptides-conjugated PLA-coated mesoporous silica
nanoparticles were reported to have an important opportunity for oxidative stress therapy
in the central nervous system [100]. Moreover, the good thermal stability and mechanical
properties of PLA /silica composites would make these materials suitable for structural
applications where high thermal stability and high mechanical strength are needed [71].
Thanks to their physical, thermal, rheological, and mechanical properties, the PLA /silica
composites can be used in 3D-printing applications, as indicated by Thongsang and co-
workers [101]. Moreover, the PLA /silica composites have a great opportunity to be used as
smart and active packaging. According to Jaikaew [102], the CO, /O, permeability ratio of
PLA /silica composite films can be tuned by varying the types of silica particles and their
compositions. Light transmission reduction in both the UV and visible regions is achieved
in PLA /modified-silica bio-composite films. As approved by Opaprakasit et al. [103], the
films obtained from PLA /modified silica composites have strong potential to be used as
biodegradable packaging materials with tunable gas permeability.

8. Future Outlooks of PLA/Silica Composites

The state of knowledge discussed above clearly shows that the fabrication, properties,
and applications of PLA /silica composites will keep growing in the future. We thought
that future trends of the research on PLA /silica composites should be focused on several
relatively new directions, as follows:

e  Although PLA /silica composites have been utilized in 3D-printing applications, more
research would be needed in this area, as the main challenge in 3D-printing applica-
tions is enhancing the flexibility, as well as controlling the viscosity, of PLA.

e The dispersion of silica nanoparticles in the PLA matrix should be improved, as
various undiscovered applications in various fields, such as the aerospace, energy, and
chemical industries, are expected to be available shortly.

e  The utilization of PLA /silica composites to produce hierarchically porous PLA ma-
terials for biomedical applications, such as tissue scaffolding, would be a promising
research area shortly. The processing conditions, however, should be selected carefully
to successfully fabricate such materials.

e Even PLA/silica composites exhibited some levels of biodegradability; they are still
far from being considered a solution for plastic waste accumulation.

9. Conclusions

Based on the brief discussion reported in this work, the inclusion of silica nanoparticles
into the PLA matrix is one of the promising methods to enhance the performance of PLA
while retaining its biodegradability. The fabrication methods, namely, melt blending and in
situ polymerization, as well as the organo-modification of silica nanoparticles to increase
their affinity to hydrophobic PLA, would play a pivotal role in the final performance of
PLA /silica composites. Indeed, the surface functionalization of silica nanoparticles had
critical impacts on the rheological performance of the silica within the polymer matrix.
The thermal stability, biodegradability, YM, and TS of PLA were greatly improved by
the inclusion of silica nanoparticles into the polymer matrix. Such improved properties
qualified the PLA/silica composites to be suitable candidates in food packaging, 3D
printing, and biomedical applications.
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Abstract: Here, we aimed to investigate the safety and preliminary efficacy of Kartigen®, a matrix
with autologous bone marrow mesenchymal stem cell-derived chondrocyte precursors embedded
in atelocollagen. As a surgical graft, Kartigen® was implanted onto the cartilage defects at the
weight-bearing site of the medial femoral condyle of the knee. Fifteen patients were enrolled and
stratified into two groups, undergoing either Kartigen® implantation (1 = 10) or microfracture (con-
trol group, n = 5). The primary endpoint was to evaluate the safety of Kartigen® by monitoring the
occurrence of adverse events through physician queries, physical examinations, laboratory tests, and
radiological analyses for 2 years. There were no infections, inflammations, adhesions, loose body, or
tumor formations in the Kartigen®-implanted knees. The preliminary efficacy was assessed using the
International Knee Documentation Committee (IKDC) score, visual analog scale, and second-look
arthroscopy. The postoperative IKDC scores of the Kartigen® group significantly improved in the
16th week (IKDC = 62.1 &+ 12.8, p = 0.025), kept increasing in the first year (IKDC =78.2 £+ 154,
p < 0.005), and remained satisfactory in the second year (IKDC = 73.6 & 13.8, p < 0.005), compared
to the preoperative condition (IKDC = 47.1 + 17.0), while the postoperative IKDC scores of the
control group also achieved significant improvement in the 28th week (IKDC = 68.5 & 6.1, p = 0.032)
versus preoperative state (IKDC = 54.0 & 9.1). However, the IKDC scores decreased in the first year
(IKDC = 63.5 & 11.6) as well as in the second year (IKDC = 52.6 + 16.4). Thirteen patients underwent
second-look arthroscopy and biopsy one year after the operation. The Kartigen® group exhibited inte-
gration between Kartigen® and host tissue with a smooth appearance at the recipient site, whereas the
microfracture group showed fibrillated surfaces. The histological and immunohistochemical analyses
of biopsy specimens demonstrated the columnar structure of articular cartilage and existence of
collagen type IT and glycosaminoglycan mimic hyaline cartilage. This study indicates that Kartigen®
is safe and effective in treating cartilage defects.

Keywords: cartilage defect; knee; Kartigen®; chondrocyte precursors; stem cell therapy
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1. Introduction

Cartilage defects are highly prevalent joint disorders and leading causes of disability
and chronic pain in the world [1]. Articular cartilage defects are mainly attributed to
trauma, osteoarthritis, osteonecrosis, and osteochondritis dissecans. Chondral lesions were
found in around 60% of the patients undergoing knee arthroscopy [2—4].

Back in 1743, Hunter described the challenge of cartilage repair, stating that “once the
cartilage is destroyed, it never recovers [5,6].” His observation still holds today. The avas-
cular characteristics of cartilage constrain its self-regeneration from injury. If left untreated,
the damaged cartilage gradually progresses into severe osteoarthritis. Through decades
of effort, multiple surgical treatments have been developed to promote cartilage healing,
such as abrasion arthroplasty [7], microfracture [8,9], and mosaicplasty [10,11]. However,
these surgical approaches are usually associated with fibrocartilage formation [12,13], lim-
ited tissue sources [14], and donor-site morbidity [15], and its long-term efficacy remains
controversial [16].

Cell therapy for cartilage repair was proposed in the 1980s by Robert Langer and
Charles Vacanti using the approaches of tissue engineering. They clearly defined that
a fine reconstruction of cartilage defect must include selected cells for transplantation,
excipients, which are seeded with selected cells, and functional restoration of defect areas
as before [17]. The cellular therapeutic innovation was realized in 1994. Autologous chon-
drocyte implantation (ACI) was introduced to treat cartilage defects in the knee [18]. In the
past two decades, ACI has demonstrated its efficacy for knee osteoarthritis. Two systematic
reviews concluded that, relative to microfracture and mosaicplasty, ACI may be the best
option for large defects in active young patients who have had the symptoms for a short
period and have not undergone a chondral surgery before [13,19]. In addition, a scaffold-
based ACI, matrix-induced autologous chondrocyte implantation (MACI), outperformed
microfracture in a 2-year randomized study [20]. Still, only a few products are available on
the market: Carticel (FDA-approved in 1997), Chondron (South Korea MFDS-approved
in 2001), and MACI (FDA-approved in 2016). The scarcity implies that some limitations
remain, such as the limited source of chondrocytes, donor site morbidity, uncertain hyaline
cartilage formation, low recovery of the recipient site, and questionable longevity of these
implants or their derivative tissues [21].

The discovery of adult stem cells aroused a paradigm shift in regenerative medicine.
The features of self-renewal and multipotency of stem cells make them ideal cell sources for
cellular therapy. A variety of stem cell-based therapeutic innovations have been developed
using mesenchymal stem cells (MSCs) derived from bone marrow [22], adipose tissue [23],
synovium [24], peripheral blood [25], or periosteum [26]. Several clinical trials have demon-
strated the safety and therapeutic efficacy of autologous MSC implantation for cartilage
repair [27-30]. However, the implantation of undifferentiated MSCs cannot guarantee
certain chondrogenesis in vivo, which might lead to heterogeneity of regenerated tissues.

The chondrogenesis of MSCs can be guided using growth factors [31] or biophysi-
cal/biomechanical stimuli [32] to improve the functional properties of the derived neo-
cartilage tissues, including mature matrix formation [29,33]. Our previous study identified
a unique population of chondrocyte precursors (CPs) derived from bone marrow mes-
enchymal stem cells (BMSCs) during chondrogenic induction [34]. These atelocollagen-
embedded CPs (Kartigen®) can secrete glycosaminoglycan (GAG) and collagen type IT but
without lacunae formation.

A variety of biomaterials have been used for cartilage tissue engineering, including
collagen [35], alginate [36], poly-lactic-glycolic acid [37], and tri-copolymer [38]. In this
study, we selected atelocollagen because it is a low-immunogenic derivative of collagen
obtained by the removal of N- and C—terminal telopeptide components [39]. Atelocollagen
has been broadly applied in the regeneration of cartilage [34,40,41], intervertebral disc [42],
cornea [43], periodontal tissues [44], and skin [45] to serve as a carrier for cell delivery and
to provide an appropriate microenvironment for tissue regeneration.
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A 9-year follow-up trial demonstrated that Kartigen® integrated with the host tissue
and resulted in the formation of hyaline-like cartilage, thereby improving the impaired knee
functions [34]. Due to the lack of a randomized control group in the previous study, we
initiated this controlled and randomized trial to evaluate the safety and efficacy of Kartigen
for repairing cartilage defects in the weight-bearing site of medial femoral condyles through
the comparison with the microfracture treatment.

2. Materials and Methods
2.1. Ethical Approval

This study was an open-label, controlled, randomized, single-center, phase I clinical
trial to evaluate the clinical safety of Kartigen® and its clinical improvements versus
microfracture. This study was approved by the Taiwan Food and Drug Administration
(TFDA, study number 1076026300) and by the Institutional Review Board of Taiwan
Adventist Hospital (IRB number: 105-B-09). According to the guidelines of the Declaration
of Helsinki, informed consent was obtained from each subject.

2.2. Study Population

This study enrolled 15 patients with cartilage defects at the weight-bearing site of the
medial femoral condyle. The size of cartilage defects ranged from 0.6 to 4 cm?. Patients
were enrolled in this study between September 2018 and June 2020. Patients were selected
according to inclusion and exclusion criteria in Table S1. They were randomly allocated
into groups of Kartigen® implantation (1 = 10) or microfracture treatment (1 = 5). Based
on our previous study [34], the seeding density of CPs was 1.6-3.3 x 10° cells/cm?, and
the total cell number was less than 1.32 x 107 cells. The schedule of study procedures and
assessments is shown in Table S2.

2.3. Manufacture of Kartigen®

The manufacture of Kartigen® was described previously [34]. In brief, cell culture
was performed under standard operative procedures at the cell processing unit (CPU) of
Kartigen Biomedical Inc. (Taipei, Taiwan), following the Good Tissue Practice regulations.
Fifteen mL of heparinized blood was aspirated from the iliac crest, collected in sterile
50-mL tubes. The MSCs were isolated using the density-gradient medium Ficoll (Cat.
No. 17-5446-52, GE Healthcare, Little Chalfont, UK). The nucleated cells were collected
from the interface, washed twice in PBS, and then suspended in Dulbecco’s Modified
Eagle’s Medium (DMEM-LG, Cat. No. 31600, Gibco, Carlsbad, CA, USA) supplemented
with the patient’s serum. BMSC were expanded to a sufficient number, enough to fill the
cartilage defects of patients. The required cell number was estimated according to the
size of the defects. Before the BMSCs were induced into CPs, a small portion of BMSCs
were used to assess the number, viability, and the immunophenotype of BMSCs, and to
undergo sterility testing. The cell number and viability were quantified using trypan blue
staining and an automated cell counter. BMSC’s immunophenotype must be fulfilled by
the minimal ISCT criteria: More than 95% of BMSCs are CD90-positive, and less than 2%
of BMSCs are CD34-negative. Sterility testing must be negative for aerobic and anaerobic
bacteria, mycoplasma, and <0.5 EU/mL endotoxin. The expanded cells were then seeded
in excipient (Kartigen®) and cultured in CPs’ induction medium.

2.4. Surgical Operation

The knee lesions were assessed arthroscopically. The defect size was measured through
the arthroscope. For the Kartigen® implantation group, the required cell number of CPs was
estimated before the collection of bone marrows. We aimed to implant 2 x 10 cells/cm?
in the defect. The cartilage defect at the medial femoral condyle was approached either
by mini-medial arthrotomy of 2 to 3 cm in length or by the arthroscope only. After
debridement, the cartilage defect was filled with Kartigen® and then sealed with fibrin glue
(TISSEEL, Baxter AG). For microfracture, we followed a standard arthroscopic procedure as
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reported by Steadman et al. [46]. The multiple holes (microfractures) were about 3-4 mm
apart, to preserve the structure and function of the subchondral plate.

2.5. Rehabilitation

Both groups of patients underwent the same rehabilitation regimen. The operated
knee was kept in 20- to 30-degree flexion for 72 h, and then the knee was allowed to move
freely. Partial weight-bearing was started 24 h after the operation, and full weight-bearing
was allowed 4 weeks after the operation.

2.6. Safety Evaluation

A series of evaluations were assessed to assure the safety of the study for 2 years
after treatments. These evaluations included physicians’ queries, physical examinations,
laboratory tests, and radiological studies. The Common Terminology Criteria for Adverse
Events was used to elicit and report toxic effects [47]. We specifically monitored the possible
severe adverse events, including the severity of pain, infection of the operation site, joint
adhesion, the abnormal gross appearance of the knee, active range of motion, loose body
formation, and tumorigenesis.

2.7. Efficacy Evaluation

The preliminary efficacy was assessed using the International Knee Documenta-
tion Committee (IKDC) scoring system [48], visual analog scale (VAS), and arthroscopy.
Arthroscopy was performed 1 year after the operation to observe the changes of defects. At
the same time, a biopsy specimen (2 mm in diameter) was taken for histological analysis.

2.8. Arthroscopic and Histological Analysis

Second-look arthroscopy was done with the patients” written consent. Alcian blue
staining and immunohistology were applied to evaluate the existence of GAG and collagen
type II. The International Cartilage Repair Society (ICRS) arthroscopic assessment scale was
used to evaluate the degree of cartilage repair [49,50]. Alcian blue staining (Cat. No. B8438,
Sigma-Aldrich, Saint Louis, MO, USA) was used to assess the amount of GAG accumulation
in the implanted tissues. Nuclear Fast Red solution (Cat. No. H-3403, Vector Laboratories,
Burlingame, CA, USA) was used for counterstaining. The immunohistochemistry was
applied to quantify the protein expression level of collagen type Il. An anti-collagen type II
antibody (Cat. No. Ab34712, Abcam, Cambridge, UK) and UltraVision Quanto Detection
System (Cat. No. TL-060-QHL, Thermo Scientific, Fremont, CA, USA) were used for the
immunohistochemistry, according to the manufacturer’s instructions. All samples were
processed and stained using the same procedure.

2.9. Statistical Methods

The statistical analyses of IKDC scores and VAS scores were performed using ¢-test
and Wilcoxon signed-rank test, respectively. A two-tailed paired t-test was used to test the
difference of IKDC scores at different time points (before and after the operation) of the
same treatment group. To compare the efficacy of treatments, we used a one-tailed ¢-test to
test the null hypothesis: IKDC scores of microfracture treatment were higher than that of
Kartigen® implantation. The statistical significance of the t-tests was set as p < 0.05. All
statistical analyses were performed using Microsoft Excel.

3. Results
3.1. Demography

Fifteen patients were enrolled and randomized into two groups. The control group
underwent microfracture, and the study group underwent Kartigen® implantation. No
patients were withdrawn from this trial. The flow chart of the study is shown in Figure S1.
The demographic information of the patients is shown in Table 1. There was no significant
difference in age between the two groups, but the defect sizes were significantly different.
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Table 1. Demography of the patients.

Group Kartigen® Group (n = 10) Microfracture (n = 5)
Gender (F:M) 5:5 2:3
Age (year) 22-77 (54.8 £+ 18.0) 55-77 (67.8 £ 8.5)
Defect size (cm?) 1.3-40(29+0.8)* 0.6-1.5 (1.0 £ 0.4)
Defect treatment Kartigen® Microfracture

* Note: The defect size of the Kartigen® group was significantly larger than that of microfracture group (p < 0.005).

3.2. Safety Assessment

In the Kartigen® group, three patients exhibited three treatment-emergent adverse
events (TEAESs): renal stone with hematuria, cervical spondylosis, and upper respiratory
tract infection, respectively. In the control group, two patients demonstrated four TEAEs,
including urinary tract infection, cataract, prostate hypertrophy, and coronary artery
stenosis. All seven TEAEs were not treatment-related. These TEAEs are summarized in
Table S3. By X-ray examination and MRI study, there was no inflammation, joint adhesion,
loose body, or tumorigenesis in the Kartigen®-implanted knee and microfracture-treated
knee. Physical examination and laboratory tests revealed no infection among the 15 patients.
Moreover, neither mortality nor complications were noted after operations in this study.
Some laboratory values were abnormal, such as blood sugar, GOT, GPT, and urinary
red blood cell in both groups. However, they were felt to be reflective of each patient’s
underlying medical condition and not as results of participation in the study.

3.3. Efficacy Assessment

We applied IKDC subjective knee evaluation criteria to evaluate the knee function
before and after the treatments. Figure 1 showed a tendency that the IKDC scores continu-
ously improved in the Kartigen® group, but the control group achieved the highest IKDC
score in the 28th week and gradually decreased. In the study group, the IKDC score before
Kartigen® implantation was 47.1 + 17.0 (mean =+ standard deviation) and then significantly
improved to 62.1 £ 12.8 (p-value = 0.025) 16 weeks after implantation. The IKDC scores
continuously increased to 78.2 4= 15.4 with a statistical significance (p-value < 0.005) one
year after the operation and still maintained at 73.6 & 13.8 2 years after the operation. While
IKDC scores slightly decreased in the second year, the scores were still significantly higher
than that of preoperation (p-value < 0.005). Meanwhile, although the control group demon-
strated significantly improved IKDC scores from 54.0 = 9.1 (preoperation) to 68.5 £ 6.1
(28 weeks after the operation) with a p-value of 0.032, the score decreased to 63.5 £ 11.6
1 year after the operation and to 52.6 £ 16.4 2 years after the operation. The comparison of
IKDC scores between the Kartigen® group and the microfracture group in the second year
exhibited statistical significance with the p-value of 0.029. Still, a longer follow-up will be
needed to evaluate the long-term efficacy and longevity of the regenerated cartilage.

The VAS was used to measure the pain before and after treatments. Both the Kartigen®
implantation and microfracture treatment effectively achieved pain relief at the 10th week
after the operation (Figure 2). However, the Kartigen® implantation exhibited consistent
pain relief through the 1-year follow-up, which was validated statistically using Wilcoxon
signed-rank test with p-values < 0.005.

3.4. Arthroscopy and Histological Analysis

The regeneration of cartilage defect was grossly observed by knee arthroscopy, and a
specimen of 2 mm in diameter was taken 1 year after surgery. Nine out of 10 patients in
the Kartigen® group and 4 out of 5 patients in the control group consented to second-look
arthroscopy. The gross appearance of regenerated cartilage tissues was examined under
arthroscope and compared with their corresponding arthroscopic images taken before
treatment (Figure 3). Eight out of 9 of the Kartigen® group exhibited smooth and elastic
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surfaces at the recipient sites (Figure 3A), but none of the control group showed normal or
near-normal appearance. Only fibrillated surface was noted (Figure 3B). The ICRS scale is
shown in Table 2 with the classification of grade I (normal tissue), grade II (nearly normal
tissue), grade III (abnormal), grade IV (severely abnormal).
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m Kartigen @Microfracture

Figure 1. Assessment of knee functions of daily activities by IKDC scores. The knee functions of the patients were
significantly improved 16 weeks after the Kartigen® implantation and 28 weeks after microfracture, respectively. The paired
t-test was conducted to determine the difference between the means of the IKDC scores before and after the treatments
at different time points among the same groups. Two years after operation, the IKDC score of the Kartigen® group was
higher than the control group. The error bars stand for standard deviations. Asterisks represent the statistical significance:
*p <0.05, *** p < 0.005.
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Figure 2. VAS assessment. The pain relief was effective and significant in the Kartigen®-treated group, as VAS scores
decreased since the 10th week after operation, but the VAS scores flatulated in the control group. The error bars stand for
standard deviations. Asterisks represent the statistical significance: * p < 0.05, *** p < 0.005.
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Figure 3. Arthroscopic images before and 1 year after operation. Images of Kartigen® group (A) and microfracture group (B).

Table 2. ICRS arthroscopic assessment.

ICRS Cartilage Repair Assessment

Kartigen® Group (1 = 10) Microfracture Group (n = 5)
Grade I 3 Grade I 0
Grade IT 5 Grade I 0
Grade III 1 Grade III 3

Grade IV 0 Grade IV 1
Total 9 Total 4

The Kartigen® group demonstrated better results in both arthroscopic observations
and histological analysis (Figure 4). In the control group, the regenerated cartilage did
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not exhibit columnar chondrocyte distribution but only fibrocartilage (Figure 4A). GAG
and collagen type Il were observed in the biopsy specimens, and a total of 12 specimens
(Kartigen®, n = §; control, n = 4) are presented in Figure 4B,C. New chondrocytes at defect
had the same appearance as the original ones (Figure 4B). However, the chondrocytes
in the repaired defect in the Kartigen® group were smaller and denser than those in the
original cartilage.

Figure 4. Inmunohistochemical analyses of biopsy specimens. (A) Whole-slide histological images of regenerated cartilage
under 4 x objective lens. Alcian blue staining and immunochemical study show expression levels of GAG/Collagen type II,
respectively, in Kartigen group (B) and microfracture group (C).
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4. Discussion

The development of Kartigen® was started from our previous study using atelocollagen-
embedded chondrogenic BMSCs to repair the full thickness of cartilage defect in miniature
pigs [51]. The promising results encouraged us to initiate a case series study to test the
safety and efficacy of Kartigen® for treating cartilage defects. In the 9 years of follow-
up study, improvement of knee functions was satisfactory and sustainable [34]. Most
importantly, infection, inflammation, joint adhesion, loose body, and tumor formation
were not found in the Kartigen®-implanted knees. However, in the case series study, the
contralateral knees of the same patients were used as a control group. To further validate
the therapeutic efficacy of Kartigen® in comparison with standard surgical treatments,
such as microfracture, a new controlled and randomized phase I clinical trial was con-
ducted. As expected, no severe adverse events were found, and all the TEAEs were not
treatment-related. Although clinical outcome was similar for Kartigen implantation and
microfracture in 1-year follow-up, a sustained improvement of knee functions was found
in the Kartigen® group in the 2 years follow-up.

Microfracture was introduced for focal articular cartilage repair in the 1980s and
soon became a standard treatment for cartilage defects [9,46,52]. However, its results are
usually associated with fibrocartilage production [12,13], and its long-term efficacy remains
poor [16,53]. Mosaicplasty provides a better improvement than microfracture, but there
are still several disadvantages, such as the donor-site morbidity for autografts [54], limited
sources of grafts, a technical challenge in leveling the graft during operation [55], and
poor integration of the implant into host tissue [56,57]. On the contrary, the procedure of
Kartigen® implantation is technically simple and can be carried out with a small arthrotomy
or using arthroscope. Furthermore, there is no donor site morbidity, and sources of cells
are not limited.

The ability of engrafted cells to integrate into the recipient site and participate in
the repair process is crucial for successful clinical outcomes. It has been reported that
intra-articular injection of autologous MSCs reduced the degeneration of cartilage defects
and provided pain relief [58], but integration of injected MSCs into damaged cartilage
defects is unclear and doubtful. On the contrary, using atelocollagen as a cell carrier,
Kartigen® prevents cell loss, is easy for implantation for cartilage defects of any shape,
and achieves uniform cell distribution at the recipient site. These advantages contribute to
the efficacy and durability of Kartigen® implantation. In addition, atelocollagen has been
proven to enable a gradual proliferation and matrix synthesis of chondrocytes, which allow
chondrocytes to maintain their phenotype for up to 4 weeks in vitro [40]. Atelocollagen gel
can also support cell proliferation, matrix synthesis, and chondrogenic differentiation of
MSCs [42]. Recently, the Adachi group reported the efficacy of repairing osteochondral
defects with minced cartilage embedded in atelocollagen gel [41]. Our previous clinical
trial with 9 years of follow-up also demonstrated the safety and efficacy of atelocollagen in
repairing cartilage defects together with CPs [34].

Unlike previous studies using mature chondrocytes for cartilage repair in ACI [59],
our study showed CPs in Kartigen® exhibiting sufficient integration capacity. Under
arthroscopic examination, the integration between the graft and the recipient site was
complete (Figure 3). The histological analyses of the biopsy specimens also demonstrated
the integration of the implanted tissue into the surrounding articular cartilage (Figure 4).
The accumulation of GAG and collagen type II was confirmed in the biopsy specimens
(Figure 4). However, there are several limitations to this study. Because this is a phase I
study, the sample size number is small. The 2 years of follow-up are not long enough to
reach a final conclusion for cartilage defect repair.

Recent advances in 3D bioprinting [60-63] have enabled reconstructions of functional
living cartilage to recapitulate the complexity and architecture [64,65] of an articular surface.
We are looking into partnerships to integrate that technology and potentially further
improve the outcome with Kartigen® implantation. This may result in more favorable
biomechanical properties at the recipient sites and allow earlier weight-bearing and range
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of motion without concern of graft detachment. Since MSCs are multipotent, additional
biochemical and biomechanical stimulations can delicately manipulate the chondrogenic
differentiation and maturation of seeded cells [66,67] to improve the functional properties
of the derived neo-cartilage tissues [29]. The integration of 3D bioprinting and biomimetic
in vitro chondrogenesis will drive advanced therapeutic innovations for cartilage repairs.

5. Conclusions

In this study, Kartigen® containing CPs was proven safe and free of adverse events,
such as infection, inflammation, joint adhesion, loose body, or tumor formation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13183029/s1. Table S1: Inclusion and exclusion criteria, Table S2: Scheduled visits of the
study design, Table S3: Adverse events, Figure S1: Flowchart of this clinical trial.
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Abstract: Mesenchymal stem/progenitor cells (MSCs) have a multi-differentiation potential into
specialized cell types, with remarkable regenerative and therapeutic results. Several factors could
trigger the differentiation of MSCs into specific lineages, among them the biophysical and chemical
characteristics of the extracellular matrix (ECM), including its stiffness, composition, topography, and
mechanical properties. MSCs can sense and assess the stiffness of extracellular substrates through
the process of mechanotransduction. Through this process, the extracellular matrix can govern
and direct MSCs’ lineage commitment through complex intracellular pathways. Hence, various
biomimetic natural and synthetic polymeric matrices of tunable stiffness were developed and further
investigated to mimic the MSCs’ native tissues. Customizing scaffold materials to mimic cells” natural
environment is of utmost importance during the process of tissue engineering. This review aims to
highlight the regulatory role of matrix stiffness in directing the osteogenic differentiation of MSCs,
addressing how MSCs sense and respond to their ECM, in addition to listing different polymeric
biomaterials and methods used to alter their stiffness to dictate MSCs’ differentiation towards the
osteogenic lineage.

Keywords: mesenchymal stem cells; polymers; matrix; stiffness; osteoblasts; differentiation

1. Introduction

Stem/progenitor cells are characterized by their outstanding differentiation potential
into multiple types of specialized cell lineages, relying on their pluri- or multipotency,
while maintaining their self-replicating ability [1-10]. Among the different stem/progenitor
cell types, mesenchymal stem/progenitor cells (MSCs) have been widely used in tissue
engineering, cell transplantation, and immunotherapy [11-14]. MSCs were initially isolated
from the bone marrow, but can be currently isolated from almost every tissue in the
body [15]. MSCs niches are located in different sites, including umbilical cord blood [16],
menses blood [17], dental tissues [18], synovial fluid [19], adipose tissues [14], and dental
tissues [4]. MSCs reside adjacent to vessel walls, near perivascular regions, on the endosteal
surfaces of trabecular bone, and within the interfibrillar spaces [11].

Proliferation and differentiation of MSCs can be triggered by certain growth factors
and chemicals, inducing specific genetic events, affecting the release of transcriptional fac-
tors, which regulate the differentiation of MSCs into specific lineages [14,17]. Additionally,
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biomaterial scaffolds can create a microenvironment that provides MSCs with appropriate
conditions for directed differentiation [14]. MSCs further can secrete various immunomod-
ulatory molecules, including cytokines, chemokines, and growth factors, which provide the
self-regulated regenerative microenvironment for different injured tissues or organs [13,17].

Regeneration and healing of bone injuries, particularly in large bony defects, is a com-
plicated process [11]. Based on the multipotency of MSCs, they can give rise to either
osteoblasts, chondrocytes, myoblasts, or adipocytes in response to key transcriptional regu-
lators that control the primary commitment and most of the follow-up differentiation [20].
MSCs further interact with the components of their local microenvironment (niche) of the
extracellular matrix (ECM) [21].

ECM was earlier believed to be an inert matrix that only provides physical support to
cells; later, the important role of ECM in various cellular processes was introduced [22]. The
MSCs niche provides extrinsic signals including growth factors, ECM, and those released
due to contact with other cells. Through these signals, the MSCs’ niche could regulate the
stem/progenitor cells’ fate [23,24]. In this context, interactions of MSCs with their niche are
reciprocal; thus, MSCs are capable of remodeling the niche in response to signals received
from it [24].

Several transcription factors are involved in the osteogenic differentiation pathway,
including runt-related transcription factor 2 (Runx2), osterix (Osx, or SP7), Smad, and
-catenin [25-27]. Runx2 expressing cells are defined as pre-osteoblasts, a heterogeneous
population of cells that includes all cells transitioning from progenitors to mature os-
teoblasts. A three-stage differentiation of the pre-osteoblasts then follows. The first stage
involves cells” proliferation and expression of transforming growth factor-beta receptor 1
(TGF-BR1), fibronectin, collagen, and osteopontin. The second stage involves the initiation
of cellular differentiation and maturation of the ECM with alkaline phosphatase (ALP)
and collagen expression. In the final stage, the ECM is enriched with osteocalcin, which
promotes matrix mineralization [20]. Runx2 guides MSCs differentiation into osteoblasts
besides inhibition of other differentiation pathways, particularly adipogenic and chon-
drogenic ones [28,29]. Various signaling pathways, such as bone morphogenic proteins
(BMPs), Notch, and Wnt signaling pathways, could regulate Runx2 expression.

BMPs are famous for their capability to induce bone formation. They activate intra-
cellular Smad, which translocates to the nucleus and acts as a transcription factor besides
promoting Runx2 expression [30]. BMP9 stimulates the activation of Smad1/5/8 in MSCs
cells. Moreover, Smad4 knockdown decreases the nuclear translocation of Smad1l/5/8
and inhibits osteogenic differentiation [31]. Hence, Smad is of great importance, and
its interaction with Runx2 is essential for osteogenic differentiation. Mutation of the C-
terminal domain of Runx2 disrupts Runx2-Smad transcriptional activities, which leads to
the suppression of osteogenic differentiation [32].

Osx is an essential transcription factor for osteogenic differentiation and subsequent
bone formation. In Osx null mice, no bone formation occurred; additionally, in the Runx2
null mice, no expression of Osx was noted, indicating that Osx acts as a downstream
of Runx2 and emphasizing its role in MSCs osteogenic differentiation and bone forma-
tion [33]. Moreover, Wnt signaling pathway activation in MSCs induces Osx expression
and suppresses peroxisome proliferator-activated receptor y (PPAR-y) [34]. Moreover,
[-catenin has a competitive inhibitory relationship with PPAR-y, where activation of one
of them leads to the degradation of the other [35]. Therefore, Wnt/ 3-catenin signaling
activation shifts MSCs’” commitment towards osteogenesis at the expense of adipogenic
differentiation [34].

[3-catenin further plays a critical role in MSCs’ osteogenic differentiation. Its absence
blocks the osteogenic differentiation and allows for the chondrogenic differentiation of
MSCs [36]. Wnt signaling is essential for the 3-catenin function. Wnt signaling accumulates
[-catenin in the cytoplasm and translocates it into the nucleus, activating the transcription
of downstream genes. The absence of Wnt signaling leads to the degradation of 3-catenin
and interferes with MSCs’ osteogenic differentiation [37]. The sensitivity of (3-catenin to
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matrix stiffness during the differentiation of adipose-derived stromal cells (ASCs) has
been demonstrated [38]. 3-catenin increased nuclear translocation with increased matrix
stiffness and enhanced the expression of Runx2, thus stimulating osteogenesis.

Stem/progenitor cells” behavior is largely affected by extracellular signals from the
microenvironment, including chemical and mechanical cues from the ECM [39]. Unlike
chemical cues, the mechanical properties of the microenvironment act as signals that are
consistent along with time and space, thus providing long-range stimulation to cells over
long periods and over relatively long distances. Recent literature has focused on the
paramount role of the ECM mechanical properties in controlling stem /progenitor cells’
behavior, including maintaining their potency, self-renewal and differentiation, migration,
proliferation, and interaction with other cells [39,40]. Matrix-related mechanical stimuli, in-
cluding strain, shear stress, matrix rigidity, and topography, could impact stem/progenitor
cell phenotypes through controlling gene transcription and signaling pathways [40,41].

The extracellular-signal-regulated kinase (ERK) and p38 are members of the mitogen-
activated protein kinase (MAPK) enzymes family that is concerned with mechanotrans-
duction pathways [42]. ERK is a potent regulator of MSCs’ differentiation, as mechanical
stimulation activates ERK through integrin focal adhesion complexes and the initiation
of MAPK-ERK signaling cascade [43]. Besides ERK, p38 is involved in MSCs’ differen-
tiation. The p38-MAPK signaling activity has been identified as an essential factor for
osteoblastic differentiation [44—46]. Ras-mediated signaling has been further presented
as a master key that affects multiple intracellular pathways, including ERK, PI3K/AKT,
and Smad [47,48]. Inhibition of Ras (RasN17) significantly downregulates AKT, ERK, and
Smad1/5/8 activation, as well as osteogenic markers” expression. Conversely, active Ras
(RasV12) has little effect on osteogenic markers” expression [49]. Consequently, inducing
transcription factors to control and guide MSCs’ differentiation has become an essential
strategy for guided tissue regeneration [26]. Interference between signaling pathways
through interaction between different transcription factors can drive MSCs towards specific
cell linage; for example, osteogenic signaling can inhibit the adipogenic signaling pathway,
and vice versa [41].

Matrix stiffness has a profound impact on MSCs’ behavior. The adhesion, proliferation,
and spreading capacity of umbilical cord MSCs varied when cultured on polyacrylamide
gels coated with fibronectin with different stiffness (Young’s modulus: 13-16, 35-38, 48-53,
and 62-68 kPa) [50]. Maximum spreading of MSCs was observed with increased matrix
stiffness. The soft matrix promoted adipogenic differentiation with high expression of
PPARy and C/EBP«, while MSCs cultured on the 48-53 kPa matrix differentiate into
muscle cells with increased expression of MOYG. On the other hand, MSCs cultured on
stiff matrix differentiate into osteoblast with increased expression of ALP, collagen type I,
Runx2, and osteocalcin [50]. Additionally, bone-marrow MSCs cultured on fibronectin-
coated polyacrylamide hydrogels with different stiffnesses, ranging from 13 to 68 kPa,
demonstrated enhanced adhesion, spreading and proliferation upon increasing matrix
stiffness [51]. On 62-68 kPa, MSCs exhibited a polygonal morphology with a more ex-
tensive spreading area and high expression of Runx2, ALP, and osteopontin. These data
highlight the critical role of matrix stiffness in regulating MSCs behavior which aids in the
development of new biomaterials for tissue regeneration.

Insights into how stem /progenitor cells sense signals from the ECM and how they
respond to these signals at the molecular level have become an area of increasing re-
search [21,22,52]. Lately, stem/progenitor cells were shown to be capable of sensing
and responding to the structural and functional cues of the matrix [22,52], such as the
topography of the ECM components, adhesive properties of the ECM, and ECM stiff-
ness [24,53]. The cells adhere to the ECM via several specific cell-surface receptors, known
as integrins [21,22]. Integrins transmit signals from ECM to the cells, thus affecting the
proliferation and differentiation of stem/progenitor cells through mechanotransduction
of signals [21,22]. It is suggested that the cells use actomyosin filaments (stress fibers)
contractility for reciprocal interactions with their matrix [23]. When cells are grown in vitro,
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extensive efforts to mimic the in vivo microenvironments have been made to control and
direct stem/progenitor cell commitment into specific cell lineages required for regenera-
tive medicine.

Natural and synthetic polymeric materials could offer versatile matrices, which are
biocompatible and biodegradable, with tunable characteristics, precise control of their
topography, and ease of processing [54,55]. Biomaterial stiffness, which determines the
material’s resistance to deformation in response to an applied force, is a vital property
in tissue engineering. ECM stiffness is calculated by dividing the load by the elastic
deformation of the matrix [56], is denoted by the elastic modulus or Young’s modulus (E),
and represents the resistance that a cell feels when it deforms the ECM [57].

ECM stiffness guides stem/progenitor cells” differentiation down corresponding
tissue lineages [58]. Osteogenic differentiation of MSCs was shown to be favored on
more rigid substrate, while adipogenic differentiation is favored on softer substrates [21].
Such control of MSCs fate by matrix stiffness was shown to be complementary to, and
even synergistic with, the regulatory effects of specialized cell culture media commonly
used to direct mesenchymal stem /progenitor cell differentiation into specific lineages [23].
Various biomaterials coupled with different methods of controlling stiffness are employed
to develop specific stiffness ranges for regulating MSCs differentiation in vitro. Controlling
of substrates’ stiffness could be tuned through adjusting the biomaterial composition, the
amount/concentration/ratio of material components, the degree of crosslinking, and the
reaction conditions [56]. Taking into consideration that the bulk stiffness of most native
tissues is much lower than that of plastic or glassware used for in vitro tissue culture [24],
the development of biomimetic polymeric matrices of tunable stiffness, mimicking native
tissues, allowed new data to reveal more details on the impact of mechanical cues of the
microenvironment, especially ECM stiffness, on cellular properties [58].

In this review, we highlight the regulatory role of matrix stiffness in directing the
osteogenic differentiation of MSCs, addressing how MSCs sense and respond to their ECM,
in addition to listing different polymeric biomaterials commonly used in vitro and methods
used to alter their stiffness to dictate MSCs differentiation towards the osteogenic lineage.
Moreover, through the current review, we aim to elucidate the effect of ECM stiffness
on the MSCs’ osteogenic potential and the underlying mechanism, which is of particular
importance during the process of designing new materials for bone-tissue regeneration.

2. MSCs and Mechanotransduction

MSCs can sense and assess the stiffness of extracellular substrates [59,60]. The ability
of stem/progenitor cells to sense changes in the surrounding environment is known as
mechanosensation. Stem/progenitor cells can also transduce mechanical stimuli in the
surrounding environment into biochemical signals to induce cellular responses through the
process of mechanotransduction [61]. Mechanotransduction is the mechanism underlying
the increased osteogenic differentiation of MSCs on stiffer matrix [62]. The process of
mechanotransduction in stem /progenitor cells is mediated through focal adhesion, associ-
ated integrins, and cellular cytoskeleton, in addition to mechanosensitive ion channels.

2.1. Focal Adhesion and Integrins

Focal adhesions are complexes of highly specialized proteins and macromolecules
that can attach cells to the ECM, allowing them to sense and respond to mechanical
stimuli [63]. Focal adhesion is composed of the transmembrane protein integrin, which has
intracellular and extracellular domains (Figure 1). Integrin’s intracellular domain is linked
to the actin cytoskeleton via cytoplasmic adapter proteins, which include the actin-binding
proteins a-actinin, vinculin, and talin [64]. The integrin extracellular domain binds to
ECM components, such as collagen, laminin, and fibronectin, via its extracellular domain,
thereby establishing a mechanical connection between ECM and intracellular cytoskeleton
components [64-66]. Fifty different proteins have been associated with focal adhesion [67],
including intracellular proteins as focal adhesion kinase (FAK) and p130Cas [68,69].
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Figure 1. Elements of focal adhesion.

Integrins are alpha and beta subunits heterodimers existing in different combina-
tions [64]. There are 18x and 8 subunits, which account for 24 different integrin het-
erodimers in mammals specific to an exact set of ECM ligands [70,71]. Through their
intracellular and extracellular domains, integrins are capable of joining intracellular cy-
toskeleton with the external environment, thereby creating mechanical integration between
ECM and intracellular cytoskeleton [72]. They can transmit cellular signals to the ECM,
and reciprocally can convey signals from the ECM intracellularly [73], triggering an intra-
cellular signaling pathway, resulting in alteration of cellular migration, proliferation, and
differentiation [74].

It is noteworthy that MSCs’ surface integrins” expression can influence MSCs’ lineage
commitment [75]. Further, matrix stiffness can influence integrin expression on MSCs,
which can dictate and direct stem/progenitor cell fate [76]. Undifferentiated MSCs were
found to mostly express «1, a3, «V, 31, and 32 integrins, while &2, o4, 5, 6, 33, 34, and
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35 were expressed to a lesser extent [77]. MSCs’ osteogenic differentiation was reported to
be associated with upregulation of integrin o5 expression on MSCs’ surface in response to
ECM stimuli [77-80]. Integrin o5 upregulation promotes osteogenesis through activation
of FAK via the ERK1/2-MAPKSs and PI3K signaling [79]. MSCs’ expression of integrin
subunits «2 [62,76], 1, &V, and 33 was also upregulated with increased ECM stiffness,
favoring osteogenic differentiation [62], while &5 and 1 expression was upregulated
in the matrix with lower stiffness [76]. Additionally, activation of MSCs expression of
a5p1 and oV 33 integrin complexes in response to ECM morphology was associated with
enhanced osteogenic differentiation [81]. On the other hand, osteogenic differentiation
was associated with reduced expression of «1, &3, x4, 33, and (34 integrin subunits [77],
while MSCs’ adipogenic differentiation was associated with the upregulation of a6 and
reduction of a2, a4, «3, 33, and (34 integrin subunits expression [77]. Increased integrin
a5 expression can also inhibit both adipogenic and chondrogenic differentiation, while
promoting MSCs osteogenic differentiation [82].

The binding of integrin to ECM components triggers the intracytoplasmic assembly
of focal adhesion proteins, including talin, FAK, p130Cas, and vinculin, first forming
focal complexes, which then grow, giving rise to focal adhesions, linking actin fibers
to ECM components [83]. Formation of focal adhesion, with the associated triggering
of intracellular signaling pathways, is essential for MSCs migration, proliferation and
differentiation [84-86].

MSCs lineage commitment and osteogenic differentiation in response to ECM me-
chanical cues, including matrix stiffness, involve upregulation of focal adhesion formation.
Increasing matrix stiffness can promote number [84] and area of focal adhesions [87]. In
turn, upregulation of focal adhesion number and size [60,88,89] has been linked to in-
creased osteogenic differentiation of MSCs. Additionally, tightly packed focal adhesion
can stimulate osteogenic differentiation [90].

2.2. Cytoskeleton Elements

Cytoskeletal-related proteins are responsible for the ability of stem/progenitor cells
to respond to mechanical cues, including stiffness of the ECM [85]. In addition to their
role in providing a cellular structural framework, repolarization of cytoskeleton elements
in response to mechanical stimuli, transmits the signals from the ECM to the nucleus,
resulting eventually in altered gene expression [64,91,92]. Structural elements of the cellular
cytoskeleton include microfilaments, intermediate filaments, and microtubules [64].

The actin cytoskeleton is responsible for the maintenance of cell shape, motility, and
contractility. They also act as mechanical sensors for the extracellular environment [93].
It is formed of F-actin, which is a helical polymer of G-actin coupled with actin-binding
and actin-bundling proteins, such as x-actinin, vinculin, and talin [94] (Figure 2). Actin cy-
toskeleton forms a web in association with cellular junctions and forms a core of microvilli,
filopodia, and lamellipodia [64]. Actin perinuclear cap is a dome-like structure formed
of contractile actin filament and phosphorylated myosin, covering the top of the nucleus
and connected to the nucleus through linkers of nucleoskeleton and cytoskeleton (LINC)
protein complexes [95,96]. This actin perinuclear cap provides a mechanism through which
mechanical signals, transduced through focal adhesion, can reach the nucleus to induce
cellular responses [95,97]. Ultimately, the actin perinuclear cap is responsible for conveying
signals regarding matrix stiffness to the nucleus [97].

The binding of MSCs to a stiff substrate induces actin polymerization, as evident by an
increased ratio of F-actin to G-actin, forming actin stress fibers, which trigger intracellular-
signaling pathways [67]. Stress fibers are actomyosin complex composed of F-actin and
myosin-2 stabilized by crosslinking proteins [98] (Figure 2). The process of actin polymer-
ization is regulated by the FAK signaling pathway [99]. Actin polymerization and stress
fibers formation are essential for establishing cell to ECM interaction [100]. Polymerization
of actin dictates lineage commitment of MSCs, as actin depolymerization was noticed dur-
ing adipogenic differentiation [101]. On the contrary, actin polymerization combined with
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an increased ratio of F-actin to G-actin upregulated osteogenic differentiation [99,102-105].
On the other hand, disruption of actin polymerization can reduce osteogenic differentia-
tion [103]. Increased osteogenic differentiation on stiffer substrates was also associated with
increased expression of F-actin [78], in addition to actin-binding protein (vinculin) [106].
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Figure 2. Focal adhesion formation and stress fibers assembly in mechano-active cells.

Actin filaments can also interact with other components of the cellular cytoskeleton
as intermediate filaments [64]. Intermediate filaments have a diameter of about 10 nm
and have a role in maintaining cell shape and cellular junctions [64]. F-actin promotes
intermediate filaments and vinculin assembly and disassembly, which are required for

the process of osteogenesis through the transient receptor potential melastatin 7—osterix
axis [107].
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2.3. Mechanosensitive Ion Channels

Mechanosensitive ion channels are a further mechanism implicated in MSCs” mechan-
otransduction on stiff matrices. These ion channels are sensitive to substrate stiffness.
Upon mechanical stimulation, they allow the intracellular influx of ions and can form
complexes with stress fibers, eliciting intracellular signaling pathways [108]. Mechanical
stimulation affects cell differentiation through a change in calcium influx through activated
channels [109]. The change in the calcium influx results in the activation of the MAPK
signaling pathway [110].

2.4. MSCs’ Aging and Mechanosensitivity

Different age-dependent changes in MSCs were reported, such as decreased prolif-
eration ability [111] and osteogenic differentiation potential [112-114]. Moreover, age-
associated bone loss was linked to the reduced osteogenic potential of MSCs [115]. Aged
multipotent progenitor cells lose their sensitivity to alterations in polyacrylamide sub-
strates, while younger multipotent progenitor cells showed a lineage-dependent response
to stiffness [116]. The effect of MSCs aging on their mechanosensitivity was investigated
by comparing the response of child (11 to 12 years old) and adult MSCs (20-30 years old)
to variations in stiffness (10 and 300 kPa) of type I collagen-coated polyacrylamide sub-
strates [117]. Child MSCs revealed more mechanosensitive (increased nuclear-translocation
of YAP), improved angiogenesis (enhanced endothelial tubule formation), and osteogenesis
(increased alkaline phosphatase activity and mineralization) on stiff substrates as compared
to adult MSCs. Based on a customized PCR array, an age-dependent, stiffness-induced up-
regulation of NOX1, VEGFR1, VEGFR2, WIF1, and JNK3 in child MSCs compared to adults
MSCs [117]. Understanding the mechanism behind the age-altered mechanosensitivity
of MSCs may open up new avenues to identify potential therapeutic targets to repro-
duce the enhanced osteogenic and angiogenic potential of adults with bone degeneration
and disease.

3. The Role of Matrix Stiffness in Triggering MSCs’ Osteogenic Differentiation

Matrix stiffness regulates the MSCs’ differentiation into mature specific cells by acti-
vating transcription factors that upregulate genes responsible for the initiation and pro-
gression of particular cell-linage differentiation. The singling pathways involved in MSCs’
osteogenic differentiation are illustrated in (Figure 3). Rigid matrices led to increased
MSCs spreading and improved actomyosin contractility, promoting osteogenic differen-
tiation. This enhanced potential was accompanied by increased Runx2, 3-catenin, and
Smad, implying the significant impact of mechanosensing the matrix stiffness and its role
in determining the cell fate [41,50]. The relation between Runx2 expression, owing to
mechanosensation with actomyosin contractility, was confirmed by inhibiting myosin,
which caused a decrease in Runx2 expression [118]. However, the effect of matrix stiffness
on MSCs’ differentiation disappeared at the monolayer state [49].

The hippo pathway is one of the signaling pathways involved in MSCs’ differentiation
and is regulated by intra- and extracellular signals [119]. The downstream effectors of the
hippo signaling pathway are yes-associated protein (YAP) and transcriptional co-activator
with PDZ-binding motif (TAZ) [120]. YAP and TAZ transduce signals necessary for deter-
mining MSCs’ fate. The control of the Hippo pathway is through phosphorylation and
nuclear translocation of YAP/TAZ [121]. Additionally, matrix stiffness can control the
localization and activity of YAP/TAZ [122,123], which is identified through the structural
and functional regulation of the cell cytoskeleton to adjust cellular tension [124]. The
stresses sensed by MSCs are transmitted to the nucleus and lead to an increase in the
nuclear membrane tension, causing expansion of the nuclear pores, which promote sudden
nuclear inflow of YAP [125]. In MSCs cultured on a rigid matrix (40 kPa) undergoing
osteogenic differentiation, YAP/TAZ has been localized in the nucleus. In comparison,
MSCs cultured on a soft matrix (0.7 kPa), YAP/TAZ persisted in the cytoplasm, direct-
ing MSCs to undergo adipogenic differentiation [122]. Moreover, YAP knocking-down
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Stiff extracellular matrix
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resulted in inhibition of osteogenesis and enhancement of adipogenesis [126]. During
MSCs’ osteogenic differentiation, TAZ functions as a co-activator of Runx2 to stimulate
osteogenesis and inhibits PPAR-y, which reduces adipogenic differentiation [127]. These
findings highlight the significant role of YAP/TAZ as a potent regulator of stiffness-induced
osteogenic differentiation.

Focal adhesion

(Integrin)

—

Wnt/

Rho/Rock ' YAP/TAZ

v

PPAR-y

.

\ Osteogenic genes {
expression

Runx2 Osterix

MAPK

L

Osteoblasts
Differentiation

=

Figure 3. Signaling pathways involved in stiffness induced MSCs’ osteogenic differentiation.

MSC:s fate is also directed through actomyosin contractility and activated Rho/Rho
kinase (ROCK) signaling [88], along with mechanotransduction mediated by focal adhesion
and integrin [128]. In response to increased stiffness, activated Rho stimulates actomyosin
stress fiber assembly [129], which causes an increase in cell contractility and activation of
ERK, promoting osteogenic differentiation [130]. Furthermore, Rho combined with the
actin cytoskeleton is essential to maintain nuclear YAP/TAZ in MSCs [122]. Activation of
FAK via ROCK signaling led to upregulation of osteogenic marker Runx2, ALP, and matrix
mineralization denoting osteogenesis of human adipose stem/progenitor cells [131]. In
addition, the inhibition of FAK and ROCK signaling caused an upregulation of adipogenic
markers. Furthermore, matrix stiffness modulates MSCs’ osteogenic differentiation through
the Ras pathway, which is accompanied by an increase in the phosphorylation levels of
Smad1/5/8, AKT and ERK [49]. Ras (RasN17) inhibition resulted in a significant decrease
of Smad1/5/8, AKT, and ERK activity, as well as osteogenic markers’ expression [49].
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Cells on stiff matrices develop high cytoskeletal tension, which is evidenced by en-
hanced actin stress fibers and large spread area. Below a compressive modulus of 25 kPa,
regardless of the adhesive ligand presented, there is not enough cytoskeletal tension to
promote osteogenic lineage differentiation [88]. Based on these results, it has been pos-
tulated that, unless a cell develops cytoskeletal tension exceeding a certain threshold
stiffness (substrates with moduli of > 25 kPa), osteogenic differentiation will not occur
and the cell would need the presence of an osteogenic ligand for Runx2 expression for
further differentiation to take place. On the other hand, MyoD1 (a marker for myoblasts)
expression demonstrated less ECM dependence compared with Runx2, as it was markedly
expressed in cells cultivated on substrates with stiffnesses higher than 9 kPa, regard-
less of the protein coating [132]. Additionally, on soft poly(acrylamide-co-acrylic acid)
substrates (E = 15.4 kPa) that mimic muscle elasticity when grafted with arginine-glycine-
aspartate (RGD) peptide sequence, MSCs were directed to a spindle-shaped morphology
similar to C2C12 myoblasts, while stiffer matrices (E = 47.5 kPa) that mimic osteoid tis-
sue’s crosslinked collagen yield the cells in polygonal morphology, similar to MC3T3-E1
pre-osteoblasts [118].

Inflammation can further counteract the inductive effect of matrix stiffness on os-
teogenic differentiation. Periodontal ligament stem cells (PDLSCs) cultured with the
inflammatory cytokine interleukin (IL)-13 on gelatin/methacrylate hydrogels with differ-
ent matrix stiffness showed a marked reduction in matrix stiffness-dependent osteogenic
differentiation and expression of osteocalcin, as well as Runx2. This was through the activa-
tion of p38 signaling pathways, which were activated by IL-1f [133]. Further, macrophages
encapsulated in gelatin/methacrylate hydrogels with high stiffness showed a high ten-
dency to polarize toward the pro-inflammatory M1 phenotype, which was associated with
a negative impact on the osteogenic differentiation of bone-marrow mesenchymal stem
cells (BMMSCs) [134].

4. Matrix-Dependent MSCs’ Osteogenic Differentiation

Several natural and synthetic polymeric biomaterials are currently used in tissue
engineering and regenerative medicine, serving as biomimetic matrices for in vitro cul-
turing [135]. These biopolymers can be generally divided into two classes: natural and
synthetic polymers. Natural polymers include alginate, collagen, gelatin, hyaluronic acid,
elastin, actin, keratin, albumin, chitosan, and others. They are characterized by their
inherent bioactivity and ability to mimic natural tissues, yet they suffer from possible im-
munogenicity, structural complexity, and poor mechanical properties. Chitosan can be used
for increasing energy storage of x-cobalt molybdate (CoMoO) nano-flakes in the presence
of a crosslinking agent such as citric acid [136]. Compared to natural polymers, synthetic
polymers have higher mechanical properties, are readily available, with tunable physic-
ochemical properties and degradation rate, but lack natural tissue resemblance [55,137].
Major synthetic polymers used include polyethylene glycol (PEG), polydimethylsiloxane
(PDMS), polyesters, polyacrylamide, vinyl polymers, and self-assembling peptides, in
addition to poly (lactic acid) (PLA), poly (glycolic acid) (PGA), poly (lactide-co-glycolic
acid) (PLGA), and others [55,135].

4.1. Natural Polymers
4.1.1. Alginate

Alginates extracted from seaweeds and algae are composed of 3-1,4-linked blocks
of B-D-mannuronic acid (M) and its C-5 epimer «-L-guluronic acid [138]. Alginates are
widely used polysaccharides for hydrogelation in tissue engineering as they can be gelated
easily through the addition of divalent cations [139]. Since alginate could act as a template
for binding of manganese ions, the presence of a high concentration of alginate in the
electrolytic manganese dioxide altered the morphology from spindle-shaped to cactus-
shaped [140].
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Spatially modulating the mechanical properties in an alginate bioink, 3D printed
constructs were postulated to regulate MSCs’ fate. Micro-CT-based imaging with 3D bio-
printing and bioreactor system were utilized to fabricate 3D human MSCs-laden porous
bone-like scaffolds with varying compressive moduli based on two unmodified polymers
(alginate and gelatin). Softer scaffolds with low alginate concentration (0.8% alginate,
0.66 & 0.08 kPa) revealed accelerated and enhanced osteogenic differentiation with upreg-
ulated ALP activity than stiffer scaffolds (1.8% alginate, 5.4 & 1.2 kPa). In the presence of
the osteogenic differentiation medium, cells on soft scaffolds exhibited osteoblastic and
early osteocyte-related gene expression and showed a 3D cellular network within the
mineralized matrix [141].

Increasing alginate molecular weight, as well as increasing the crosslinking ratio,
produces a significantly stiffer bioink. Upon bioprinting cylindrical MSCs laden constructs
with spatially variable mechanical stiffness from the core to the periphery, more MSCs
underwent osteogenic differentiation within the stiffer regions of the printed constructs
as evident by increased ALP staining [142]. In contrast to most studies, an investigation
demonstrated that, under basal conditions and in the absence of RGD ligands, alginate
hydrogel with bimodal molecular weight distribution (50% LMW and 50% HMW) and
1 wt.% polymer concentration of low-stiffness 3D matrices (tan 0 ~ 0.4-0.6) provided
a permissive environment for human MSCs osteogenic differentiation and expressed high
levels of ALP and osteocalcin as compared to the stiffer 2 wt.% alginate hydrogel with the
presence of RGD ligands [143].

4.1.2. Collagen

Collagen is considered to be the most abundant protein in mammals [144]. Being the
main ECM protein, collagen, together with soluble factors, may act as a niche for MSCs
osteogenesis and bone mineralization [145]. Mechanical properties of collagen fibers vary
depending upon their location in different tissues. Thus, the cells can sense local fibrillar
microenvironments with different physical cues. Collagen gels were engineered to attain
varying fiber stiffness (from 1.1 to 9.3 kPa), while maintaining bulk stiffness below 200 Pa,
by changing the polymerization temperature to 4 °C (Col-4), 21 °C (Col-21), and 37 °C
(Col-37) without changing the density of the collagen. A polymerization temperature of
4 °C led to shorter, thicker, and stiffer collagen fibers (Col-4), with limited fiber recruitment
and force transmission and fewer focal adhesions. Cells grown on Col-4 showed much
slower spreading as compared to Col-37 with similar bulk stiffness but with more flexible
and longer fibers that can be easily remodeled. Human MSCs cultured on Col-4 revealed
a much lower ratio of osteogenic differentiation (21.1%) compared to that on Col-37 with
(34.1%) ALP positive reactivity [146].

Matrix stiffness possesses a high impact on cellular bioactivity regardless of the pres-
ence or absence of growth factors. This was proved by culturing porcine adipose-derived
stem cells (ADSCs) on sequentially integrated benzophenone photo-immobilization and
carbodiimide, crosslinking collagen—glycosaminoglycan, with stiffness ranging from 2.85
to 5 MPa, in the presence or absence of covalently immobilized platelet-derived growth
factor (PDGF-BB) and BMP-2 [147].

In the presence of osteogenic culture media, human MSCs coated with three bilay-
ers of collagen/alginate nanofilm with relatively high stiffness 24 and 53 MPa revealed
an augmented osteogenic differentiation efficiency with a significant increase in ALP by
activating transcriptional co-activators with the PDZ binding motif through extracellular
signal-related kinase and p38-MAPK signaling [148].

Nanoparticulate mineralized collagen—glycosaminoglycan scaffolds chemically crosslinked
with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and N-hydroxysuccinimide had
a higher range of elastic moduli 3.90 &+ 0.36 kPa as compared to non-crosslinked materials.
Cultured human MSCs on crosslinked substrates showed higher expression of osteogenic
genes and proteins compared to non-crosslinked versions. This was maintained via the
mechanotransduction mediators YAP/TAZ and the Wnt signaling pathway [149].
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MSCs seeded within a 3D collagen gel with an elastic modulus of ~108 Pa stimulated
by vibrations of nanoscale amplitude in a vibrational bioreactor showed increased expres-
sion of Runx2, collagen I, ALP, osteopontin, osteocalcin, and BMP-2. This indicated that the
viscoelastic properties of the collagen gel allowed the transfer of high-frequency vibrations
to the cells seeded in 3D [150].

In the absence of any differentiation supplementation, MSCs grew on stiffer (1.5 kPa)
dehydrothermal and 1-ethyl-3-3-dimethyl aminopropyl carbodiimide (EDC) crosslinked
collagen—glycosaminoglycan scaffolds showed the greatest level of Runx2 expression, while
substrates with lower stiffness (0.5 kPa) resulted in significant elevation of SOX9 expression,
indicating that MSCs are directed towards a chondrogenic lineage [151].

Additionally, 3D scaffolds with the highest proportion of collagen in collagen and
hydroxyapatite mixture coated on the decellularized cancellous bone with various stiffness
(13.00 £ 5.55 kPa, 13.87 £ 1.51 kPa, and 37.7 & 19.6 kPa) exhibited the highest stiffness
that, in turn, promoted higher expressions of osteopontin and osteocalcin [152].

4.1.3. Gelatin

Gelatin is a natural, biocompatible, non-immunogenic, hydrophilic, and biodegradable
collagen derivative [153-155]. It is acquired via acid or alkaline hydrolysis of collagen into
single molecules [156]. Being derived from a natural source, gelatin is characterized by
having RGD cell-binding motifs that can enhance cellular attachment [157]; it can also
promote cell proliferation and differentiation [158,159]. One of the major disadvantages of
gelatin is its low mechanical properties [153,160], in addition to its thermal instability [161].

Gelatin crosslinking through the addition of chemical groups can help reduce these
shortcomings [161]. Stiffness of gelatin hydrogel scaffold can be controlled through
changing the ratio of crosslinking agents, such as methacryloyl, giving rise to gelatin—
methacrylate (GelMA) [133,162,163], transglutaminase [134], or EDC [164], and through
the incorporation of variable additives as starch [162] or polyethylene glycol diacrylate
(PEGDA) [163]. Increased gelatin hydrogel scaffold degree of crosslinking and matrix stiffness
were positively associated with increased osteogenic differentiation of MSCs [133,134,162-164].
Crosslinked gelatin hydrogel can also be modified to enhance osteogenic potential through
incorporation of the bisphosphonate alendronate [163]. GeIMA hydrogel with tunable
stiffness was constructed by using different GeIMA concentrations 10, 12, and 14 wt to
yield hydrogel with stiffness 25.75 £ 1.21 kPa, 59.71 + 8.87 kPa, and 117.82 + 9.83 kPa,
respectively. Osteogenic differentiation of PDLSCs, as well as expression of osteocalcin and
Runx2, showed a significant increase with increasing matrix stiffness through activation of
ERK1/2 signaling pathway [133].

Gelatin/starch-based hydrogel was fabricated with tunable stiffness from crosslinked
gelatin with variable degrees of methacrylation (GelMA; 31%, 72%, and 95%) covalently
bound to variable ratios of pentenoates modified starch (10 v% starch and 20 v% starch).
Increasing the degree of methacrylation and combining crosslinked gelatin with starch,
with subsequent increase in matrix stiffness, effectively promoted osteogenic differentiation
of adipose stem cells (ASCs), as was evident by an increased ALP expression. GelMA 95%
combined with starch showed the highest degree of osteogenic differentiation, while the
highest degree of adipogenic differentiation was observed on the least crosslinked and
most flexible gelatin hydrogel (GelMA 31%) [162].

Three-dimensional porous gelatin scaffolds crosslinked using EDC further demon-
strated an increase in the elastic modulus from ~0.6 to ~2.5 kPa, without any change in
the scaffold internal structure. BMMSCs cultured on EDC-crosslinked gelatin scaffolds
with increased stiffness showed an increased osteogenic differentiation as evidenced by
increased Runx2 and osteocalcin expression in vitro. Subcutaneous implantation of EDC-
crosslinked gelatin scaffold loaded with BMMSCs transfected with adenovirus encoding
BMP-2 in mice demonstrated an increased bone formation in vivo, as compared to the
control, non-crosslinked scaffold with low stiffness [164].
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Transglutaminase-crosslinked gelatin scaffold with variable stiffness was constructed,
using gelatin concentrations of 3%, 6%, and 9%. The 9% gelatin gave rise to the highest stiff-
ness (60.54 £ 10.45 kPa), while 3% gelatin resulted in the lowest stiffness (1.58 & 0.42 kPa).
BMMSCs encapsulated in the hydrogel with the highest stiffness demonstrated the highest
osteogenic differentiation as revealed by ALP activity, calcified nodule formation, expres-
sion of SP7 transcription factor-2, Osx, Runx2, and osteocalcin [134].

Augmentation of GeIMA with alendronate and PEGDA showed a positive effect on
osteogenic differentiation of BMMSCs. GeIMA and alendronate were added at different
concentrations and grafted on gelatin molecules, followed by further crosslinking, using
20 wt.% PEGDA to improve hydrogel scaffold stiffness from 4 to 40 kPa. Osteogenic differ-
entiation of grafted BMMSCs was promoted on stiffer hydrogel with higher alendronate
concentration, as evident by upregulation of ALP activity, collagen type I, and osteocalcin
expression, as well as calcium deposition [163].

4.1.4. Decellularized Matrix and Demineralized Bone

Decellularized cell-derived matrices (dCDMs) could further provide a way to mimic
natural tissues. It has been reported that aligned dCDMs could contribute to producing
a more homogeneous environment, which resulted in a uniform response of cells to the
biophysical environment, displaying a highly homogeneous phenotype and can undergo
differentiation if properly stimulated [165]. Substrates displaying linear topographic
patterns were obtained by replica molding, using PDMS, while flat PDMS substrates were
produced by using a polystyrene dish as a control.

Cell-derived matrices (CDMs) were attained by cultivating MC3T3-E1 pre-osteoblasts
in the presence of ascorbic acid for two weeks on linear or flat surfaces. MC3T3-E1
cultivated on nanopatterned substrates produced an aligned fibrillar matrix, whose mi-
croarchitectural features remained intact after the decellularization process. Atomic force
microscope measurements performed on bare dCDMs revealed very low Young’s moduli
in the range of (0.01-0.1 kPa) that was increased by genipin crosslinking to reach (i.e.,
0.1-1.5 kPa). These matrices were further seeded with murine MSCs and cultivated in the
presence of either osteogenic or adipogenic media for two weeks. Both the aligned and
random dCDMs promoted murine MSC adhesion and proliferation in their pristine state,
while maintaining high levels of stemness markers, with a more homogeneous population
of undifferentiated cells, were seen on aligned dCDMs. On the pristine dCDMs, MSCs
promptly underwent adipogenic differentiation when stimulated with induction media,
while they were minimized in the presence of osteogenic medium, due to very low stiffness.
On the contrary, MSCs responded consistently on stiff dCDMs, displaying a significant
adipogenic and osteogenic differentiation potential [165].

In another study, 3D demineralized bone matrices with the same 3D microstructure
(porosity and pore size), but with various compressive moduli (high: 66.06 &+ 27.83 MPa,
medium: 26.90 £ 13.16 MPa, and low: 0.67 £ 0.14 MPa), were fabricated by controlling
the decalcification duration (1 h, 12 h, and 5 d, respectively). Low-stiffness scaffolds pro-
moted BMMSCs’ osteogenic differentiation. Subcutaneous implantation in a rat model
further revealed efficient improvement of cells’ infiltration and deposition of collagen
fibers, in addition to upregulated positive osteocalcin and osteopontin expression, as
well as angiogenesis upon utilizing the low-stiffness scaffolds. Further implantation in
a femoral condylar defect rabbit model supported the previous findings and revealed that
stromal-cell-derived factor-1a/CXC chemokine receptor (SDF-1a/CXCR4) signaling path-
way was essential for the stiffness-mediated stem/progenitor recruitment and osteogenic
differentiation during bone repair [166].

4.1.5. Hyaluronic Acid

Hyaluronic acid (HA) is a linear non-sulfated polysaccharide made up of repeated dis-
accharide molecules in alternating patterns (D-glucuronic acid and N-acetyl-D-glucosamine).
This pattern is linked through interchanging 3-1,4 and (3-1,3 glycosidic bonds. HA is a fun-
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damental component of ECM that regulates various cellular biological processes, such as
migration, adhesion, proliferation, and differentiation, through binding with a specific
receptor on the target cell [167,168]. Owing to its exceptional biocompatible, biodegradable
and non-immunogenic properties, HA is clinically used for drug delivery and tissue re-
generation [9,169,170]. As being a natural extracellular component, HA mimics the typical
ECM and could initiate signaling pathways responsible for osteogenesis [171,172]. More-
over, the physicochemical and biological properties of HA could be altered by chemical
modification [173].

Through adjusting the crosslinker (PEGTA) density, a series of hydrogels with dif-
ferent biochemical and biomechanical properties were developed by utilizing a thiol-
functionalized HA and a thiol-functionalized recombinant human gelatin. Human BMM-
SCs were cultured on the hydrogels with different stiffness (storage modulus (G’) and
corresponding PEGTA concentrations, namely 0.15 kPa (0.25%), 1.5 kPa (1.75%), and 4 kPa
(2.5%), in adipogenic and osteogenic conditions. Adipogenic differentiation was confirmed
by gene expression of lipoprotein lipase (LPL), as well as PPARYy2, with similar LPL ex-
pression levels demonstrated on the hydrogels with varying stiffness, whereas PPARy2
expression was markedly enhanced upon increasing hydrogel stiffness. Cells exhibited
spindle-shape morphology on the 0.15 kPa hydrogel, while displaying elongated and
cuboidal appearance, similar to osteoblasts on greater stiffness hydrogels. Human MSCs
cultured on the 1.5 kPa hydrogel significantly expressed osteopontin, while those cultured
on the 4 kPa hydrogel revealed a significant upregulation in the expression of the late
osteogenic gene (bone sialoprotein) [174].

In a novel HA hydrogel platform, ligation of the HAVDI adhesive peptide sequence
from the extracellular N-cadherin domain 1 and the RGD adhesive motif from fibronectin
led to Rac1-GTP-dependent reductions in the attachment of myosin IIA to the focal adhe-
sions. This lack of myosin IIA incorporation into focal adhesions hindered the maturation
of these adhesions with increasing substrate stiffness (E = 5, 10, and 15 kPa) and thereby
decreased traction force generation on the underlying substrate. These alterations in the
mechanical state of the MSCs further reduced mechanosensitive YAP/TAZ translocation
to the nucleus, herewith attenuating the signaling pathways involved in mesenchymal
development, including cell proliferation and osteogenic differentiation [175].

An in vitro culture system for osteochondral tissue engineering was developed, using
HA gels with various stiffness (G’ ranging from 10 to 45 Pa) attained by mixing Glycosil®,
a thiol-modified hyaluronan gel with the crosslinking agent PEG at ratios from (1:1 to
7:1). The co-differentiation media (a ratio of 50% chondrogenic:50% osteogenic) proved to
be suitable for appropriate chondrogenic and osteogenic differentiation of human MSCs.
On the stiffest matrix (HA:PEG construct at a 2:1 ratio), the three chondrogenic markers
(aggrecan, collagen II, and sox 9) were expressed by the differentiated human MSCs
cultured for 21 days [176].

Moreover, human BMMSCs were initially entrapped in a HA carrying sulfhydryl
groups and a hydrophilic polymer bearing both acrylate and tetrazine groups with the
shear elastic modulus (G’) =180 + 42 Pa. The stiffness of the matrix was increased
(G’ =520 + 80 Pa) by adding HA conjugated with multiple copies of trans-cyclooctene
(TCO) to the human MSCs-laden gel culture media. The 3D matrix tagged with a TCO-cell-
adhesive motif promoted the cells to undergo remarkable actin polymerization, changing
from a rounded phenotype to a spindle morphology with long processes. After an addi-
tional seven days of culture in the modified media, quantitative analysis showed that RGD
tagging enhanced cellular expression of matrix metalloproteinase 1, whereas it decreased
the expression of tenascin C and collagen I/1Il. RGD tagging, however, was not sufficient
alone to induce chondrogenic, adipogenic, fibroblastic/myofibroblastic, or osteogenic
differentiation [177].

Photo-crosslinked methacrylated HA hydrogels incorporating fragmented polycapro-
lactone (PCL) nanofibers with compression modulus 3122.5 & 43.7 Pa promoted osteogenic
differentiation of adipose-derived stem/progenitor cells incorporated into the composite
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hydrogel. The biomarkers collage type 1, ALP, and Runx2 were significantly expressed
in the hydrogels containing nanofibers. In addition, the results of alizarin red staining
confirmed osteogenic differentiation [178].

4.1.6. Fibrin

Fibrin is one of the natural biopolymers that offers many advantages based on its
excellent biocompatibility and cell-adhesion properties [179]. However, fibrin has low me-
chanical properties that can be modified by adjusting the concentration and ionic strength
of fibrinogen to obtain a polymeric substrate mimicking native ECM [55]. A high con-
centration of fibrinogen and thrombin resulted in a stiffer fibrin matrix, as compared to
fibrin with lower fibrinogen and thrombin concentration, as altering these two compo-
nents allowed the tuning of fibrin elasticity. Microfluidic biochips coated with stiff fibrin
substrates modified with gold-nanowires-enhanced osteogenic differentiation of human
amniotic mesenchymal stem cells (AMSCs) and led to significant elevation in collagen
type I levels and matrix mineralization (calcium deposition), while softer fibrin matrices
with lower fibrinogen and thrombin concentration enhanced human AMSCs chondrogenic
differentiation [180].

4.2. Synthetic Polymers
4.2.1. Polyethylene Glycol

Polyethylene glycol (PEG) is one of the most widely used synthetic polymers in the
tissue engineering field. It is characterized by being chemically and biologically inert and
by the high hydrophilicity of the polymer backbone. There is a wide range of polymer
architectures and lengths that are commercially or synthetically accessible [181].

MSCs cultured on 3D thixotropic PEG-silica nanocomposite gel with high stiffness
(>75 Pa) expressed the highest level of Runx2 and osteocalcin. Additionally, RGD cell-
adhesion peptide sequence immobilization in the gel of 75 Pa stiffness promoted ~13%
higher expression of the osteogenic transcription factor [182]. Rat BMMSCs cultured on
relatively soft (130 kPa) and stiff (3170 kPa) PEG hydrogels with RGD nano-spacings of
49 and 135 nm, incubated in the mixed osteogenic and adipogenic medium, exhibited
a higher density of adherent MSCs, and osteogenesis was promoted on stiffer hydrogels.
When the hydrogel stiffness was controlled, the large RGD nano-spacing was beneficial for
osteogenesis, while the small RGD nano-spacing generated more adipogenesis [183].

Human MSCs were encapsulated in a multilayer PEG-based hydrogel composed of
a soft cartilage-like layer of chondroitin sulfate (48 kPa) and low RGD concentrations, a stiff
bone-like layer 345 kPa with high RGD concentrations, and an intermediate interfacial layer
with 100 kPa. The recorded stiffness of the multilayer hydrogel was 90 kPa. Opposite to
static conditions, dynamic mechanical stimulation generated a high expression of collagens
with collagen Il in the cartilage-like layer, collagen X in the interfacial layer, and collagen I
in the bone-like layer with the presence of mineral deposits in the bone layer [184].

PEG/silk fibroin/HA (PEG/SF/HA) scaffold was prepared with varying HA concen-
trations, which influenced scaffold stiffness (80.98 to 190.51 kPa). PEG/SF/HA containing
50 mg HA cultured with rat BMMSCs enhanced cell adhesion, viability, the expression of
all the osteogenesis-related markers in vitro and promoted superior calvarial defect repair
in vivo, through modulating gene and protein expression levels [185].

Additionally, human MSCs seeded on regularly and randomly patterned photodegrad-
able PEG hydrogel surfaces with different stiff-to-soft ratios from ~2-3 kPa to ~10-12 kPa
displayed higher cell spread, elongated morphologies, and superior YAP activation and
osteogenic differentiation on the regularly patterned regions, as compared to those cultured
on random patterns [186]. High PEG substrate stiffness (~25 kPa) and «5p1 integrin signal-
ing stimulated by c(RRETAWA) induced osteogenic differentiation of human MSCs [187].
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4.2.2. Polydimethylsiloxane

Polydimethylsiloxane (PDMS) is characterized by its biocompatibility, flexibility, opti-
cal clarity, and elastic tunability [188]. Dental follicle stem cells (DFCs) [189], and human
exfoliated deciduous teeth (SHED) [190] were cultured on elastic PDMS substrates. Dif-
ferent stiffnesses, ranging from 11 to 93 kPa, were attained by changing the Sylgard®’s
crosslinker to base ratios (1:55, 1:45, and 1:35 by weight) [189,190]. Coating PDMS with
fibronectin caused a slight increase in ALP-activity of DFCs and continuous expression of
cementoblast marker CP23 on standard cell culture dishes [189]. Osteogenic differentiation
of SHED and DFCs was not supported by similar grades of ECM stiffness. In a study that
involved adding osteogenic differentiation medium to DFCs on PDMS, DFCs revealed
a significantly higher ALP activity and accumulation of calcium on the softest substrate
(PDMS 1:55) [189], while SHED demonstrated high osteogenic differentiation on PDMS
(1:35) stiffer substrate [190].

ASCs were cultured on soft and stiff PDMS substrates with moduli of elasticity ranging
from (0.046 £ 0.02 MPa) and (1.014 & 0.15 MPa), respectively. Stiff substrate enhanced
the directed differentiation of ASCs into osteogenic lineages as evidenced by positive ALP
stain. This enhancement was supplemented with the upregulated expression of Runx2 and
Osx transcriptional factors [38].

Osteogenic differentiation of rat MSCs incubated in osteogenic medium grown on
PDMS, with stiffness gradients that ranged from 0.19 to 3.10 MPa, utilizing a temperature
gradient during curing, was proven to be strongly influenced by substrate stiffness and the
ECM macromolecules pre-adsorbed onto the substrates. Calcein Blue (CB)-positive bone-
nodule-like colonies were only observed on the stiff end of PDMS coated with fibronectin
and gelatin, while oxygen-plasma-treated surfaces were entirely devoid of CB-positive
colonies after 1 week of osteoinductive culture [191].

4.2.3. Vinyl Polymers

A variety of functionalized vinyl monomers are commercially available or can be
synthetically customized, rendering vinyl polymer-based hydrogels useful as structurally
diverse scaffolds [181]. The osteogenic capability of 3D porous scaffolds composed of poly-
tetrafluoroethylene (PTFE) and polyvinyl alcohol (PVA) with and without graphene oxide
(GO) nanoparticles was investigated. These two scaffolds were fabricated through chemical
crosslinking with small amounts of boric acids and a controlled freeze-drying method. The
scaffolds exhibited randomly oriented nanofibers of 2 and 650 nm and compressive moduli
of 620 and 130 kPa, respectively. Human ADSCs seeded on stiffer PTFE/PVA /GO scaffolds
revealed a significant elevation in ALP activity, calcium deposition, and osteogenic related
genes expression as compared to the softer scaffold without graphene oxide [192].

Cylindrical PV alcohol (PVA)/HA hydrogel prepared with a liquid nitrogen—contacting
gradual freezing—thawing method to produce hydrogel with a wide range stiffness gradient
(between ~20 kPa and ~200 kPa). Human BMMSCs cultured on PVA /HA hydrogel favored
certain stiffness ranges to get differentiated into specific cell lineages: ~20 kPa for nerve
cell, ~40 kPa for muscle cell, ~80 kPa for chondrocyte, and ~190 kPa for osteoblast [193].
Moreover, a minimal hydrogel matrix stiffness of 4.47 kPa was recognized to activate
transcriptional co-activator TAZ and induce MSCs’ osteogenic differentiation [194].

4.2.4. Polyesters

Polyesters are popular polymers that contain ester groups in the polymer backbones,
enabling them to produce biomedical hydrogels that can undergo biodegradation [181].
Poly(ether-ester-urethane) (PEEU) containing poly (p-dioxanone) (PPDO) and PCL seg-
ments can be electrospun into fiber meshes. PEEU fiber meshes were tailored by varying
the PPDO:PCL weight ratio, thus affecting their stiffness. Human ADSCs cultured on
the stiffer fiber meshes (e.g., PEEU70) significantly demonstrated enhanced osteogenic
differentiation with higher levels of osteocalcin expression and ALP activity. Moreover,
higher levels of HA were detected on the stiffer fiber meshes [195].
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Hydrophilic degradable porous 3D nanocomposite scaffolds composed of PCL, Poly (2-
hydroxyethylmethacrylate) (PHEMA), and Apacite (apatite-calcite) nanostructures (15 and
25 wt.%) with mechanical values (E ~ 7.109 MPa and o ~ 0.414 MPa) provided a balanced
microenvironment that resulted in osteogenic induction of human BMMSCs. Von Kossa
staining, calcium content, and ALP results confirmed the highest bone cells” differentiation
on PCLPHEMA /25% Apacite nanocomposites [196].

4.2.5. Polyacrylamide

Polyacrylamide formed from only acrylamide subunits is nonionic. Copolymeriz-
ing it with other monomers such as 2-acrylamido-2-methylpropane sulfonate or acrylate
forms anionic polyacrylamide, while cationic polyacrylamide could be synthesized upon
copolymerization with dimethyl diallyl ammonium. Polyacrylamide substrate is bio-inert;
thus, its surface must be conjugating with adhesive ECM proteins to allow for cell attach-
ment [197,198]. Polyacrylamide is widely utilized in literature as a model for investigating
the mechanoregulatory role of substrate stiffness combined or uncombined with other
parameters in osteogenic differentiation. The stiffness of polyacrylamide hydrogels is com-
monly modified by altering the concentration of acrylamide monomer or bis-acrylamide
crosslinker [62].

Upon seeding human MSCs on 250-Pa polyacrylamide gels coated with a mixture
of collagen type 1 and fibronectin, the progression of the cells throughout the cell cycle
was prohibited despite the presence of serum. Conversely, the quiescent cells reentered the
cell cycle when presented on a stiff polyacrylamide substrate (7.5 kPa). Moreover, the non-
proliferative cells revealed an adipogenic differentiation potential upon culturing on 250-Pa
gels in adipogenic media or an osteogenic potential into osteoblasts if transferred to a stiff
substrate in the presence of osteogenic media [199]. Micropatterned polyacrylamide gels
were fabricated with varying stiffness (10 to 40 kPa), using PDMS stamps coated with fi-
bronectin. MSCs cultured on protein-coated gels revealed a stiffness-dependent osteogenic
markers’ expression (Runx2 and osteopontin) with a maximum expression at 30 kPa [200].
Osteogenic differentiation as revealed by Runx2 expression was upregulated significantly
only on collagen I-coated gels with high stiffness (80 kPa), while myogenic differentiation,
as ascertained by MyoD1 expression, occurred on all gel-protein coated matrices that had
a stiffness of 9 kPa. Peak MyoD1 expression was demonstrated on gels with a modulus
of 25 kPa coated with fibronectin. Polyacrylamide hydrogels prepared with variable stiff-
nesses, ranging from 13 to 68 kPa, through varying the concentrations of bis-acrylamide
(0.1%, 0.5%, and 0.7%), showed a difference in the gel morphology. Under scanning electron
microscopy, gels with low stiffness (13-16 kPa) appeared flat and non-porous. On the other
hand, higher stiffness matrices (48-53 kPa and 62-68 kPa) showed multiple small porosities.
Such inherent porosities of polyacrylamide hydrogels could enhance the flow of culture
media and better mimic the natural cellular environment, as compared to plastic and glass
substrates. Moreover, BMMSCs cultured on 62-68 kPa fibronectin-coated polyacrylamide
hydrogels demonstrated a polygonal morphology and revealed an osteogenic phenotype
with significantly high levels of ALP, Runx2, and osteopontin [51].

The modulatory effect of extracellular matrix type and density on the mechanotrans-
duction of stem/progenitor cells and the correlated integrin involved in signals transloca-
tion were assessed through conjugating each of the four major cell adhesion ECM proteins
(fibronectin, collagen I, collagen IV, and laminin) on polyacrylamide hydrogels with tun-
able stiffness (soft, 3 kPa; and stiff, 38 kPa). The results revealed that increasing ECM
ligand density alone can induce YAP nuclear translocation without changing substrate
stiffness with a different optimized ligand density. Using antibody-blocking techniques for
avB3-, o5-, and 23 1-integrins revealed the involvement of av[33-, a5-, and o231-integrins
with fibronectin, while «5-integrin was further associated with collagen type I and IV. On
the contrary, laminin was associated with «5- and o2f31-integrins. Moreover, altering
ECM type resulted in modulation of human MSC osteogenesis confirmed by quantitative
real-time (qQRT)-PCR for Runx2 and ALP without changing substrate stiffness [201].
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The mechanotransduction role of FAK, 5/ 1 integrin and Wnt-signaling pathways
mediated by stiff matrices, in regulating osteogenic differentiation of human MSCs cultured
on 62-68 kPa fibronectin-coated polyacrylamide hydrogels were further investigated.
Throughout osteogenesis, gene and protein expressions of integrin «5/31 were enhanced,
together with the expression of signaling molecules FAK, p-ERK, p-Akt, GSK-3f3, p-GSK-
33, and P-catenin. Antibody blocking of integrin «5 significantly downregulated the
stiffness-induced expression of osteogenic markers (Runx2, alpha-1 type I collagen, and
BGLAP) with associated downregulated expression of ERK, p-ERK, FAK, and [3-catenin
protein. Reciprocally, GSK-383, p-GSK-3[3, Akt, and p-Akt expressions were upregulated.
The presence of the Akt inhibitor Triciribine reduced the expression of p-Akt and p-GSK-
3B, whereas Akt, GSK-3f3, and {3-catenin were unchanged. These results emphasized
the role of p-Akt in regulating the expression of p-GSK-33 on 62-68 kPa ECM during
osteogenesis [78].

MSCs cultivated on polyacrylamide hydrogels with elasticity (7.0 £ 1.2 and 42.1 & 3.2 kPa)
and coated with type I collagen in osteogenic medium revealed enhanced osteogenic
differentiation potential on stiff substrates, with an upregulated expression of Runx2,
type I collagen, and osteocalcin genes. On stiff matrices, Western blot analysis revealed an
increase in mechanotransducers involved in osteogenic differentiation ROCK, FAK, and
ERK1/2, whereas their inhibition resulted in decreased osteogenic markers” expression.
Furthermore, x2-integrin was upregulated on stiff matrices during osteogenesis, and
its knockdown by siRNA hindered the osteogenic phenotype through FAK, ROCK, and
ERK1/2. Therefore, it could be concluded that «2-integrin is involved in osteogenesis
mediated by matrix stiffness [62].

Additionally, upon culturing human MSCs on poly acrylamide-co-acrylic acid hydro-
gels grafted with RGDs, myogenic differentiation occurred at 13-17 kPa, while osteogenic
differentiation was revealed at 45-49 kPa stiffness confirmed further with positive protein
immunostaining of MyoD, as well as Osx, osteocalcin, and Runx2. Stiffer matrices grafted
with BMP-2 mimetic peptide (E = 47.5 kPa) also induced osteoblast lineage commitment,
having a similar effect as the ones grafted with RGDs. On the contrary, the osteogenic
effect of BMP-2 mimetic peptides on MSCs was inhibited on very soft microenvironments
(0.76-3.21 kPa) due to F-actin cytoskeleton reorganization that inhibited BMP-induced
smad1/5/8 phosphorylation and subsequent differentiation of the cells into osteoblast-like
cells [118].

Umbilical cord (UC) MSCs attained similar behavior upon being cultivated on different
stiffness (13-16, 35-38, 48-53, and 62-68 kPa) polyacrylamide gels coated with fibronectin.
Quantitative RT-PCR results showed that soft matrices promoted adipogenic differentiation,
as evident by upregulated expressions of adipocytic markers (PPARy and C/EBP«x). On the
contrary, stiff matrices (48-53 kPa) enhanced the tendency of the cells to differentiate into
muscles, as demonstrated by enhanced expression of desmin and MOYG. High stiffness
substrates (62-68 kPa) significantly promoted the expression of osteogenic markers, such
as Runx2, collagen type I, ALP, and osteocalcin [50].

Moreover, the effect of mechanical loading and biomaterial stiffness on MSCs differ-
entiation was investigated upon cultivating MSCs in osteogenic and adipogenic media
on soft (23 £+ 0.3 kPa) and stiff (111 £ 2 kPa) polyacrylamide as compared to PDMS
(1.5 &£ 0.07 MPa) either strained with 8% cyclic strain at 1 Hz or unstrained. Without strain,
the expression of ALP was markedly higher on PDMS than on both polyacrylamide types.
With 8% cyclic strain, ALP expression was upregulated in all groups, with the highest ex-
pression in soft polyacrylamide. Moreover, adipogenesis was the highest on the unstrained
soft polyacrylamide, while it was significantly decreased on soft and stiff polyacrylamide
when strained [202].

4.2.6. Self-Assembling Peptides

Human MSCs were encapsulated within a 3D culture and grown on top of 2D cul-
ture biomimetic self-assembling peptide (SAP) hydrogel containing 1 mg/mL RGDs-
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functionalized peptide (KFE-RGD) at the shear moduli of 0.25, 1.25, 5, and 10 kPa. Changes
in adipogenic and osteogenic gene expression were relatively modest with no visual signs
of differentiation as mineral deposition. The cells maintained a fibroblast-like phenotype
throughout the culture period. However, on introducing 1:1 mixed adipogenic/osteogenic
induction medium, the stiff matrices of 10 kPa induced the most efficient osteogenesis,
with alizarin red-stained calcium deposits [203].

4.2.7. Other Polymers

Indirectly 3D-printed “stiffness memory” poly(urea-urethane) (PUU)/POSS elas-
tomeric nano-hybrid scaffolds with thermo-responsive mechanical properties that soften at
body temperature by inverse self-assembling have been developed. The initial stiffness
and subsequent stiffness relaxation (>10 kPa) of the scaffolds directed the proliferation and
differentiation of human BMMSCs towards the osteogenic lineages on stiffer scaffolds over
4 weeks, as measured by immunohistochemistry, histology, ELISA, and qPCR, while soft
substrates (<1 kPa) promoted MSCs’ chondrogenic differentiation [204]. Table 1 lists the key
studies investigating the effect of polymeric matrix stiffness on osteogenic differentiation
of mesenchymal stem /progenitor cells.

Table 1. Key studies on the effect of polymeric matrix stiffness on osteogenic differentiation of mesenchymal stem/progenitor cells.

Cell

Modulus of

Study Source Polymer Modification Elasticity Results
Alginate
3D bioprinted porous Upregulated ALP-
diffes;cearftfc:ld?nate Soft scaffold 3&%(1)‘:;?]1_111‘5;12?2{1@
Zhang et al., Alginate-gelatin . & 0.66 £ 0.08 kPa
hMSCs concentration (0.8%alg and . related,
2020 [141] scaffold o . > Stiff scaffold
1.8%alg) and different initial 544 12 kPa osteoblast-related, and
cell seeding density (1.67, 5, ’ ’ early osteocyte-related
and 15 M cells/mL) gene expression
Freeman and 3D bioprinting matrix with Osteogenic
Kelly, 2017 MSCs Alginate hydrogel  varying alginate molecular differentiation with
[142] weight and cross linker ratio increased ALP staining
3D matrix with bimodal 1 wt.% alginate
molecular weight 2 wt.% hvdrogels hydrogel matrices
. distribution o YATos upregulated hMSCs
Maia et al., . . (tan 0= 0.2), .
hMSCs Alginate hydrogel at different polymer osteogenic
2014 [143] . 1 wt.% hydrogels . o
concentrations (tan @ * 0.4-0.6) differentiation and
(1 and 2 wt.%) and RGD o expressed high levels
densities (0, 100 or 200 uM) of ALP and OCN
Collagen
Varvine polvmerization Fiber stiffness: 1.1 Collagen gel
Xie et al., 2017 hMSC Collagen wel y tgnllj }r,a tur to 9.3 kPa polymerized at 37 °C
[146] s oHagen ge emperature Bulk stiffness: 164  resulted in 34.1% ALP
4,21,and 37 °C. . .
to 151.5 Pa positive staining
Chemical Crosslinking with
EDAC and NHS
llagen— Covalent immobilization of Upregulated
Banks et al., Co agen ovaren obrization © expression of collagen
2014 [147] ADSCs glycosaminoglycan PDGEF-BB and BMP-2 by 2.85 to 5 MPa 1, ALP, and OCN with
(CG) benzophenone . .
. increased stiffness
photolithography
Three bilayers of . .
Hwang etal., hMSCs collagen/alginate 24 and 53 MPa Increase in alka'l 1r'1e
2019 [148] nano film phosphatase activity
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Table 1. Cont.

Cell g es Modulus of
Study Source Polymer Modification Elasticity Results
Nano-particulate Increase in expression
Zhou et al., mineralized Chemical crosslinking with
2021 [149] hMSCs collagen EDAC and NHS 390 —/+0.36 kPa of ALP, i;)llllralafzen 1, and
glycosaminoglycan
Tsimbouri Increased expression
3D collagen gel culture on of Runx2, collagen I,
et ?11’5(2]]0 17 MSCs Collagen gel the vibrational bioreactor 108 Pa ALP, OPN, OCN, and
N BMP2.
Osteogenic
Murphy etal, MSCs Collagen/ gly- DHT anfi ED AC 0.5,1,and 1.5 kPa differentiation with
2012 [151] cosaminoglycan crosslinking .
Runx2 expression
3D scaffold 13.00 & 5.55 kPa, Highest scaffold
Chen et al., Coated on decellularized 13.87 + 1.51 kPa, stiffness promoted
Rat MSCs collagen and . .
2015 [152] hvdrosvapatit cancellous bone and higher expressions of
ydroxyapatite 37.7 £ 19.6 kPa OPN and OC
Collagen and
hydroxyapatite, . . 6.74 & 1.16 kPa- Osteogenic
ggle; [eztoa;]" Rat MSCs coated on 3D ]:(:isociclel:z:)o?spesigrlslon 8.82 + 2.12 kPa- differentiation of
decellularized y 23.61 + 8.06 kPa MSCs
cancellous bone
Gelatin
GelMA Increasing matrix
concentrations of stiffness increased
Crosslinked with variable 10,12, .and 14wt . osteoger'uc
Wan et al., 2019 PDLSCs Gelatin concentrations of stiffness differentiation of
[133] methacrvlovl 25.75 + 1.21, PDLSCs, with
yioy 59.71 + 8.87, and upregulated
117.82 4+ 9.83 kPa, expression of OCN
respectively and Runx2
9% gelatin gave
rise to the highest BMMSCs
stiffness encapsulated in
He et al., 2018 BMMSCs Gelatin 3%, 6%, Crosslinked with (60.54 + 10.45 kPa), hydrogel with highest
[134] and 9%. transglutaminase while 3% gelatin stiffness demonstrated
resulted in the the highest osteogenic
lowest stiffness differentiation
(1.58 + 0.42 kPa)
Qelatln with Covalently bound to Increase in matrix
Van variable degrees of . . .
. : variable ratios of stiffness promoted
Nieuwenhove methacrylation s .
ADSCs o pentenoates modified starch osteogenic
etal., 2017 (GelMA 31%, . o,
(10 v% starch and 20 v% differentiation of
[162] GelMA 72%, and starch) ADSCs
GelMA 95%)
Increased osteogenic
differentiation of
BMMSCs on stiffer
Jiang et al., GelMA. Crosslinked by PEG stiffness increased hydrogel with higher
BMMSCs encapsulating . alendronate
2015 [163] diacrylate from 4 to 40 kPa . .
alendronate concentration with
upregulated ALP,
collagen I, OCN, and

calcium deposition
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Table 1. Cont.

Cell cpe o Modulus of
Study Source Polymer Modification Elasticity Results
Crosslinked
scaffold Increased stiffness
demonstrated an increased osteogenic
Three-dimensional increase in the differentiation
Sun et al., 2014 e €ns 9 a . . elastic modulus evidenced by
BMMSCs porous gelatin Crosslinked using EDC .
[164] scaffolds from w 0.6 to increased Runx2 and
~ 2.5 kP without OCN in vitro and
any change in the increased bone
scaffold internal formation in vivo
structure
Decellularized matrix and Demineralized Bone
MSCs on stiff dCDMs,
Decellularized Young’s modulus revealed significant
Ventre et al., Murine MC3T3-El-cell- Genipin crosshinkin increased from adipogenic and
2019 [165] MSCs derived matrix on p & (0.01-0.1 kPa) to osteogenic
replica from PDMS (0.1-1.5 kPa). differentiation
potentials
Low stiffness scaffolds
High' promoted osteogenesis
; in vitro. Subcutaneous
. . Controlling the 66.06 + 27'83 MPa, implantation in a rat
Hu et al,, 2018 Demineralized e R Medium: .
BMMSC . decalcification duration (1 h, model and in
[166] bone matrices . 26.90 + 13.16 MPa
12 h, and 5 d, respectively) Low: a femoral condylar
. defect rabbit model
0.67 4 0.14 MPa revealed positive OCN
and OPN expression
Hyaluronic acid (HA)
Thiol Change in cell
functionalized mc.)rphologi.e s with
Zhao et al hyaluronic acid Crosslinked by poly Cglllfsfilflr’iigfgﬁstsﬂe
v hBMMSCs (HA) and thiol (ethylene glycol) 0.15, 1.5, and 4 kPa
2014 [174] . . 4 kPa hydrogel
functionalized tetra-acrylate
recombinant revealed an enhanced
human eelatin expression of late
8 osteogenic genes
Lack of myosin ITA
. incorporated into focal
Juvenile nga}tlon of t.h e HAVDI adhesions hindered
Cosgrove et al., . Methacrylated HA  adhesive peptide sequence - - .
bovine . . 5,10, and 15 kPa their maturation with
2016 [175] hydrogel from N-cadherin domain 1 . .
MSCs . . increasing substrate
and RGD from fibronectin .
stiffness and decreased
osteogenesis
Differences between
the top
hMSCs- (cartilage-forming)
Dorcemus bone- Thiol-modified Crosslinked by PEG at ratios St.orage and bottqrn
etal., 2017 marrow- hvaluronan eel raneine from 1:1 to 7:1 moduli from 10 to (bone-forming)
. a regions of the scaffo
[176] e y & sne o 45P gions of the scaffold
proved its capability
for osteochondral
engineering
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Table 1. Cont.

Cell cpe o Modulus of
Study Source Polymer Modification Elasticity Results
HA carrying Matrix metalloprotease The 3D matrix tagged
hMSCs- sulfhydryl groups -degradable peptidic (G) =180 + 42 Pa with a TCO- motif
Hao et al., 2018 bone- and a hydrophilic ~ crosslinker and adding HA - promoted the cells to
. . . 4 increased to
[177] marrow- polymer bearing conjugated with multiple G’ =520 & 80 Pa undergo change from
derived both acrylate and copies of trans-cyclooctene - a rounded to spindle
tetrazine groups (TCO) phenotype
Fibrin
With high fibrinogen
Hashemzadeh Fibrin hydrogels Alterl'ng flbrmoger} and and thr(?mbln
4 thrombin concentration and concentration, gold
etal., 2019 hADSCs embedding gold . . .
! incorporation of gold nanowires, promoted
[180] nanowires . .
nanowires osteogenic
differentiation
Polyethylene glycol (PEG)
Toklu);ct)lflml};:e 3D cell culture Higher expression of
Pek et al., 2010 poiyethy’e Cell-adhesion peptide RGD & p .
MSCs glycol-silica >75Pa the osteogenic
[182] o (Arg-Gly-Asp) sequence L
(PEG-silica) nano . . transcription factor
. immobilization
composite gel
Prllaacr;lc?-}sldzl;(c)?rf3 lss ‘c/)vflg; ESC? Soft hydrogels ronslgf(feg }c,)(::(;)c;g e;;esis
Ye et al., 2015 Rat pacing : (130 kPa) and stiff P & :
PEG 135 nm and incubated in Large RGD
[183] BMMSCs . . hydrogels .
mixed osteogenic and (3170 kPa) nano-spacing
adipogenic medium promoted osteogenesis
Simple sequential
Steinmetz et al Multilayer photopolymerization- high Collagen I generation
2015 [184] ” hMSCs PEG-based RGD concentrations- 345 kPa with mineral deposits
hydrogel dynamic mechanical were evident
stimulation
Expression of all the
Yane et al Rat PEG/silk osteogenesis-related
& -’ fibroin/HA Varying HA concentration 80.98 to 190.51 kPa markers in vitro and
2020 [185] BMMSCs . .
scaffold superior calvarial
defect repair in vivo
Osteogenic
Regularly and randomly . 2
Yang et al., differentiation of
2016 [186] hMSCs PEG hydrogel patterned photodegradable ~10-12 kPa MSCs cultured on
hydrogel
random patterns
Gandavarapu functionalized with Osteogenic
etal., 2014 hMSCs PEG hydrogels c¢(RRETAWA) hydrogels ~25 kPa differentiation of
[187] through o5 integrins hMSCs
Polydimethylsiloxane (PDMS)
Osteogenic
. differentiation by ALP
Xie e’cBaé.], 2018 ASCs PDMS 1.014 £ 0.15MPa  stain and upregulation
of Runx2 and Osx
transcriptional factors
. Coating PDMS with High ALP activity and
Viale- fibronectin and cultured in mulation of
Bouroncle et al., DFECs PDMS onectin and culturec 11 kPa accumuiation o
osteogenic differentiation calcium on the soft
2014 [189] .
medium substrate
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Table 1. Cont.

Cell o e Modulus of
Study Source Polymer Modification Elasticity Results
Viale- Adding osteogeni High osteogeni
Bouroncle et al., SHED PDMS . § osteogelnic 93 kPa § 1 OSTEOBENIC
differentiation medium differentiation
2012 [190]
. . . Calcein Blue—positive
Wang etal.,  pat Mscs PDMS Osteogenic medium with 194,310 MPa ~ bone-nodule-like
2012 [191] temperature gradient curing .
colonies
Vinyl polymers
l;i)}llylteer’izaaf)l;g}gc)) 3D porous scaffolds- Elevation in ALP
Khoramgah and g\/ A with and chemical crosslinking with activity, calcium
etal., 2020 hADSCs without eraphene small amounts of boric 620 and 130 kPa deposition, and
[192] ox;g dep acids—controlled osteogenic-related
nanoparticles freeze-drying method genes expression
Ohetal 206 e, Gyl LU cooing gy g S of 0
[193] PVA/HA hydrogel method ~200 kPa differentiation
Polyesters
2.6 £ 0.8 MPa Enhanced osteogenic
(PEEUA40), differentiation of
Poly(ether-ester- Electrospun into fiber 3.2 4 09 MPa hADSCs with higher
Sun et al., 2019 urethane) (PEEU) . . (PEEU50),
[195] hADSCs containine PPDO meshes with varying PPDO 40+ 0.9 MPa levels of OCN, ALP,
5 to PCL weight ratios ’ ; and hydroxyapatite
and PCL segments (PEEU60) .
detected on the stiffer
4.5+ 0.8 MPa fiber meshes
(PEEU70)
Self-assembling peptides
Biomimetic
self-assembling hMSCs were encapsulated
Hogrebe and peptide hydrogel within 3D culture and Osteogenesis
Gooch. 2016 hMSCs containing 1 grown on top of 2D culture (G) 10 kPa induction and alizarin
[20’%] mg/mL RGD- Adding 1:1 mixed red-stained calcium
; functionalized adipogenic/osteogenic deposits
peptide induction medium
(KFE-RGD)
Other Polymers
Chondrogenic and
Olivares- Methyl osteogenic
ares acrylate/methyl Altering monomer 0.1 MPa to differentiation when
Navarrete et al MSCs Y Y
2017 [76] i methacrylate concentration. 310 MPa grown on substrates
polymer with less than 10 MPa
stiffness
Poly(urea-
urethane) .
Thermoresponsive scaffolds .
Wuetal, 2018 pvivses (PUD)/POSS indirectly 3D printed by >10 kPa Osteogenic
[204] elastomeric . . differentiation
nano-hybrid inverse self-assembling
scaffolds

5. Conclusions

The world of biomaterials, specifically polymers, lingers to impact the biomedicine
field. Various materials are currently under investigation to produce ECM with varying
stiffness for tissue engineering. Matrix stiffness regulates the MSCs’ differentiation into
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mature specific cells by activating transcription factors that upregulate the genes responsi-
ble for the initiation and progression of particular cell linage differentiation. Rigid matrices
lead to increased MSCs spreading and improved actomyosin contractility, promoting os-
teogenic differentiation. This enhanced potential is accompanied by increased Runx2,
-catenin, and Smad, implying the significant impact of mechanosensing of the matrix
stiffness and its role in determining cell fate. The comprehensive signaling mechanisms
by which micro-environmental stiffness controls the lineage specification of MSCs are still
unknown. Additional research is needed to understand the variety of potential signaling
forces involved in MSCs’ osteogenic differentiation that can lead to the development of
new therapeutic modalities addressing bone disorders. Moreover, we believe that further
research on the implicated mechanical and physical factors, such as topographic changes
and external mechanical forces affecting cell properties, including cell shape and colony
size, can offer a broader understanding of cell-fate determination.
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Abbreviations

3D Three-dimensional

ADSCs Adipose derived stromal cells

ALP Alkaline phosphatase

ASCs adipose derived stromal cells

BMMSCs  Bone marrow mesenchymal stem cells

BMP-2 Bone morphogenetic protein 2

dCDMs Decellularized cell derived matrix

DFECs Dental follicle stem cells

ECM Extracellular matrix

EDAC 1-ethyl-3-(3-dimethylami-nopropyl) carbodiimide
GC-TRS Glycol chitin-based thermo-responsive hydrogel scaffold
GelMA Gelatin with variable degrees of methacrylation
HA Hyaluronic acid

HA Hydroxyapatite

hADSCs Human adipose derived mesenchymal stem cells
hBMMSCs Human Bone marrow mesenchymal stem cells
hMSCs Human mesenchymal stem cells

MSCs Mesenchymal stem cells

NHS N-hydroxysuccinimide

OCN Osteocalcin

ON Osteonectin

OPN osteopontin

PCL poly (e-caprolactone)

PDLSCs periodontal ligament stem cells

PDMS Polydimethylsiloxane

PEEU Poly (ether-ester-urethane)

PEG Polyethylene glycol

PEGDA Polyethylene glycol diacrylate
PEGMC Polyethylene glycol-maleate-citrate
PPDOP poly (p-dioxanone)
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pv polyvinyl

PVA polyvinyl alcohol

gRT-PCR  Quantitative Reverse transcription real-time polymerase chain reaction
RGD Arginine-glycine-aspartic acid

Runx2 Runt-related transcription factor-2

SCAP Stem cells of the apical papilla
SDF-1x Stromal derived factor-lalpha

SHED Stem cells isolated from human exfoliated deciduous teeth

References

1. Singh, VK Saini, A.; Kalsan, M.; Kumar, N.; Chandra, R. Describing the Stem Cell Potency: The Various Methods of Functional
Assessment and In silico Diagnostics. Front. Cell Dev. Biol. 2016, 4, 134. [CrossRef]

2. El-Sayed, K.M,; Paris, S.; Graetz, C.; Kassem, N.; Mekhemar, M.; Ungefroren, H.; Fandrich, F.; Dorfer, C. Isolation and
characterisation of human gingival margin-derived STRO-1/MACS(+) and MACS(-) cell populations. Int. J. Oral Sci. 2015, 7,
80-88. [CrossRef]

3.  Fawzy El-Sayed, KM.; Ahmed, G.M.; Abouauf, E.A.; Schwendicke, F. Stem/progenitor cell-mediated pulpal tissue regeneration:
A systematic review and meta-analysis. Int. Endod. ]. 2019, 52, 1573-1585. [CrossRef] [PubMed]

4. Fawzy El-Sayed, K.M.; Dorfer, C.; Fandrich, E; Gieseler, F.; Moustafa, M.H.; Ungefroren, H. Adult mesenchymal stem cells
explored in the dental field. Adv. Biochem. Eng. Biotechnol. 2013, 130, 89-103. [CrossRef] [PubMed]

5. Fawzy El-Sayed, K.M.; Dorfer, C.E. Gingival Mesenchymal Stem /Progenitor Cells: A Unique Tissue Engineering Gem. Stem.
Cells Int. 2016, 2016, 7154327. [CrossRef]

6. Fawzy El-Sayed, K.M.; Elahmady, M.; Adawi, Z.; Aboushadi, N.; Elnaggar, A.; Eid, M.; Hamdy, N.; Sanaa, D.; Dorfer, C.E. The
periodontal stem/progenitor cell inflammatory-regenerative cross talk: A new perspective. J. Periodontal Res. 2019, 54, 81-94.
[CrossRef] [PubMed]

7. Fawzy El-Sayed, K.M.; Elsalawy, R.; Ibrahim, N.; Gadalla, M.; Albargasy, H.; Zahra, N.; Mokhtar, S.; El Nahhas, N.; El Kaliouby,
Y.; Dorfer, C.E. The Dental Pulp Stem/Progenitor Cells-Mediated Inflammatory-Regenerative Axis. Tissue Eng. Part B Rev. 2019,
25,445-460. [CrossRef]

8.  Fawzy El-Sayed, K.M.; Jakusz, K.; Jochens, A.; Dorfer, C.; Schwendicke, F. Stem Cell Transplantation for Pulpal Regeneration:
A Systematic Review. Tissue Eng. Part B Rev. 2015, 21, 451-460. [CrossRef]

9.  Fawzy El-Sayed, K.M.; Mekhemar, M.K.; Beck-Broichsitter, B.E.; Bahr, T.; Hegab, M.; Receveur, J.; Heneweer, C.; Becker, S.T.;
Wiltfang, J.; Dorfer, C.E. Periodontal regeneration employing gingival margin-derived stem/progenitor cells in conjunction with
IL-1ra-hydrogel synthetic extracellular matrix. J. Clin. Periodontol. 2015, 42, 448-457. [CrossRef] [PubMed]

10. Fawzy El-Sayed, K.M.; Paris, S.; Becker, S.T.; Neuschl, M.; De Buhr, W,; Sdlzer, S.; Wulff, A.; Elrefai, M.; Darhous, M.S.; El-Masry,
M.; et al. Periodontal regeneration employing gingival margin-derived stem/progenitor cells: An animal study. J. Clin. Periodontol.
2012, 39, 861-870. [CrossRef]

11. Wang, X.; Wang, Y.; Gou, W.; Lu, Q. Role of mesenchymal stem cells in bone regeneration and fracture repair: A review. Int.
Orthop. 2013, 37, 2491-2498. [CrossRef]

12.  Zhou, L.L; Liu, W,; Wu, YM.; Sun, W.L,; Dorfer, C.E.; Fawzy El-Sayed, K.M. Oral Mesenchymal Stem/Progenitor Cells: The
Immunomodulatory Masters. Stem. Cells Int. 2020, 2020, 1327405. [CrossRef]

13.  Fu, X;; Liu, G.; Halim, A;; Ju, Y;; Luo, Q.; Song, G. Mesenchymal Stem Cell Migration and Tissue Repair. Cells 2019, 8, 784.
[CrossRef] [PubMed]

14. Patel, D.M.; Shah, J.; Srivastava, A.S. Therapeutic potential of mesenchymal stem cells in regenerative medicine. Sterm. Cells Int.
2013, 2013, 496218. [CrossRef]

15. Via, A.G; Frizziero, A.; Oliva, F. Biological properties of mesenchymal Stem Cells from different sources. Muscles Ligaments
Tendons J. 2012, 2, 154-162.

16. Lee, O.K; Kuo, TK.; Chen, W.-M.; Lee, K.-D.; Hsieh, S.-L.; Chen, T.-H. Isolation of multipotent mesenchymal stem cells from
umbilical cord blood. Blood 2004, 103, 1669-1675. [CrossRef]

17.  Ding, D.C; Shyu, W.C; Lin, S.Z. Mesenchymal stem cells. Cell Transplant. 2011, 20, 5-14. [CrossRef] [PubMed]

18. Rodriguez-Lozano, EJ.; Bueno, C.; Insausti, C.L.; Meseguer, L.; Ramirez, M.C.; Blanquer, M.; Marin, N.; Martinez, S.; Moraleda,
J.M. Mesenchymal stem cells derived from dental tissues. Int. Endod. ]. 2011, 44, 800-806. [CrossRef]

19. Jorgenson, K.D.; Hart, D.A.; Krawetz, R.; Sen, A. Production of Adult Human Synovial Fluid-Derived Mesenchymal Stem Cells
in Stirred-Suspension Culture. Sterm. Cells Int. 2018, 2018, 8431053. [CrossRef]

20. Rutkovskiy, A.; Stenslekken, K.-O.; Vaage, I.]. Osteoblast Differentiation at a Glance. Med. Sci. Monit. Basic Res. 2016, 22, 95-106.
[CrossRef] [PubMed]

21. Assis-Ribas, T.; Forni, M.F,; Winnischofer, S.M.B.; Sogayar, M.C.; Trombetta-Lima, M. Extracellular matrix dynamics during
mesenchymal stem cells differentiation. Dev. Biol. 2018, 437, 63-74. [CrossRef] [PubMed]

22. Jhala, D.; Vasita, R. A Review on Extracellular Matrix Mimicking Strategies for an Artificial Stem Cell Niche. Polym. Rev. 2015, 55,
561-595. [CrossRef]

23. Even-Ram, S.; Artym, V,; Yamada, K.M. Matrix control of stem cell fate. Cell 2006, 126, 645-647. [CrossRef]

73



Polymers 2021, 13, 2950

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Watt, EM.; Huck, W.T.S. Role of the extracellular matrix in regulating stem cell fate. Nat. Rev. Mol. Cell Biol. 2013, 14, 467-473.
[CrossRef]

Gaur, T.; Lengner, C.J.; Hovhannisyan, H.; Bhat, R.A.; Bodine, P.V.; Komm, B.S.; Javed, A.; Van Wijnen, A.].; Stein, J.L.; Stein,
G.S. Canonical WNT signaling promotes osteogenesis by directly stimulating Runx2 gene expression. J. Biol. Chem. 2005, 280,
33132-33140. [CrossRef]

Almalki, S.G.; Agrawal, D.K. Key transcription factors in the differentiation of mesenchymal stem cells. Differentiation 2016, 92,
41-51. [CrossRef]

Long, F. Building strong bones: Molecular regulation of the osteoblast lineage. Nat. Rev. Mol. Cell Biol. 2012, 13, 27-38. [CrossRef]
Komori, T. Regulation of osteoblast differentiation by transcription factors. J. Cell Biochem. 2006, 99, 1233-1239. [CrossRef]
[PubMed]

Zhao, Z.; Zhao, M.; Xiao, G.; Franceschi, R.T. Gene transfer of the Runx2 transcription factor enhances osteogenic activity of bone
marrow stromal cells in vitro and in vivo. Mol. Ther. 2005, 12, 247-253. [CrossRef]

Fujii, M.; Takeda, K.; Imamura, T.; Aoki, H.; Sampath, TK.; Enomoto, S.; Kawabata, M.; Kato, M.; Ichijo, H.; Miyazono, K. Roles of
bone morphogenetic protein type I receptors and Smad proteins in osteoblast and chondroblast differentiation. Mol. Biol. Cell
1999, 10, 3801-3813. [CrossRef]

Xu, D.-J.; Zhao, Y.-Z.; Wang, ].; He, ] -W.; Weng, Y.-G.; Luo, J.-Y. Smads, p38 and ERK1/2 are involved in BMP9-induced osteogenic
differentiation of C3H10T1/2 mesenchymal stem cells. BMB Rep. 2012, 45, 247-252. [CrossRef]

Javed, A; Bae, ].-S.; Afzal, E; Gutierrez, S.; Pratap, J.; Zaidi, S.K.; Lou, Y.; Van Wijnen, A.].; Stein, J.L.; Stein, G.S. Structural
coupling of Smad and Runx2 for execution of the BMP2 osteogenic signal. J. Biol. Chem. 2008, 283, 8412-8422. [CrossRef]
Nakashima, K.; Zhou, X.; Kunkel, G.; Zhang, Z.; Deng, ] M.; Behringer, R.R.; De Crombrugghe, B. The novel zinc finger-containing
transcription factor osterix is required for osteoblast differentiation and bone formation. Cell 2002, 108, 17-29. [CrossRef]

Kang, S.; Bennett, C.N.; Gerin, I.; Rapp, L.A.; Hankenson, K.D.; MacDougald, O.A. Wnt signaling stimulates osteoblastogenesis
of mesenchymal precursors by suppressing CCAAT/enhancer-binding protein « and peroxisome proliferator-activated receptor
v. J. Biol. Chem. 2007, 282, 14515-14524. [CrossRef]

Lecarpentier, Y.; Claes, V.; Duthoit, G.; Hébert, J.-L. Circadian rhythms, Wnt/beta-catenin pathway and PPAR alpha/gamma
profiles in diseases with primary or secondary cardiac dysfunction. Front. Physiol. 2014, 5, 429. [CrossRef]

Day, T.F; Guo, X.; Garrett-Beal, L.; Yang, Y. Wnt/3-catenin signaling in mesenchymal progenitors controls osteoblast and
chondrocyte differentiation during vertebrate skeletogenesis. Dev. Cell 2005, 8, 739-750. [CrossRef] [PubMed]

Huelsken, J.; Behrens, ]. The Wnt signalling pathway. J. Cell Sci. 2002, 115, 3977-3978. [CrossRef]

Xie, J.; Zhang, D.; Zhou, C.; Yuan, Q.; Ye, L.; Zhou, X. Substrate elasticity regulates adipose-derived stromal cell differentiation
towards osteogenesis and adipogenesis through (3-catenin transduction. Acta Biomater. 2018, 79, 83-95. [CrossRef] [PubMed]
Kshitiz; Afzal, J.; Chang, H.; Goyal, R.; Levchenko, A. Mechanics of Microenvironment as Instructive Cues Guiding Stem Cell
Behavior. Curr. Stem. Cell Rep. 2016, 2, 62-72. [CrossRef]

Kshitiz; Park, J.; Kim, P; Helen, W.; Engler, A.].; Levchenko, A.; Kim, D.-H. Control of stem cell fate and function by engineering
physical microenvironments. Integr. Biol. 2012, 4, 1008-1018. [CrossRef] [PubMed]

Han, S.B.; Kim, J.K.; Lee, G.; Kim, D.H. Mechanical Properties of Materials for Stem Cell Differentiation. Adv. Biosyst. 2020,
4,2000247. [CrossRef]

Cargnello, M.; Roux, P.P. Activation and Function of the MAPKSs and Their Substrates, the MAPK-Activated Protein Kinases.
Microbiol. Mol. Biol. Rev. 2011, 75, 50-83. [CrossRef]

MacQueen, L.; Sun, Y.; Simmons, C.A. Mesenchymal stem cell mechanobiology and emerging experimental platforms. J. R. Soc.
Interface 2013, 10, 20130179. [CrossRef] [PubMed]

Greenblatt, M.B.; Shim, J.-H.; Zou, W.; Sitara, D.; Schweitzer, M.; Hu, D.; Lotinun, S.; Sano, Y.; Baron, R.; Park, ].M.; et al. The p38
MAPK pathway is essential for skeletogenesis and bone homeostasis in mice. J. Clin. Investig. 2010, 120, 2457-2473. [CrossRef]
Thouverey, C.; Caverzasio, ]. The p38ac MAPK positively regulates osteoblast function and postnatal bone acquisition. Cell Mol.
Life Sci. 2012, 69, 3115-3125. [CrossRef]

Rodriguez-Carballo, E.; Gadmez, B.; Sed6-Cabezon, L.; Sanchez-Feutrie, M.; Zorzano, A.; Manzanares-Céspedes, C.; Rosa, ].L.;
Ventura, F. The p38a MAPK function in osteoprecursors is required for bone formation and bone homeostasis in adult mice. PLoS
ONE 2014, 9, €102032. [CrossRef]

Chakladar, A.; Dubeykovskiy, A.; Wojtukiewicz, L.J.; Pratap, J.; Lei, S.; Wang, T.C. Synergistic activation of the murine gastrin
promoter by oncogenic Ras and beta-catenin involves SMAD recruitment. Biochem. Biophys. Res. Commun. 2005, 336, 190-196.
[CrossRef]

Yamashita, M.; Otsuka, F.; Mukai, T.; Otani, H.; Inagaki, K.; Miyoshi, T.; Goto, J.; Yamamura, M.; Makino, H. Simvastatin
antagonizes tumor necrosis factor-alpha inhibition of bone morphogenetic proteins-2-induced osteoblast differentiation by
regulating Smad signaling and Ras/Rho-mitogen-activated protein kinase pathway. J. Endocrinol. 2008, 196, 601-613. [CrossRef]
Xue, R; Li, ].Y;; Yeh, Y.; Yang, L.; Chien, S. Effects of matrix elasticity and cell density on human mesenchymal stem cells
differentiation. J. Orthop. Res. 2013, 31, 1360-1365. [CrossRef]

Xu, J; Sun, M.; Tan, Y.; Wang, H.; Wang, H.; Li, P; Xu, Z,; Xia, Y.; Li, L.; Li, Y. Effect of matrix stiffness on the proliferation and
differentiation of umbilical cord mesenchymal stem cells. Differentiation 2017, 96, 30-39. [CrossRef]

74



Polymers 2021, 13, 2950

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.
71.
72.
73.
74.
75.

76.

77.

78.

79.

Sun, M,; Chi, G,; Li, P; Lv, S;; Xu, J.; Xu, Z; Xia, Y,; Tan, Y.; Xu, J.; Li, L.; et al. Effects of Matrix Stiffness on the Morphology,
Adhesion, Proliferation and Osteogenic Differentiation of Mesenchymal Stem Cells. Int. . Med. Sci. 2018, 15, 257-268. [CrossRef]
Ahmed, M.; Ffrench-Constant, C. Extracellular Matrix Regulation of Stem Cell Behavior. Curr. Stem Cell Rep. 2016, 2, 197-206.
[CrossRef]

Guilak, F; Cohen, D.M.; Estes, B.T.; Gimble, ].M.; Liedtke, W.; Chen, C.S. Control of stem cell fate by physical interactions with
the extracellular matrix. Cell Stem Cell 2009, 5, 17-26. [CrossRef]

Zhang, N.; Kohn, D.H. Using polymeric materials to control stem cell behavior for tissue regeneration. Birth Defects Res. Part. C
Embryo Today Rev. 2012, 96, 63-81. [CrossRef] [PubMed]

Abbass, M.M.S.; El-Rashidy, A.A.; Sadek, K.M.; Moshy, S.E.; Radwan, I.A; Rady, D.; Dérfer, C.E.; Fawzy El-Sayed, K.M. Hydrogels
and Dentin-Pulp Complex Regeneration: From the Benchtop to Clinical Translation. Polymers 2020, 12, 2935. [CrossRef] [PubMed]
Lv, H,; Wang, H.; Zhang, Z.; Yang, W.; Liu, W,; Li, Y.; Li, L. Biomaterial stiffness determines stem cell fate. Life Sci. 2017, 178,
42-48. [CrossRef] [PubMed]

Engler, A.J,; Sen, S.; Sweeney, H.L.; Discher, D.E. Matrix elasticity directs stem cell lineage specification. Cell 2006, 126, 677-689.
[CrossRef]

Lv, H,; Li, L;; Sun, M.; Zhang, Y.; Chen, L.; Rong, Y.; Li, Y. Mechanism of regulation of stem cell differentiation by matrix stiffness.
Stem Cell Res. Ther. 2015, 6, 103. [CrossRef]

Guo, R;; Lu, S;; Merkel, A.R.; Sterling, J.A.; Guelcher, S.A. Substrate Modulus Regulates Osteogenic Differentiation of Rat
Mesenchymal Stem Cells through Integrin 31 and BMP Receptor Type IA. J. Mater. Chem. B 2016, 4, 3584-3593. [CrossRef]
Trappmann, B.; Gautrot, ].E.; Connelly, ].T.; Strange, D.G.; Li, Y.; Oyen, M.L.; Cohen Stuart, M.A.; Boehm, H.; Li, B.; Vogel, V.; et al.
Extracellular-matrix tethering regulates stem-cell fate. Nat. Mater. 2012, 11, 642-649. [CrossRef]

Naqvi, S.M.; McNamara, L.M. Stem Cell Mechanobiology and the Role of Biomaterials in Governing Mechanotransduction and
Matrix Production for Tissue Regeneration. Front. Bioeng. Biotechnol. 2020, 8, 597661. [CrossRef]

Shih, Y.R.; Tseng, K.F,; Lai, H.Y,; Lin, C.H.; Lee, O.K. Matrix stiffness regulation of integrin-mediated mechanotransduction during
osteogenic differentiation of human mesenchymal stem cells. . Bone Miner. Res. 2011, 26, 730-738. [CrossRef]

Miller, A.E.; Hu, P; Barker, T.H. Feeling Things Out: Bidirectional Signaling of the Cell-ECM Interface, Implications in the
Mechanobiology of Cell Spreading, Migration, Proliferation, and Differentiation. Adv. Healthc. Mater. 2020, 9, 1901445. [CrossRef]
[PubMed]

Nanci, A. Ten Cate’s Oral Histology: Development, Structure and Function, 8th ed.; El Sevier Mosby: St Louis, Hong Kong, 2013;
pp- 81-83.

Ciobanasu, C.; Faivre, B.; Le Clainche, C. Actomyosin-dependent formation of the mechanosensitive talin-vinculin complex
reinforces actin anchoring. Nat. Commun. 2014, 5, 3095. [CrossRef] [PubMed]

Martino, E; Perestrelo, A.R.; Vinarsky, V.; Pagliari, S.; Forte, G. Cellular Mechanotransduction: From Tension to Function. Front.
Physiol. 2018, 9, 824. [CrossRef]

Ohashi, K.; Fujiwara, S.; Mizuno, K. Roles of the cytoskeleton, cell adhesion and rho signalling in mechanosensing and
mechanotransduction. . Biochem. 2017, 161, 245-254. [CrossRef]

Chen, H.; Cheng, C.Y. Focal Adhesion Kinase; Springer International Publishing: New York, NY, USA, 2018; pp. 1800-1812.
Bradbury, PM.; Turner, K.; Mitchell, C.; Griffin, K.R.; Middlemiss, S.; Lau, L.; Dagg, R.; Taran, E.; Cooper-White, J.; Fabry, B.; et al.
The focal adhesion targeting domain of p130Cas confers a mechanosensing function. J. Cell Sci. 2017, 130, 1263-1273. [CrossRef]
Takada, Y.; Ye, X.; Simon, S. The integrins. Genome Biol. 2007, 8, 215. [CrossRef] [PubMed]

Hynes, R.O. Integrins: Bidirectional, allosteric signaling machines. Cell 2002, 110, 673-687. [CrossRef]

Sun, Z.; Guo, S.S.; Fassler, R. Integrin-mediated mechanotransduction. J. Cell Biol. 2016, 215, 445-456. [CrossRef] [PubMed]
Kim, M.; Carman, C.V,; Springer, T.A. Bidirectional transmembrane signaling by cytoplasmic domain separation in integrins.
Science 2003, 301, 1720-1725. [CrossRef]

Ellert-Miklaszewska, A.; Poleszak, K.; Pasierbinska, M.; Kaminska, B. Integrin Signaling in Glioma Pathogenesis: From Biology to
Therapy. Int. . Mol. Sci. 2020, 21, 888. [CrossRef] [PubMed]

Petrie, T.A.; Raynor, J.E.; Dumbauld, D.W,; Lee, T.T.; Jagtap, S.; Templeman, K.L.; Collard, D.M.; Garcia, A.J. Multivalent
integrin-specific ligands enhance tissue healing and biomaterial integration. Sci. Transl. Med. 2010, 2, 45ra60. [CrossRef]
Olivares-Navarrete, R.; Lee, EM.; Smith, K.; Hyzy, S.L.; Doroudi, M.; Williams, ].K.; Gall, K.; Boyan, B.D.; Schwartz, Z. Substrate
Stiffness Controls Osteoblastic and Chondrocytic Differentiation of Mesenchymal Stem Cells without Exogenous Stimuli. PLoS
ONE 2017, 12, e0170312. [CrossRef]

Frith, J.E.; Mills, R.J.; Hudson, J.E.; Cooper-White, ].J. Tailored integrin-extracellular matrix interactions to direct human
mesenchymal stem cell differentiation. Stem. Cells Dev. 2012, 21, 2442-2456. [CrossRef]

Sun, M.; Chi, G,; Xu, J; Tan, Y;; Xu, J.; Lv, S.; Xu, Z,; Xia, Y.; Li, L.; Li, Y. Extracellular matrix stiffness controls osteogenic
differentiation of mesenchymal stem cells mediated by integrin 5. Stem. Cell Res. Ther. 2018, 9, 52. [CrossRef] [PubMed]
Hamidouche, Z.; Fromigué, O.; Ringe, J.; Haupl, T.; Vaudin, P; Pages, ].C.; Srouiji, S.; Livne, E.; Marie, PJ. Priming integrin alpha5
promotes human mesenchymal stromal cell osteoblast differentiation and osteogenesis. Proc. Natl. Acad. Sci. USA 2009, 106,
18587-18591. [CrossRef] [PubMed]

75



Polymers 2021, 13, 2950

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Zhang, D.; Ni, N.; Wang, Y.; Tang, Z.; Gao, H.; Ju, Y;; Sun, N.; He, X.; Gu, P,; Fan, X. CircRNA-vgll3 promotes osteogenic
differentiation of adipose-derived mesenchymal stem cells via modulating miRNA-dependent integrin o5 expression. Cell Death
Differ. 2021, 28, 283-302. [CrossRef] [PubMed]

Lee, J.; Abdeen, A.A; Tang, X.; Saif, T.A.; Kilian, K.A. Geometric guidance of integrin mediated traction stress during stem cell
differentiation. Biomaterials 2015, 69, 174-183. [CrossRef]

Liu, J.; DeYoung, S.M.; Zhang, M.; Zhang, M.; Cheng, A.; Saltiel, A.R. Changes in integrin expression during adipocyte
differentiation. Cell Metab. 2005, 2, 165-177. [CrossRef] [PubMed]

Lock, J.G.; Wehrle-Haller, B.; Stromblad, S. Cell-matrix adhesion complexes: Master control machinery of cell migration. Semin.
Cancer Biol. 2008, 18, 65-76. [CrossRef]

Gavazzo, P; Viti, F; Donnelly, H.; Oliva, M.A.G.; Salmeron-Sanchez, M.; Dalby, M.J.; Vassalli, M. Biophysical phenotyping of
mesenchymal stem cells along the osteogenic differentiation pathway. Cell Biol. Toxicol. 2021, 2021, 1-19. [CrossRef]

Saidova, A.A.; Vorobjev, L A. Lineage Commitment, Signaling Pathways, and the Cytoskeleton Systems in Mesenchymal Stem
Cells. Tissue Eng. Part B Rev. 2020, 26, 13-25. [CrossRef] [PubMed]

Byron, A ; Frame, M.C. Adhesion protein networks reveal functions proximal and distal to cell-matrix contacts. Curr. Opin. Cell
Biol. 2016, 39, 93-100. [CrossRef] [PubMed]

Han, S.J.; Bielawski, K.S.; Ting, L.H.; Rodriguez, M.L.; Sniadecki, N.J. Decoupling substrate stiffness, spread area, and micropost
density: A close spatial relationship between traction forces and focal adhesions. Biophys. |. 2012, 103, 640-648. [CrossRef]
McBeath, R.; Pirone, D.M.; Nelson, C.M.; Bhadriraju, K.; Chen, C.S. Cell shape, cytoskeletal tension, and RhoA regulate stem cell
lineage commitment. Dev. Cell 2004, 6, 483—495. [CrossRef]

Lavenus, S.; Berreur, M.; Trichet, V.; Pilet, P; Louarn, G.; Layrolle, P. Adhesion and osteogenic differentiation of human
mesenchymal stem cells on titanium nanopores. Eur. Cell Mater. 2011, 22, 84-96. [CrossRef]

Frith, J.E.; Mills, R.J.; Cooper-White, ].]. Lateral spacing of adhesion peptides influences human mesenchymal stem cell behaviour.
J. Cell Sci. 2012, 125, 317-327. [CrossRef]

Rosenberg, N. The role of the cytoskeleton in mechanotransduction in human osteoblast-like cells. Hum. Exp. Toxicol. 2003, 22,
271-274. [CrossRef]

Wang, N.; Naruse, K.; Stamenovi¢, D.; Fredberg, ]J.J.; Mijailovich, S.M.; Toli¢-Nerrelykke, .M.; Polte, T.; Mannix, R.; Ingber,
D.E. Mechanical behavior in living cells consistent with the tensegrity model. Proc. Natl. Acad. Sci. USA 2001, 98, 7765-7770.
[CrossRef] [PubMed]

Harris, A.R.; Jreij, P; Fletcher, D.A. Mechanotransduction by the actin cytoskeleton: Converting mechanical stimuli into
biochemical signals. Annu. Rev. Biophys. 2018, 47, 617-631. [CrossRef]

Pollard, T.D.; Borisy, G.G. Cellular motility driven by assembly and disassembly of actin filaments. Cell 2003, 112, 453—465.
[CrossRef]

Kim, D.H.; Wirtz, D. Cytoskeletal tension induces the polarized architecture of the nucleus. Biomaterials 2015, 48, 161-172.
[CrossRef] [PubMed]

Khatau, S.B.; Hale, C.M.; Stewart-Hutchinson, PJ.; Patel, M.S.; Stewart, C.L.; Searson, P.C.; Hodzic, D.; Wirtz, D. A perinuclear
actin cap regulates nuclear shape. Proc. Natl. Acad. Sci. USA 2009, 106, 19017-19022. [CrossRef]

Kim, D.H.; Khatau, S.B.; Feng, Y.; Walcott, S.; Sun, S.X.; Longmore, G.D.; Wirtz, D. Actin cap associated focal adhesions and their
distinct role in cellular mechanosensing. Sci. Rep. 2012, 2, 555. [CrossRef]

Tojkander, S.; Gateva, G.; Lappalainen, P. Actin stress fibers—Assembly, dynamics and biological roles. J. Cell Sci. 2012, 125,
1855-1864. [CrossRef] [PubMed]

Huang, C.H.; Chen, M.H.; Young, T.H.; Jeng, J.H.; Chen, YJ. Interactive effects of mechanical stretching and extracellular
matrix proteins on initiating osteogenic differentiation of human mesenchymal stem cells. J. Cell Biochem. 2009, 108, 1263-1273.
[CrossRef]

Svitkina, T. The Actin Cytoskeleton and Actin-Based Motility. Cold Spring Harb. Perspect. Biol. 2018, 10, a018267. [CrossRef]
[PubMed]

Chen, L.; Hu, H.; Qiu, W,; Shi, K.; Kassem, M. Actin depolymerization enhances adipogenic differentiation in human stromal
stem cells. Stem Cell Res. 2018, 29, 76-83. [CrossRef]

Rodriguez, ].P.; Gonzalez, M.; Rios, S.; Cambiazo, V. Cytoskeletal organization of human mesenchymal stem cells (MSC) changes
during their osteogenic differentiation. J. Cell Biochem. 2004, 93, 721-731. [CrossRef]

Sonowal, H.; Kumar, A ; Bhattacharyya, J.; Gogoi, PK; Jaganathan, B.G. Inhibition of actin polymerization decreases osteogeneic
differentiation of mesenchymal stem cells through p38 MAPK pathway. J. Biomed. Sci. 2013, 20, 71. [CrossRef]

Sen, B.; Xie, Z.; Case, N.; Thompson, W.R.; Uzer, G.; Styner, M.; Rubin, J. mTORC2 regulates mechanically induced cytoskeletal
reorganization and lineage selection in marrow-derived mesenchymal stem cells. J. Bone Miner. Res. 2014, 29, 78-89. [CrossRef]
Chen, L.; Shi, K.; Frary, C.E,; Ditzel, N.; Hu, H.; Qiu, W.; Kassem, M. Inhibiting actin depolymerization enhances osteoblast
differentiation and bone formation in human stromal stem cells. Stem Cell Res. 2015, 15, 281-289. [CrossRef]

Zhang, T.; Lin, S.; Shao, X.; Zhang, Q.; Xue, C.; Zhang, S.; Lin, Y.; Zhu, B.; Cai, X. Effect of matrix stiffness on osteoblast
functionalization. Cell Prolif. 2017, 50. [CrossRef] [PubMed]

Khan, A.U,; Qu, R;; Fan, T.; Ouyang, J.; Dai, J. A glance on the role of actin in osteogenic and adipogenic differentiation of
mesenchymal stem cells. Stem Cell Res. Ther. 2020, 11, 283. [CrossRef]

76



Polymers 2021, 13, 2950

108.

109.

110.
111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Kobayashi, T.; Sokabe, M. Sensing substrate rigidity by mechanosensitive ion channels with stress fibers and focal adhesions.
Curr. Opin. Cell Biol. 2010, 22, 669-676. [CrossRef] [PubMed]

Wu, Z.; Wong, K.; Glogauer, M.; Ellen, R.P.; McCulloch, C.A.G. Regulation of Stretch-Activated Intracellular Calcium Transients
by Actin Filaments. Biochem. Biophys. Res. Commun. 1999, 261, 419-425. [CrossRef] [PubMed]

Igbal, J.; Zaidi, M. Molecular regulation of mechanotransduction. Biochem. Biophys. Res. Commun. 2005, 328, 751-755. [CrossRef]
Kretlow, ].D,; Jin, Y.-Q.; Liu, W,; Zhang, W.]J.; Hong, T.-H.; Zhou, G.; Baggett, L.S.; Mikos, A.G.; Cao, Y. Donor age and cell passage
affects differentiation potential of murine bone marrow-derived stem cells. BMC Cell Biol. 2008, 9, 1-13. [CrossRef]

Stenderup, K.; Justesen, J.; Clausen, C.; Kassem, M. Aging is associated with decreased maximal life span and accelerated
senescence of bone marrow stromal cells. Bone Miner. 2003, 33, 919-926. [CrossRef]

Asumda, F.Z.; Chase, P.B. Age-related changes in rat bone-marrow mesenchymal stem cell plasticity. BMC Cell Biol. 2011, 12,
1-11. [CrossRef]

Shen, J.; Tsai, Y.-T.; DiMarco, N.M.; Long, M.A_; Sun, X; Tang, L. Transplantation of mesenchymal stem cells from young donors
delays aging in mice. Sci. Rep. Cetacean Res. 2011, 1, 1-7. [CrossRef] [PubMed]

Lin, Th.; Gibon, E.; Loi, E; Pajarinen, J.; Cérdova, L.A.; Nabeshima, A.; Lu, L.; Yao, Z.; Goodman, S.B. Decreased osteogenesis in
mesenchymal stem cells derived from the aged mouse is associated with enhanced NF-«B activity. J. Orth Res. 2017, 35, 281-288.
[CrossRef]

Pelissier, F.A.; Garbe, J.C.; Ananthanarayanan, B.; Miyano, M.; Lin, C.; Jokela, T.; Kumar, S.; Stampfer, M.R.; Lorens, ].B.; LaBarge,
M.A. Age-Related Dysfunction in Mechanotransduction Impairs Differentiation of Human Mammary Epithelial Progenitors. Cell
Rep. 2014, 7, 1926-1939. [CrossRef]

Barreto, S.; Gonzalez-Vazquez, A.; Cameron, A.R.; Cavanagh, B.; Murray, D.]J.; O'Brien, FJ. Identification of the mechanisms
by which age alters the mechanosensitivity of mesenchymal stromal cells on substrates of differing stiffness: Implications for
osteogenesis and angiogenesis. Acta Biomater. 2017, 53, 59-69. [CrossRef] [PubMed]

Zouani, O.F; Kalisky, ].; Ibarboure, E.; Durrieu, M.-C. Effect of BMP-2 from matrices of different stiffnesses for the modulation of
stem cell fate. Biomaterials 2013, 34, 2157-2166. [CrossRef] [PubMed]

Ma, S.; Meng, Z.; Chen, R.; Guan, K.-L. The Hippo pathway: Biology and pathophysiology. Annu Rev. Biochem. 2019, 88, 577-604.
[CrossRef] [PubMed]

Yamaguchi, H.; Taouk, G.M. A Potential role of YAP/TAZ in the interplay between metastasis and metabolic alterations. Front.
Oncol. 2020, 10, 928. [CrossRef] [PubMed]

Dobrokhotov, O.; Samsonov, M.; Sokabe, M.; Hirata, H. Mechanoregulation and pathology of YAP/TAZ via Hippo and non-Hippo
mechanisms. . Transl. Med. 2018, 7, 1-14. [CrossRef]

Dupont, S.; Morsut, L.; Aragona, M.; Enzo, E.; Giulitti, S.; Cordenonsi, M.; Zanconato, F.; Le Digabel, ].; Forcato, M.; Bicciato, S.
Role of YAP/TAZ in mechanotransduction. Nature 2011, 474, 179-183. [CrossRef]

Zhao, B.; Li, L.; Wang, L.; Wang, C.-Y.; Yu, J.; Guan, K.-L. Cell detachment activates the Hippo pathway via cytoskeleton
reorganization to induce anoikis. Genes Dev. 2012, 26, 54—68. [CrossRef] [PubMed]

Aragona, M,; Panciera, T.; Manfrin, A.; Giulitti, S.; Michielin, F.; Elvassore, N.; Dupont, S.; Piccolo, S. A mechanical checkpoint
controls multicellular growth through YAP/TAZ regulation by actin-processing factors. Cell 2013, 154, 1047-1059. [CrossRef]
[PubMed]

Elosegui-Artola, A.; Andreu, I.; Beedle, A.E.; Lezamiz, A.; Uroz, M.; Kosmalska, A.J.; Oria, R.; Kechagia, ].Z.; Rico-Lastres, P.;
Le Roux, A.-L. Force triggers YAP nuclear entry by regulating transport across nuclear pores. Cell 2017, 171, 1397-1410.e1314.
[CrossRef] [PubMed]

Lorthongpanich, C.; Thumanu, K.; Tangkiettrakul, K.; Jiamvoraphong, N.; Laowtammathron, C.; Damkham, N.; U-pratya, Y.;
Issaragrisil, S. YAP as a key regulator of adipo-osteogenic differentiation in human MSCs. Stem Cell Res. Ther. 2019, 10, 402.
[CrossRef] [PubMed]

Hong, ].H.; Hwang, E.S.; McManus, M.T.; Amsterdam, A.; Tian, Y.; Kalmukova, R.; Mueller, E.; Benjamin, T.; Spiegelman, B.M.;
Sharp, P.A.; et al. TAZ, a transcriptional modulator of mesenchymal stem cell differentiation. Science 2005, 309, 1074-1078.
[CrossRef]

Du, J.; Chen, X,; Liang, X.; Zhang, G.; Xu, J.; He, L.; Zhan, Q.; Feng, X.Q.; Chien, S.; Yang, C. Integrin activation and internalization
on soft ECM as a mechanism of induction of stem cell differentiation by ECM elasticity. Proc. Natl. Acad. Sci. USA 2011, 108,
9466-9471. [CrossRef]

Chrzanowska-Wodnicka, M.; Burridge, K. Rho-stimulated contractility drives the formation of stress fibers and focal adhesions. J.
Cell Biol. 1996, 133, 1403-1415. [CrossRef]

Arnsdorf, E.J.; Tummala, P; Kwon, R.Y,; Jacobs, C.R. Mechanically induced osteogenic differentiation—the role of RhoA, ROCKII
and cytoskeletal dynamics. J. Cell Sci. 2009, 122, 546-553. [CrossRef]

Hyviri, L.; Ojansivu, M.; Juntunen, M.; Kartasalo, K.; Miettinen, S.; Vanhatupa, S. Focal Adhesion Kinase and ROCK Signaling
Are Switch-Like Regulators of Human Adipose Stem Cell Differentiation towards Osteogenic and Adipogenic Lineages. Stem
Cells Int. 2018, 2018, 2190657. [CrossRef]

Rowlands, A.S.; George, P.A.; Cooper-White, ].J. Directing osteogenic and myogenic differentiation of MSCs: Interplay of stiffness
and adhesive ligand presentation. Am. |. Physiol. Cell Physiol. 2008, 295, C1037—C1044. [CrossRef]

77



Polymers 2021, 13, 2950

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.
156.

157.

158.

Wan, W.; Cheng, B.; Zhang, C.; Ma, Y,; Li, A.; Xu, E; Lin, M. Synergistic Effect of Matrix Stiffness and Inflammatory Factors on
Osteogenic Differentiation of MSC. Biophys. J. 2019, 117, 129-142. [CrossRef]

He, X.T.; Wu, RX,; Xu, X.Y,; Wang, ].; Yin, Y.; Chen, EM. Macrophage involvement affects matrix stiffness-related influences on
cell osteogenesis under three-dimensional culture conditions. Acta Biomater. 2018, 71, 132-147. [CrossRef]

Tang, X.; Thankappan, S.K.; Lee, P; Fard, S.E.; Harmon, M.D; Tran, K.; Yu, X. Chapter 21—Polymeric Biomaterials in Tissue
Engineering and Regenerative Medicine. In Natural and Synthetic Biomedical Polymers; Kumbar, S.G., Laurencin, C.T., Deng, M.,
Eds.; Elsevier: Oxford, UK, 2014; pp. 351-371.

Ramkumar, R.; Sundaram, M.M. A biopolymer gel-decorated cobalt molybdate nanowafer: Effective graft polymer cross-linked
with an organic acid for better energy storage. New J. Chem. 2016, 40, 2863-2877. [CrossRef]

Yang, ].M.; Olanrele, O.S.; Zhang, X.; Hsu, C.C. Fabrication of Hydrogel Materials for Biomedical Applications. In Novel
Biomaterials for Regenerative Medicine; Chun, H.J., Park, K., Kim, C.-H., Khang, G., Eds.; Springer Singapore: Singapore, 2018;
pp. 197-224.

Lee, K.Y.; Mooney, D.J. Alginate: Properties and biomedical applications. Prog. Polym. Sci. 2012, 37, 106-126. [CrossRef]

Lee, H.-p.; Gu, L.; Mooney, D.J.; Levenston, M.E.; Chaudhuri, O. Mechanical confinement regulates cartilage matrix formation by
chondrocytes. Nat. Mater. 2017, 16, 1243-1251. [CrossRef] [PubMed]

Wickramaarachchi, K.; Sundaram, M.M.; Henry, D.J.; Gao, X. Alginate Biopolymer Effect on the Electrodeposition of Manganese
Dioxide on Electrodes for Supercapacitors. ACS Appl. Energy Mater. 2021, 4, 7040-7051. [CrossRef]

Zhang, J.; Wehrle, E.; Adamek, P.,; Paul, G.R.; Qin, X.-H.; Rubert, M.; Miiller, R. Optimization of mechanical stiffness and cell
density of 3D bioprinted cell-laden scaffolds improves extracellular matrix mineralization and cellular organization for bone
tissue engineering. Acta Biomater. 2020, 114, 307-322. [CrossRef] [PubMed]

Freeman, FE.; Kelly, D.J. Tuning alginate bioink stiffness and composition for controlled growth factor delivery and to spatially
direct MSC fate within bioprinted tissues. Sci. Rep. 2017, 7, 1-12. [CrossRef]

Maia, ER.; Fonseca, K.B.; Rodrigues, G.; Granja, P.L.; Barrias, C.C. Matrix-driven formation of mesenchymal stem cell-Extracellular
matrix microtissues on soft alginate hydrogels. Acta Biomater. 2014, 10, 3197-3208. [CrossRef]

Yener, B.; Acar, E.; Aguis, P; Bennett, K.; Vandenberg, S.L.; Plopper, G.E. Multiway modeling and analysis in stem cell systems
biology. BMC Syst. Biol. 2008, 2, 1-17. [CrossRef]

Stein, G.S.; Lian, ].B.; Owen, T.A. Relationship of cell growth to the regulation of tissue-specific gene expression during osteoblast
differentiation. FASEB J. 1990, 4, 3111-3123. [CrossRef]

Xie, J.; Bao, M.; Bruekers, S.p.M.; Huck, W.T. Collagen gels with different fibrillar microarchitectures elicit different cellular
responses. ACS Appl. Mater. Interfaces 2017, 9, 19630-19637. [CrossRef] [PubMed]

Banks, ].M.; Mozdzen, L.C.; Harley, B.A.; Bailey, R.C. The combined effects of matrix stiffness and growth factor immobilization
on the bioactivity and differentiation capabilities of adipose-derived stem cells. Biomaterials 2014, 35, 8951-8959. [CrossRef]
[PubMed]

Hwang, ].-H.; Han, U.; Yang, M.; Choi, Y.; Choi, J.; Lee, ].-M.; Jung, H.-S.; Hong, J.; Hong, J.-H. Artificial cellular nano-environment
composed of collagen-based nanofilm promotes osteogenic differentiation of mesenchymal stem cells. Acta Biomater. 2019, 86,
247-256. [CrossRef]

Zhou, Q.; Lyu, S.; Bertrand, A.A.; Hu, A.C.; Chan, C.H.; Ren, X.; Dewey, M.].; Tiffany, A.S.; Harley, B.A.; Lee, J.C. Stiffness of
Nanoparticulate Mineralized Collagen Scaffolds Triggers Osteogenesis via Mechanotransduction and Canonical Wnt Signaling.
Macromol. Biosci. 2021, 21, 2000370. [CrossRef]

Tsimbouri, PM.; Childs, P.G.; Pemberton, G.D.; Yang, ].; Jayawarna, V.; Orapiriyakul, W.; Burgess, K.; Gonzalez-Garcia, C.;
Blackburn, G.; Thomas, D. Stimulation of 3D osteogenesis by mesenchymal stem cells using a nanovibrational bioreactor. Nat.
Biomed. Eng. 2017, 1, 758-770. [CrossRef]

Murphy, C.M.; Matsiko, A.; Haugh, M.G.; Gleeson, ].P.; O’Brien, FJ. Mesenchymal stem cell fate is regulated by the composition
and mechanical properties of collagen—glycosaminoglycan scaffolds. J. Mech. Behav. Biomed. Mater. 2012, 11, 53-62. [CrossRef]
Chen, G.; Dong, C.; Yang, L.; Lv, Y. Interfaces 3D scaffolds with different stiffness but the same microstructure for bone tissue
engineering. ACS Appl. Mater. 2015, 7, 15790-15802. [CrossRef] [PubMed]

Radhakrishnan, J.; Krishnan, U.M.; Sethuraman, S. Hydrogel based injectable scaffolds for cardiac tissue regeneration. Biotechnol.
Adv. 2014, 32, 449-461. [CrossRef] [PubMed]

Echave, M.C.; Saenz del Burgo, L.; Pedraz, J.L.; Orive, G. Gelatin as Biomaterial for Tissue Engineering. Curr. Pharm. Des. 2017,
23, 3567-3584. [CrossRef] [PubMed]

Su, K.; Wang, C. Recent advances in the use of gelatin in biomedical research. Biotechnol. Lett. 2015, 37, 2139-2145. [CrossRef]
Gasperini, L.; Mano, J.E; Reis, R.L. Natural polymers for the microencapsulation of cells. J. R. Soc. Interface 2014, 11, 20140817.
[CrossRef] [PubMed]

Weng, Y.J.; Ren, ].R.; Huang, N.; Wang, J.; Chen, ].Y.; Leng, Y.X.; Liu, H.Q. Surface engineering of Ti-O films by photochemical
immobilization of gelatin. Mater. Sci Eng. C 2008, 28, 1495-1500. [CrossRef]

Zhu, Y.; Gao, C.; He, T,; Shen, J. Endothelium regeneration on luminal surface of polyurethane vascular scaffold modified with
diamine and covalently grafted with gelatin. Biomaterials 2004, 25, 423—430. [CrossRef]

78



Polymers 2021, 13, 2950

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.
169.

170.

171.

172.

173.
174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Salamon, A.; van Vlierberghe, S.; van Nieuwenhove, I.; Baudisch, F.; Graulus, G.-].; Benecke, V.; Alberti, K.; Neumann, H.-G.;
Rychly, J.; Martins, J.C.; et al. Gelatin-Based Hydrogels Promote Chondrogenic Differentiation of Human Adipose Tissue-Derived
Mesenchymal Stem Cells In Vitro. Materials 2014, 7, 1342-1359. [CrossRef]

Zhou, D,; Ito, Y. Inorganic material surfaces made bioactive by immobilizing growth factors for hard tissue engineering. RSC Adv.
2013, 3, 11095-11106. [CrossRef]

Sun, M,; Sun, X.; Wang, Z.; Guo, S.; Yu, G.; Yang, H. Synthesis and Properties of Gelatin Methacryloyl (GeIMA) Hydrogels and
Their Recent Applications in Load-Bearing Tissue. Polymers 2018, 10, 1290. [CrossRef]

Van Nieuwenhove, I.; Salamon, A.; Adam, S.; Dubruel, P.; Van Vlierberghe, S.; Peters, K. Gelatin- and starch-based hydrogels.
Part B: In vitro mesenchymal stem cell behavior on the hydrogels. Carbohydr. Polym. 2017, 161, 295-305. [CrossRef]

Jiang, P; Mao, Z.; Gao, C. Combinational effect of matrix elasticity and alendronate density on differentiation of rat mesenchymal
stem cells. Acta Biomater. 2015, 19, 76-84. [CrossRef] [PubMed]

Sun, H.; Zhu, E; Hu, Q.; Krebsbach, P.H. Controlling stem cell-mediated bone regeneration through tailored mechanical properties
of collagen scaffolds. Biomaterials 2014, 35, 1176-1184. [CrossRef] [PubMed]

Ventre, M.; Coppola, V.; Natale, C.F.; Netti, P.A. Aligned fibrous decellularized cell derived matrices for mesenchymal stem cell
amplification. J. Biomed. Mater. Res. A 2019, 107, 2536-2546. [CrossRef]

Hu, Q.; Liu, M.; Chen, G; Xu, Z.; Lv, Y. Demineralized Bone Scaffolds with Tunable Matrix Stiffness for Efficient Bone Integration.
ACS Appl. Mater. Interfaces 2018, 10, 27669-27680. [CrossRef]

Lee, ].Y.; Spicer, A.P. Hyaluronan: A multifunctional, megaDalton, stealth molecule. Curr. Opin. Cell Biol. 2000, 12, 581-586.
[CrossRef]

Garg, H.G.; Hales, C.A. Chemistry and Biology of Hyaluronan; Elsevier: Amsterdam, The Netherlands, 2004.

Fawzy El-Sayed, K.M.; Dahaba, M.A.; Aboul-Ela, S.; Darhous, M.S. Local application of hyaluronan gel in conjunction with
periodontal surgery: A randomized controlled trial. Clin. Oral Investig. 2012, 16, 1229-1236. [CrossRef]

Xing, F; Li, L.; Zhou, C.; Long, C.; Wu, L.; Lei, H.; Kong, Q.; Fan, Y,; Xiang, Z.; Zhang, X. Regulation and directing stem cell fate
by tissue engineering functional microenvironments: Scaffold physical and chemical cues. Stem Cells Int. 2019, 2019. [CrossRef]
Zhai, P; Peng, X,; Li, B.; Liu, Y.; Sun, H.; Li, X. The application of hyaluronic acid in bone regeneration. Int. J. Biol. Macromol. 2020,
151, 1224-1239. [CrossRef]

Itano, N. Simple primary structure, complex turnover regulation and multiple roles of hyaluronan. J. Biochem. 2008, 144, 131-137.
[CrossRef] [PubMed]

Anseth, K.S.; Burdick, J.A. New directions in photopolymerizable biomaterials. MRS Bull. 2002, 27, 130-136. [CrossRef]

Zhao, W,; Li, X,; Liu, X.; Zhang, N.; Wen, X. Effects of substrate stiffness on adipogenic and osteogenic differentiation of human
mesenchymal stem cells. Mater. Sci. Eng. C 2014, 40, 316-323. [CrossRef] [PubMed]

Cosgrove, B.D.; Mui, K.L.; Driscoll, T.P.; Caliari, S.R.; Mehta, K.D.; Assoian, R.K.; Burdick, ]J.A.; Mauck, R.L. N-cadherin adhesive
interactions modulate matrix mechanosensing and fate commitment of mesenchymal stem cells. Nat. Mater. 2016, 15, 1297-1306.
[CrossRef] [PubMed]

Dorcemus, D.L.; George, E.O.; Dealy, C.N.; Nukavarapu, S.P. Harnessing External Cues: Development and Evaluation of an In
Vitro Culture System for Osteochondral Tissue Engineering. Tissue Eng. Part A 2017, 23, 719-737. [CrossRef] [PubMed]

Hao, Y.; Song, J.; Ravikrishnan, A.; Dicker, K.T.; Fowler, EW.; Zerdoum, A.B.; Li, Y.; Zhang, H.; Rajasekaran, A.K.; Fox, ].M.; et al.
Rapid Bioorthogonal Chemistry Enables in Situ Modulation of the Stem Cell Behavior in 3D without External Triggers. ACS Appl
Mater. Interfaces 2018, 10, 26016-26027. [CrossRef] [PubMed]

Patel, M.; Koh, W.-G.].P. Composite Hydrogel of Methacrylated Hyaluronic Acid and Fragmented Polycaprolactone Nanofiber
for Osteogenic Differentiation of Adipose-Derived. Stem Cells 2020, 12, 902. [CrossRef]

Ducret, M.; Montembault, A.; Josse, ].; Pasdeloup, M.; Celle, A.; Benchrih, R.; Mallein-Gerin, F.; Alliot-Licht, B.; David, L.; Farges,
J.C. Design and characterization of a chitosan-enriched fibrin hydrogel for human dental pulp regeneration. Dent. Mater. 2019, 35,
523-533. [CrossRef] [PubMed]

Hashemzadeh, H.; Allahverdi, A.; Ghorbani, M.; Soleymani, H.; Kocsis, A.; Fischer, M.B; Ertl, P,; Naderi-Manesh, H. Gold
Nanowires/Fibrin Nanostructure as Microfluidics Platforms for Enhancing Stem Cell Differentiation: Bio-AFM Study. Microma-
chines 2020, 11, 50. [CrossRef]

Spicer, C.D. Hydrogel scaffolds for tissue engineering: The importance of polymer choice. Polym. Chem. 2020, 11, 184-219.
[CrossRef]

Pek, Y.S.; Wan, A.C.; Ying, J.Y. The effect of matrix stiffness on mesenchymal stem cell differentiation in a 3D thixotropic gel.
Biomaterials 2010, 31, 385-391. [CrossRef] [PubMed]

Ye, K.; Wang, X.; Cao, L.; Li, S.; Li, Z,; Yu, L.; Ding, J. Matrix stiffness and nanoscale spatial organization of cell-adhesive ligands
direct stem cell fate. Nano Lett. 2015, 15, 4720-4729. [CrossRef]

Steinmetz, N.J.; Aisenbrey, E.A.; Westbrook, K.K.; Qi, H.J.; Bryant, S.J. Mechanical loading regulates human MSC differentiation
in a multi-layer hydrogel for osteochondral tissue engineering. Acta Biomater. 2015, 21, 142-153. [CrossRef] [PubMed]

Yang, Y.; Feng, Y;; Qu, R.; Li, Q.; Rong, D.; Fan, T.; Yang, Y.; Sun, B.; Bi, Z.; Khan, A.U. Synthesis of aligned porous polyethylene
glycol/silk fibroin/hydroxyapatite scaffolds for osteoinduction in bone tissue engineering. Stem. Cell Res. Ther. 2020, 11, 1-17.
[CrossRef]

79



Polymers 2021, 13, 2950

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

Yang, C.; DelRio, EW.; Ma, H.; Killaars, A.R.; Basta, L.P; Kyburz, K.A.; Anseth, K.S. Spatially patterned matrix elasticity directs
stem cell fate. Proc. Natl. Acad. Sci. USA 2016, 113, E4439-E4445. [CrossRef]

Gandavarapu, N.R.; Alge, D.L.; Anseth, K.S. Osteogenic differentiation of human mesenchymal stem cells on «5 integrin binding
peptide hydrogels is dependent on substrate elasticity. Biomater. Sci. 2014, 2, 352-361. [CrossRef]

Chou, S.-Y.; Cheng, C.-M.; LeDuc, PR. Composite polymer systems with control of local substrate elasticity and their effect on
cytoskeletal and morphological characteristics of adherent cells. Biomaterials 2009, 30, 3136-3142. [CrossRef]

Viale-Bouroncle, S.; Véllner, E; Mohl, C.; Kiipper, K.; Brockhoff, G.; Reichert, T.E.; Schmalz, G.; Morsczeck, C. Soft matrix supports
osteogenic differentiation of human dental follicle cells. Biochem. Biophys. Res. Commun. 2011, 410, 587-592. [CrossRef]
Viale-Bouroncle, S.; Gosau, M.; Kiipper, K.; Mohl, C.; Brockhoff, G.; Reichert, T.E.; Schmalz, G.; Ettl, T.; Morsczeck, C. Rigid matrix
supports osteogenic differentiation of stem cells from human exfoliated deciduous teeth (SHED). Differentiation 2012, 84, 366-370.
[CrossRef]

Wang, P.-Y.; Tsai, W.-B.; Voelcker, N.H. Screening of rat mesenchymal stem cell behaviour on polydimethylsiloxane stiffness
gradients. Acta Biomater. 2012, 8, 519-530. [CrossRef]

Khoramgah, M.S.; Ranjbari, J.; Abbaszadeh, H.-A.; Mirakabad, FS.T.; Hatami, S.; Hosseinzadeh, S.; Ghanbarian, H. Freeze-dried
multiscale porous nanofibrous three dimensional scaffolds for bone regenerations. Biolmpacts BI 2020, 10, 73. [CrossRef]

Oh, S.H.; An, D.B.; Kim, T.H; Lee, ]. H. Wide-range stiffness gradient PVA/HA hydrogel to investigate stem cell differentiation
behavior. Acta Biomater. 2016, 35, 23-31. [CrossRef]

Hwang, J.-H.; Byun, M.R.; Kim, A.R.; Kim, K.M.; Cho, H.].; Lee, YH.; Kim, |.; Jeong, M.G.; Hwang, E.S.; Hong, J.H. Extracellular
matrix stiffness regulates osteogenic differentiation through MAPK activation. PLoS ONE 2015, 10, e0135519. [CrossRef]

Sun, X.; Tung, W.; Wang, W.; Xu, X.; Zou, J.; Gould, O.E.; Kratz, K.; Ma, N.; Lendlein, A. The effect of stiffness variation of
electrospun fiber meshes of multiblock copolymers on the osteogenic differentiation of human mesenchymal stem cells. Clin.
Hemorheol. Microcirc. 2019, 73, 219-228. [CrossRef]

Shams, M.; Karimi, M.; Heydari, M.; Salimi, A. Nanocomposite scaffolds composed of Apacite (apatite-calcite) nanostructures,
poly (e-caprolactone) and poly (2-hydroxyethylmethacrylate): The effect of nanostructures on physico-mechanical properties and
osteogenic differentiation of human bone marrow mesenchymal stem cells in vitro. Mater. Sci. Eng. C Mater. Biol. Appl. 2020,
117,111271. [CrossRef]

Tang, X.; Ali, M.Y,; Saif, M.T.A. A Novel Technique for Micro-patterning Proteins and Cells on Polyacrylamide Gels. Soft Matter
2012, 8, 7197-7206. [CrossRef] [PubMed]

Daliri, K.; Pfannkuche, K.; Garipcan, B. Effects of physicochemical properties of polyacrylamide (PAA) and (polydimethylsiloxane)
PDMS on cardiac cell behavior. Soft Matter 2021, 17, 1156-1172. [CrossRef]

Winer, ].P.; Janmey, P.A.; McCormick, M.E.; Funaki, M. Bone marrow-derived human mesenchymal stem cells become quiescent
on soft substrates but remain responsive to chemical or mechanical stimuli. Tissue Eng. Part A 2009, 15, 147-154. [CrossRef]
Lee, ].; Abdeen, A.A.; Huang, T.H.; Kilian, K.A. Controlling cell geometry on substrates of variable stiffness can tune the degree
of osteogenesis in human mesenchymal stem cells. |. Mech. Behav. Biomed. Mater. 2014, 38, 209-218. [CrossRef] [PubMed]
Stanton, A.E.; Tong, X.; Yang, F. Extracellular matrix type modulates mechanotransduction of stem cells. Acta Biomater. 2019, 96,
310-320. [CrossRef]

Gungordu, H.I; Bao, M.; van Helvert, S.; Jansen, J.A.; Leeuwenburgh, S.C.G.; Walboomers, X.F. Effect of mechanical loading and
substrate elasticity on the osteogenic and adipogenic differentiation of mesenchymal stem cells. |. Tissue Eng. Regen. Med. 2019,
13, 2279-2290. [CrossRef]

Hogrebe, N.J.; Gooch, K.J. Direct influence of culture dimensionality on human mesenchymal stem cell differentiation at various
matrix stiffnesses using a fibrous self-assembling peptide hydrogel. |. Biomed. Mater. Res. A 2016, 104, 2356-2368. [CrossRef]
Wu, L.; Magaz, A.; Wang, T.; Liu, C.; Darbyshire, A.; Loizidou, M.; Emberton, M.; Birchall, M.; Song, W. Stiffness memory
of indirectly 3D-printed elastomer nanohybrid regulates chondrogenesis and osteogenesis of human mesenchymal stem cells.
Biomaterials 2018, 186, 64-79. [CrossRef]

Chen, G.; Xu, R; Zhang, C.; Lv, Y. Responses of MSCs to 3D scaffold matrix mechanical properties under oscillatory perfusion
culture. ACS Appl. Mater. 2017, 9, 1207-1218. [CrossRef]

80



% polymers

Article

Laser-Induced Graphene-Based Enzymatic Biosensor for
Glucose Detection

Kalpana Settu *, Pin-Tzu Chiu and Yu-Ming Huang

Citation: Settu, K.; Chiu, P-T,;
Huang, Y.-M. Laser-Induced
Graphene-Based Enzymatic Biosensor
for Glucose Detection. Polymers 2021,
13,2795. https://doi.org/10.3390/
polym13162795

Academic Editors: José Miguel Ferri
and Claudio Gerbaldi

Received: 5 July 2021
Accepted: 17 August 2021
Published: 20 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 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 (https://
creativecommons.org/licenses /by /
4.0/).

Department of Electrical Engineering, National Taipei University, New Taipei City 23741, Taiwan;
5410787003@gm.ntpu.edu.tw (P-T.C.); idris.herondale@gmail.com (Y.-M.H.)
* Correspondence: kalpana@mail.ntpu.edu.tw; Tel.: +886-2867-4111-1 (ext. 68806)

Abstract: Laser-induced graphene (LIG) has recently been receiving increasing attention due to
its simple fabrication and low cost. This study reports a flexible laser-induced graphene-based
electrochemical biosensor fabricated on a polymer substrate by the laser direct engraving process. For
this purpose, a 450 nm UV laser was employed to produce a laser-induced graphene electrode (LIGE)
on a polyimide substrate. After the laser engraving of LIGE, the chitosan—glucose oxidase (GOx)
composite was immobilized on the LIGE surface to develop the biosensor for glucose detection. It
was observed that the developed LIGE biosensor exhibited good amperometric responses toward
glucose detection over a wide linear range up to 8 mM. The GOx/ chitosan-modified LIGE biosensor
showed high sensitivity of 43.15 pA mM~! em~2 with a detection limit of 0.431 mM. The interference
studies performed with some possible interfering compounds such as ascorbic acid, uric acid, and
urea exhibited no interference as there was no difference observed in the amperometric glucose
detection. It was suggested that the LIGE-based biosensor proposed herein was easy to prepare and
could be used for low-cost, rapid, and sensitive/selective glucose detection.

Keywords: biosensor; laser-induced graphene; polyimide; glucose; enzyme

1. Introduction

Numerous novel and cutting-edge technologies and materials are necessary to sat-
isfy the new trends and requisites of analytical systems as the needs for environmental,
biomedical, food and beverage analysis are progressing very quickly. The development
of biosensors has evolved as one of the most promising research directions to overcome
these challenges. Therefore, biosensor-based techniques have recently started being ap-
plied for the determination of different clinically, environmentally and biologically active
materials [1-3]. In this regard, the design of biosensors in nanoscience /nanotechnology;,
environmental, medicine and food monitoring has been significantly increased during the
past decade for their extensive applications. These advanced technologies have assisted the
construction of highly sensitive, selective, customizable, and portable sensors for the deter-
mination of various clinically significant materials such as glucose, etc. [4]. The progress
of such glucose biosensors has an inordinate significance in diagnosing and controlling
diabetes mellitus, which is considered a worldwide public health problem. Diabetes melli-
tus would increase the risk of heart disease, kidney failure, blindness, postoperative and
wound infections [5,6].

Diabetes mellitus has increased worldwide over the past five decades. Diabetes is
a medical condition in which patients experience glucose concentration diverging from
the normal range of 80-120 mg/dL (4.4-6.6 mM) [7]. In 2019, the International Diabetes
Federation (IDF) assessments indicated that approximately 463 million adults have diabetes,
and it might rise to 700 million by 2045 [8]. Diabetic patients are required to perform
glucose testing several times a day to maintain normal glucose levels. Hence, the rapid
quantification of glucose concentration in bodily fluids is vital for diagnosing and treating
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diabetic patients. For this purpose, the design of an easy, rapid and low-cost technology
for the determination of glucose is essential in clinical diagnosis [9,10].

Glucose biosensors have significantly contributed to the detection of glucose levels in
diabetic patients [11,12]. Studies have indicated that among various biosensors, glucose
oxidase (GOx) enzyme-based electrochemical biosensors were considered to offer good
selectivity and sensitivity for glucose detection [13,14]. Amperometry is the widely used
electrochemical technique for glucose detection. Amperometric sensors could provide
several advantages, such as ease of use, short analysis time, high sensitivity, and higher
signal-to-noise ratio compared to other sensors [14-16]. The common idea applied for the
development of amperometric biosensors is the efficiency of charge transfer, which can be
better enhanced. Additionally, the biocompatibility issues of the sensors could be resolved
by modifying electrodes with polymers such as chitosan or hydrogels [17]. In addition,
various features of the electrodes could easily be altered by selecting the optimal chemical
and electrochemical parameters during the effective electrode modifications [18,19].

The amperometric glucose biosensor generally uses an enzyme glucose oxidase (GOx),
which catalyzes glucose oxidation at the electrode and provides high selectivity in glucose
detection. Most enzymatic amperometric biosensors are based on disposable screen-printed
enzyme electrode strips [20-22]. However, the wastage of materials might occur during
the screen-printing process, limiting the applications of screen-printed electrodes.

Graphene, a carbon-based nanomaterial, has gained substantial attention in many
areas. In terms of electrochemical properties, graphene could provide high conductivity
with a remarkable heterogeneous electron transfer rate [23,24]. In 2014, it was found that
polymers such as polyimide (PI) could be directly converted into porous graphene using a
CO; laser machine with a 10.6 pm wavelength [25]. In addition to infrared CO, (10.6 pm)
laser, visible laser [26-31] and ultraviolet laser [32] have also been successfully used to
synthesize laser-induced graphene (LIG). The laser-irradiation of the PI film caused the
photo-thermal generation of the graphene due to the local heating of the film. Upon
heating the film, the carbon atoms bonded with oxygen (C-O, C=0) and nitrogen (C-N)
atoms via sp® and sp? hybridization breakdown and rearranged to form several layers
of sp? hybridized carbon atoms of graphene [25,33]. The laser induction of graphene has
been performed in ambient conditions without any material wastage. In addition, the
shape/pattern of LIG could also be easily customized by computer design, which holds
great promise toward developing glucose biosensors.

Recently, Pereira et al. demonstrated the electrochemical response of GOx adsorbed
on a CO; laser-scribed LIG [34]. The GOx enzyme adsorbed on LIG remained catalytically
active even after running the cyclic voltammetry up to +1.0 V for glucose detection. The
LIG electrodes facilitated the direct electron transfer between the GOx and the electrode
surface without mediators.

In this study, we fabricated a laser-induced graphene electrode (LIGE) by simple direct
laser engraving with the UV laser on polyimide tape. The LIGE surface was immobilized
with GOx/Chitosan composite for selective detection on glucose. Amperometric measure-
ment was used to quantify the glucose concentration with the developed LIGE enzymatic
biosensor. The novelty of the present work lies in the detection of glucose with enhanced
sensitivity using a simple, low-cost LIGE-based biosensor.

2. Materials and Methods
2.1. Chemicals and Instruments

Glucose, uric acid, ascorbic acid, chitosan, and glucose oxidase (GOx, from Aspergillus
niger, Type X-S, lyophilized powder, 118,000 units/g solid) were purchased from Sigma-
Aldrich Corp. (St. Louis, MO, USA). A single-sided Kapton® polyimide tape with a film
thickness of ~30.4 um and a width of 50 mm was obtained from STAREK Scientific Co.,
Ltd. (Taipei, Taiwan). Photo/printing paper (HYA300, A4—120 gm~2, 0.15 mm) was
purchased from a local book store. All the electrochemical measurements were conducted
using a portable potentiostat (PalmSens 4, PalmSens, Houten, The Netherlands). Raman
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spectroscopic study was conducted using a micro-Raman spectrometer (JASCO NRS-
4100; Laser 532 nm) with a spectral resolution of 2 cm~!. Data processing/plotting was
performed using Origin 9.1 software (OriginLab Inc., Northampton, MA, USA).

2.2. Fabrication of LIGE Sensor

A 3-electrode system was designed using AutoCAD software with a 3 mm diameter
of working electrode and laser-inscribed to graphene-based electrodes. Kapton® polyimide
tape was pasted onto a paper substrate and cleaned with isopropanol and deionized water.
Then, the designed pattern made in graphic software was inscribed on the surface of the
Kapton tape using a laser engraving machine (HANLIN 7WLS, 7 W, 450 nm) to form highly
conductive graphene electrodes, as shown in Figure 1. The resistance of the graphene-
based electrode was optimized by adjusting the laser power intensity (22% of the machine’s
maximum power), engraving depth (5%), the distance between the laser head and the
polyimide substrate (~13 cm). The duration for fabricating a complete LIGE sensor was
2.8 min.

Polyimide tape
on paper

Counter electrode

- Working electrode

15 mm

—~ Reference electrode

Figure 1. LIG 3-electrode system on polyimide tape fabricated by laser inscribing.

2.3. Immobilization of GOx/Chitosan Composite on the LIGE

The glucose biosensor was prepared by immobilizing the glucose oxidase and chitosan
hydrogel homogeneous biocomposite on the LIGE surface. The resulting biocomposite
could retain the enzyme bioactivity at considerably extreme conditions [35]. Five mil-
ligrams of GOx and three milligrams of chitosan were dissolved in 0.5 mL of deionized
water and stirred for 5 min [36]. Subsequently, 5 uL of the mixture was cast onto the surface
of the LIGE working electrode. Then, the LIGE sensor was kept in a refrigerator at 4 °C for
24 h.

2.4. Electrochemical Measurements

All the electrochemical measurements were carried out using PalmSens 4 potentiostat
(PalmSens, Houten, The Netherlands) at room temperature. The electrochemical redox
characteristics of the LIGE were measured by Cyclic voltammetry (CV) with different con-
centrations of potassium ferri (Ill)cyanide (K3[Fe(CN)g]) in 50 mM of phosphate-buffered
solution (PBS). CV measurements were performed at a scan rate of 50 mV /s with a potential
range from —0.8 to +0.8 V. Chronoamperometry (CA) experiments for glucose detection
with LIGE were performed in 50 mM PBS at the fixed applied voltage of 0.8 V for 60 s. The
detection principle of glucose is based on the electron transfer mechanism. GOx reacts
with glucose in the presence of O, and produces gluconolactone and H,O;. A change in
electrical current occurs at the electrode surface during these reactions due to the electron
transfer. Additionally, the resulting current response is proportional to the number of
glucose molecules present in the sample.

2.5. Optimization of Applied Potential and pH

CA measurements were used to determine the optimal applied potential and pH for
glucose detection. The CA potential was optimized by varying the potential from 0.3 V
to 1.3 V (5 mM Glucose, pH 7), and the resulting CA current was sampled at 60 s. CA
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measurements were performed with a LIGE biosensor at 5 mM glucose solution with the
applied potential of 0.8 V by varying the pH of the phosphate-buffered solution from a pH
of 5 to 9, and the optimal pH was found.

2.6. Interference Study

The response of the LIGE biosensor for glucose detection was evaluated in the presence
of potential interferences such as 0.1 mM ascorbic acid, 0.1 mM uric acid, and 3 mM urea
(pH 7; 5 mM glucose; 0.8 V).

3. Results and Discussion
3.1. Characterization of LIGE
3.1.1. Raman Spectra

In this study, a graphene three-electrode system for electrochemical sensing appli-
cations was developed by direct laser inscribing on polymer substrate (Polyimide). The
prepared LIGE was characterized with Raman spectra, as shown in Figure 2. The Raman
spectrum consists of G band at ca. 1592 cm ! related to the Ep¢ phonon of the sp? carbon
atoms, and D band at ca. 1340 cm ! corresponds to the disordered grain boundaries [37,38].
Two other bands were observed at 2697 and 2900 cm~!. The band at ca. 2700 cm~! is
known as the 2D band, an indicator of the number of graphene layers. A sharp peak
will appear at ca. 2700 cm~! for monolayer graphene. Here, the broadened band was
observed, which would be attributed to the prepared graphene containing many layers
with some defects. The band that appeared at 2900 cm ! is called an S3 band, which is a
second-order peak derived from the D-G peak combination. The band intensity ratio of
S3-2D is proportional to the reduction in defects [38]. This Raman spectra result indicated
that the obtained black material on polyimide substrate was carbon-based graphene.

G
D

Intensity (a.u)

T T T T T T T T T T
1000 1500 2000 2500 3000 350
Raman Shift (cm™)
Figure 2. Raman spectra of LIGE.

3.1.2. Electrochemical Characterization

Before developing the glucose biosensor with LIGE, validating the LIGE sensor to-
wards electrochemical sensing was necessary. The ferri/ferrocyanide (Fe(CN)63’/ 4= redox
couple is one of the most widely used electron mediators for electrochemical reactions [39].
The performance of an electrochemical sensor towards an electron mediator was consid-
ered most relevant to general biochemical sensing applications. Thus, the electrochemical
efficacy of the LIGE sensor was evaluated using cyclic voltammetry responses in differ-
ent concentrations of ferricyanide redox mediator (Ks[Fe(CN);s]), as shown in Figure 3a.
As seen from Figure 3a, the oxidation peaks’ current increased from 35.495 to 65.043 ©A
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when the ferricyanide concentration ranged from 0.5 to 2.5 mM. The oxidation peak current
showed an excellent linear relationship with different ferricyanide concentrations, as shown
in Figure 3b. The linear regression equation was y = 14.54x + 28.69 (R? = 0.998), where y
and x are the height of oxidation peak current (uLA) and (K3[Fe(CN)¢]) concentration (mM),
respectively. The fabricated LIGE provided a favorable response for varying ferricyanide
concentrations, indicating excellent electrocatalytic properties. Moreover, the reproducibil-
ity of all CV responses was within 5% RSD (relative standard deviation) (1 = 4). These
results demonstrated the remarkable electrocatalytic response of the fabricated LIGE sensor.
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Figure 3. (a) CV responses of ferricyanide solutions with varying concentrations; and (b) oxidation current peaks vs.

concentration. Scan rate was 50 mV s—1.

3.2. Characterization of GOx/Chitosan Immobilized LIGE

Cyclic voltammetry measurement was performed to confirm the LIGE immobiliza-
tion with GOx/Chitosan. Figure 4 shows the cyclic voltammograms of potassium ferri-
cyanide at bare LIGE and GOx/chitosan composite-modified LIGE. It can be seen that
after the immobilization of GOx/chitosan composite onto the LIGE surface, the peak cur-
rent decreased to 24.325 from 58.336 pA of the bare LIGE. The electron transfer kinetics
of [Fe(CN)6]*~ /[Fe(CN)6]>~ is significantly hindered after the LIGE surface was modi-
fied with GOx/chitosan. This result confirmed that the GOx/chitosan was successfully
immobilized on the LIGE surface.

100

50

Current (uA)

-504

Bare LIGE
—100 + —— GOx/Chitosan coated LIGE

T T T T T T T T T
-10 -08 -06 -04 -02 00 02 04 06 08 1.0

Potential (V)

Figure 4. Cyclic voltammograms on bare LIGE and GOx/ chitosan-modified LIGE in the presence of
2 mM potassium ferricyanide.
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100

3.3. Amperometric Detection of Glucose by the Proposed LIGE

The chronoamperometry technique was employed to detect glucose using GOx/
Chitosan coated LIGE sensor at a constant oxidation potential of +0.8 V. Figure 5a depicts
the chronoamperometric responses of the LIGE biosensor with glucose concentrations
ranging from 0 to 10 mM. The current response increased with increasing glucose concen-
trations. The steady-state current response at 60 s was chosen for the detection of glucose
concentration. The amperometric current response of the LIGE biosensor exhibited a linear
relationship with the glucose concentrations ranging from 0 to 8 mM, and the current began
to level off at a glucose concentration higher than 8 mM as shown in Figure 5b. The linear
regression equation was y = 3.05x + 8.54, with a coefficient of determination R? = 0.97 and
a sensitivity of 43.15 pA mM~! cm 2. The limit of detection was calculated according to
the 3s, /b criterion, where b was the slope of the calibration curve, and s, was the estimated
standard deviation of the y-intercepts of the regression line [3]. The detection limit calcu-
lated was 0.431 mM. As seen from Figure 5b, the linear part of the calibration curve includes
the normal glucose levels (4.4 to 6.6 mM) in the human blood. Thus, this study could offer
a simple approach for the clinical glucose measurement with a disposable LIGE-based
biosensor. The performance of the proposed biosensor was compared with other reported
glucose biosensors, as shown in Table 1. The developed LIGE-based enzymatic glucose
biosensor exhibited good analytical characteristics towards glucose detection such as good
linearity and high sensitivity. Moreover, the fabrication and detection procedures of the
proposed LIGE-based biosensor were also simple, rapid, and cost-effective.
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Figure 5. (a) Chronoamperometry response with different concentrations of glucose; (b) the relationship between the

glucose concentration and

the chronoamperometric current response at 60 s.

Table 1. Comparison of the analytical performance of glucose biosensors.

Glucose Biosensor ? Sensitivity (uA mM~1 cm—2) Linear Range (mM) LOD (uM) Reference

GOx/Chitosan-modified LIGE 43.15 0-8 431 This work
GC/MWCNT/Fe304/PDA-GOx 5.04 2-20 2.25 [40]
LSG/PBSE/PtNPs/GOx 12.64 0.005-3.2 2.57 [41]
MoS, /Chitosan/GOx-Gelatin/PGE 0.8 (LA mM 1) 0.01-0.8 3.18 [42]
CPE/GOx-5i0, /Lig 0.78 0.5-9 145 [19]
Au—-Cys-GA-Gox 2.65 1.5-7 940 [43]
PPy/GOD/SPCE 0.21 0-5 - [44]

2 GC—glassy carbon electrode; MWCNT—multi-walled carbon nanotubes; Fe304/PDA—magnetite /polydopamine; LSG—laser-scribed
graphene; PBSE—pyrenebutanoic acid-succinimide ester; PtNPs—platinum nanoparticles; MoS;—molybdenum disulfide; PGE—pencil
graphite electrode; CPE—carbon paste electrode; SiO, /Lig—silica/lignin; Cys—cysteine; GA—glutaraldehyde; PPy—polypyrrole; SPCE—
screen-printed carbon electrodes; GOD/GOx—Glucose oxidase.
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3.4. Michaelis—Menten Kinetics

The maximum response current (I,;5y) and the apparent Michaelis-Menten constant
(K2tP) were used to analyze the relationship between chronoamperometric signals and
enzymatic reaction. As shown in Figure 5b, when glucose concentration exceeds 6 mM, a
response plateau was observed with the characteristic of Michaelis-Menten kinetic mecha-
nism. From the calibration plot (Figure 5b dotted line), the current response showed hyper-
bolic dependence on glucose concentration and was in good agreement with Michaelis—
Menten kinetics [45]. The kinetic parameters, the maximum current generated during the
enzymatic reaction (I,4y) and the apparent Michaelis constant (Kff 1O) are the corresponding
a and b parameters of hyperbolic function y = ax/(b + x) [46]. The apparent Michaelis—
Menten constant (KZFF) is an indication of enzymatic mimics—substrate kinetics. From
the hyperbolic calibration plot (Figure 5b dotted line), the I, and Michaelis constant
KPP were 40.34 pA and 3.75 mM, respectively. The value of Kit¥ is consistent with the
reported value (KiPP = 3.84 mM) for other GOx immobilized on the chitosan complex over
triangular silver nanoprisms/platinum biosensor [47].

3.5. Optimization of Applied Potential and Buffer pH

Chronoamperometry measurements were used to determine the optimal applied
potential and pH for glucose detection with the developed enzymatic LIGE biosensor.
Figure 6a shows the chronoamperometric response of the LIGE biosensor at 60 s with
different applied potential values ranging from 0.3 to 1.3 V. The results showed that
the current increased with increasing applied potential from 0.3 to 0.8 V and currents
tended to level off when the potential increased beyond 0.8 V. Thus, 0.8 V was selected
as the optimized potential for amperometric glucose detection. Figure 6b illustrates the
chronoamperometry current response of the biosensor as a function of the pH of PBS
containing 2 mM glucose. The current responses at pH 5, pH 6, and pH 7 were almost
similar. Considering the pH of a physiological buffer, pH 7 was chosen for the glucose
detection experiments.

16
25
i \/ ]
2 v ./
< 141
L]
—~ 15 =
< =
2 5]
£ 104 =
o . 3
5 124
O 54
0 -
10
-5
T T T T T T T T T T T T T T
00 02 04 06 08 10 12 14 16 5 6 7 8 9
Potential (V) pH
(@ (b)

Figure 6. (a) Chronoamperometry response at 60 s in different applied potential with 5 mM glucose; and (b) Chronoamper-
ometry response at 60 s in different buffer pH with 2 mM glucose.

3.6. Interference Study

The developed LIGE-based enzymatic biosensor was evaluated with possible inter-
ferences by comparing the chronoamperometric responses before and after adding some
interferents such as ascorbic acid (0.1 mM), uric acid (0.1 mM), and urea (3 mM) in 5 mM
glucose. As shown in Figure 7, the chronoamperometric current responses for glucose with-
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out and with interferents showed practically no interference. The LIGE was modified with
GOx, which is the standard enzyme for biosensors and it has relatively higher selectivity
for glucose [48]. Hence, the LIGE biosensor was suggested to possess good selectivity due
to the specificity of the GOx enzyme.

100
90 —— 5 mM Glucose
—— 5 mM Glucose + 0.1 mM Ascorbic acid
80 —— 5 mM Glucose + 0.1 mM Uric acid
20 - —— 5 mM Glucose + 3 mM Urea
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Figure 7. Chronoamperograms of 5 mM glucose with/without interferences. The inset shows the
zoomed part of the result from 45 to 70 s.

3.7. Stability and Reproducibility of Biosensor

The stability of the developed GOx/chitosan-modified LIGE biosensor was evaluated
by measuring the amperometric current response in the presence of 5 mM glucose over
25 days stored at 4 °C in a refrigerator. The biosensor exhibited ~90% stability for 10 days,
and the response remained approximately 72-85% after 10 days. The reproducibility of
the developed biosensor was assessed from the current response of different biosensors
prepared independently. In this work, all the measurements were taken from at least three
independent sensors (1 > 3), and the reproducible signals were obtained with the RSD less
than 6%.

4. Conclusions

We developed a simple laser-induced graphene-based enzymatic biosensor for glucose
detection. The proposed detection strategy could offer an easy and low-cost route to
mass-produce sensitive biosensing electrodes. The chronoamperometric measurements
successfully detected the glucose over a linear range from 0 to 8 mM with a detection limit
of 0.431 mM. The biosensor response was not affected by interfering compounds (ascorbic
acid, uric acid and urea) and demonstrated the high specificity and selectivity of this LIGE
biosensor in glucose detection. The proposed LIGE biosensor holds excellent promise in
point-of-care diagnosis. Our future study aims to validate the biosensor response in human
blood samples for real-life applications.
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Abstract: Polylactide (PLA) is one of the most important bioplastics worldwide and thus represents
a good potential substitute for bead foams made of the fossil-based Polystyrene (PS). However,
foaming of PLA comes with a few challenges. One disadvantage of commercially available PLA is its
low melt strength and elongation properties, which play an important role in foaming. As a polyester,
PLA is also very sensitive to thermal and hydrolytic degradation. Possibilities to overcome these
disadvantages can be found in literature, but improving the properties for foaming of PLA as well
as the degradation behavior during foaming have not been investigated yet. In this study, reactive
extrusion on a twin-screw extruder is used to modify PLA in order to increase the melt strength and
to protect it against thermal degradation and hydrolysis. PLA foams are produced in an already
known process from the literature and the influence of the modifiers on the properties is estimated.
The results show that it is possible to enhance the foaming properties of PLA and to protect it against
hydrolysis at the same time.

Keywords: polylactide; biofoam; hydrolysis; degradation

1. Introduction

Degradation describes any type of mechanism in which there is a reduction in molecu-
lar weight and consequently a shortening of the polymer chains. These include hydrolysis,
enzymatic oxidation, photooxidation and auto-oxidation. Mechanical and thermal as well
as UV radiation-induced degradation can also occur. All these processes take place without
the presence of microorganisms, which is why they are called abiotic degradation processes.
This is their difference from biodegradation, which involves microorganisms. The abiotic
degradation processes can lead to fragmentation and the formation of small microparticles,
which in turn can be metabolized by microorganisms [1,2].

PLA, as with many other bioplastics, is very sensitive to thermal and hydrolytic
degradation, which is characteristic of all polyesters. In this process, cleavage takes place
at the hydrolyzable groups, such as esters, by water molecules. The structural formula of
PLA is shown below in Figure 1, with the functional groups color-coded.

O
O
HO O oH
O O

Figure 1. Chemical structure of PLA with its functional groups.

In hydrolysis, a distinction must be made between two different types, acidic and basic
ester hydrolysis. Both reactions can occur in PLA and it must be noted whether the reaction
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takes place within the chain or at the end groups and under which conditions. Hydrolysis is
influenced by several parameters, including on the one hand the prevailing environmental
conditions such as water activity, temperature, pH and time [3,4]. On the other hand, the
degree of crystallization, molar mass, size and geometry of the samples, stereo complex
formation, number of acid end groups and hydrophobicity also play a crucial role [5-8].
A special feature in PLA is also the occurrence of the so-called autocatalyzed hydrolysis.
The mechanism is similar to that of acid ester hydrolysis. The proton of the carboxyl
group catalyzes the hydrolysis reaction. The proton activates the carbonyl group and
makes it more susceptible to attack by water molecules. Under neutral conditions, a
slower degradation takes place and in alkaline media, a faster degradation takes place than
in acidic environments [1,4,9]. Hydrolysis often occurs during processing (for example
extrusion or injection molding) under the influence of high temperatures. One way to
counteract this is to pre-dry the PLA pellets very well before processing or to add stabilizers
during processing [6,7,10]. However, hydrolysis can occur not only at high temperatures,
but also at relatively moderate temperatures around 60 °C and under the influence of
increased humidity, such as under industrial compost conditions [11].

Hydrolytic degradation does not necessarily end in complete decomposition of the
material. However, it must be considered in order to identify and minimize downgrading
of the polymer properties. The literature contains numerous papers and patents that coun-
teract undesirable degradation with chemical modifiers [3,6-8,10,12-17]. The substance
classes epoxides, carbodiimides and phosphorous acid esters have shown the most promise
to date [10,13]. Most of these modifiers react with the end groups of PLA to inhibit the
hydrolysis. The determination of the acid value is a method to verify possible reactions
between modifiers and PLA and degradation through processing. Although there are some
ways to prevent the hydrolysis of PLA, to the best of our knowledge, this was not investi-
gated for foaming. Especially in bead foaming, PLA has to undergo different processing
steps, such as compounding, foaming and welding.

Often, biopolymers such as PLA are said to be potential alternatives in packaging
applications. Here, expanded PS (EPS) and expanded Polypropylene (EPP) are the market
leaders due to their possible complex geometries compared with their low densities. In
order to compete with these materials, PLA bead foams have to be made and fused
together. Standau et al. [18] showed different ways of producing bead foams. As an
example, expanded PLA (EPLA) can be made by a stirring autoclave process described by
Nofar [19]. This process is characterized by a water-polymer mixture which is processed
at temperatures far above 100°C, which leads to a tremendous degradation and therefore
a loss in mechanical stability. To be competitive with polyolefine bead foams, the used
polylactides need to be modified in order to prevent degradation during processing.

As a conclusion, PLA suffers from hydrolytic degradation during processing. There-
fore, several modifiers have been used to increase the molecular structure and prevent the
PLA from degradation during processing. Modified samples have been processed in a
stirring autoclave process according to the literature to evaluate the stabilizing effect of
the modifiers.

2. Experimental
2.1. Materials

In this study, PLA Ingeo 2003 D from NatureWorks Ltd. (Minnetonka, USA) was mod-
ified with two different chemical modifiers. Dicumyl peroxide (DCUP) from Sigma Aldrich
was used as a melt strength enhancer and poly carbodiimide from Lanxess, Cologne, Ger-
many as a hydrolysis stabilizer. Both modifiers were incorporated by reactive extrusion
with a ZSK 26 twin screw extruder (Coperion GmbH, Stuttgart, Germany). The concentra-
tions were selected based on pre-trials with 0.1 and 0.2 wt% for the peroxide and 0.5 wt%
for the poly carbodiimide.
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2.2. Methods
2.2.1. Rheological Investigation

Using a Discovery HR-2 plate-to-plate rheometer from TA Instruments, USA (plate
diameter 25 mm; plate spacing 1 mm), the linear viscoelastic deformation behavior of
PLA and the modified grades was determined. Prior to measurement, the materials
were dried overnight at 40 °C in a vacuum oven. The viscosity measurements were
then carried out under a nitrogen atmosphere. To determine the thermal stability and
to investigate if the chemical reactions were completed, time-sweep measurements were
performed at a constant angular velocity of 1 rad/s, a shear stress amplitude of 5 % and
a measurement temperature of 180 °C. The measurement time was 1800 s. A frequency
sweep was performed to determine the viscoelastic flow behavior. Here, at a shear stress
amplitude of 5% and a temperature of 180 °C, the angular velocity is varied from 500 to
0.01 rad/s.

2.2.2. Size Exlcusion Chromatography (SEC)

An Agilent 1260 (Agilent, Waldbronn, Germany), equipped with a PSS-SDV precol-
umn (10 um) 50 mm x 8 mm and three linear PSS-SDV columns (10 um) 300 mm x 8 mm
(with pore sizes of 103 A, 105 A and 106 A), from PSS (Mainz, Germany) was used to
determine the molar mass. Measurements were made in chloroform at a temperature of
30 °C and a flow rate of 1.0 mL/min. Using a PSS SECurtiy 1260 differential detector (PSS,
Mainz, Germany), the molar mass could be calculated. In order to investigate the influence
of the modification and the chemical constitution, GPC measurements were performed
using a PSS DVD 1260 viscosity detector (PSS, Mainz, Germany).

2.2.3. Acid Value Determination

The acid number was determined according to EN ISO 2114:2000 to verify whether
the acid end group had been modified by reactive extrusion. For the subsequent deter-
mination of the acid number, 3 or 6 g PLA were dissolved in 100 mL chloroform (Carl
Roth, Karlsruhe/Germany) and stirred for at least three hours. The glass electrode (type
6.0229.100 from Methrom (Filderstadt, Germany)) was then placed in the analysis vessel.
While stirring, the methanolic KOH solution was added stepwise (0.5 mL steps or 0.2 mL
steps around the equivalence point) and the voltage value of the potentiometer (“AL15”
from Tintometer GmbH—Lovibond Water Testing, Dortmund, Germany) was noted. The
measurement was stopped as soon as the voltage value of the potentiometer changed only
slightly after the addition of the methanolic KOH solution. The potentiometer “AL15” was
used (Tintometer GmbH—Lovibond Water Testing, Dortmund, Germany).

2.2.4. Foaming

A self-made stirring autoclave was used for processing the polymer granules. Here,
the materials were processed as it is known for EPLA bead foams in the literature [19].
Deionized water and the pellets were put in the autoclave. Afterwards, it was sealed and
a pressure of 50 bar of CO; was applied. The setup was heated up to a temperature of
120 °C, saturated for 30 min and released out of the autoclave. The gained materials after
this processing were used to evaluate the degradation behavior of the samples.

3. Results
3.1. SEC Results

The used PLA was modified on a twin-screw extruder with DCUP (0.1 wt% /0.2 wt%)
and PDCI (0.5 wt%). After the reactive modification, the effectiveness of the modifiers
was verified. One way to investigate this is by the method of SEC, which can be used to
determine the molar mass and a molar mass distribution. The principle is based on the
separation of molecules according to their molecular size. Figure 2 shows the molar mass
and polydispersity index (PDI) of all produced compounds.
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M, in 10° g/mol
PDI

Figure 2. SEC-Results of all PLA compounds.

The organic peroxide led, as well as the PDCI, to an increased molar mass. As the
amount of DCUP increases, this effect is enhanced. The addition of PCDI leads also
to an increase in molar mass but is less pronounced than DCUP. The reason why the
molar mass does not increase that much is that PCDI only reacts with the end groups of
PLA. The combination of DCUP and PCDI showed the highest increase in molar mass.
The results show on the one hand that a successful modification took place during the
reactive extrusion on the twin-screw extruder and thus a chemical reaction between the
two components has occurred. Furthermore, the increase in molar mass indicates a change
in the linear structure of the PLA, which will be considered in more detail in the following
rheological investigations.

3.2. Rheological Investigation

Figure 3 shows the measured frequency sweeps of the unmodified PLA compared to
the modified ones.
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Figure 3. Rheological measurements of the PLA compounds.

All materials show a typical shear thinning behavior. Pure, unmodified PLA shows a
chain progression typical for linear polymers. Modification with DCUP leads to an increase
in zero viscosity, but the curves still show typical shear thinning behavior and form a
Newtonian plateau in the low-frequency range, except PLA with 0.2. wt% DCUP and
0.5 wt% PCDI. With higher amount of DCUP, a higher zero shear viscosity is observed.
The increase in viscosity can be explained by the change in the molecular chain structure of
the modified PLA. DCUP decomposes during reactive extrusion to form radicals that can
attack the PLA chain leading to a chain extension or/and branching. It has already been
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described in the literature that DCUP can lead to branching or cross-linking of polymer
chains [12]. The longer chains and branching in the modified PLA result in entanglements
that act like a physical network, leading to longer relaxation times. This leads to the fact
that the Newtonian range is only indicated at low frequencies. The addition of 0.2 wt%
DCUP is more effective than that of 0.1 wt% because a higher number of possible reactive
groups are available which leads to an amount of extensions. PCDI was added as a
hydrolysis stabilizer. As seen with the SEC results before, the addition of 0.5 wt% PCDI
leads to an increase in molar mass und therefore also to an increase in the complex viscosity
compared to neat PLA. Consequently, the combination of DCUP with PCDI results in
the highest complex viscosity of all materials and to a change in the curve flow due to a
complementation of the chain extension and the prevention to degradation.

Timesweep measurements were used to observe the thermal stability. The thermal
stability is crucial for the processing, especially for the foaming process of polymers. In
addition, information is obtained about the conversion of the chemical reaction during the
reactive extrusion. Degradation reactions as well as post-reactions are generally undesirable
and should be avoided or at least taken into account. The normalized complex viscosity as
a function of time is shown in Figure 4.

1.0 1

—®— PLA neat

19/ —®— PLA +0.1 wt% DCUP
PLA +0.2 wt% DCUP
PLA +0.5 wt% PCDI

4 PLA +0.2% DCUP + 0.5 wt% PCDI

0 260 4(‘)0 6(‘)0 BESO ]0‘00 ]2‘00 14‘(}0 ](::EJO 18‘00

Normalized complex viscosity

Time in s

Figure 4. Normalized time-dependent viscosity of the compounds.

The time sweep was done for 30 min at isothermal temperature of 180 °C for all inves-
tigated compounds. It can be seen that the neat PLA has the highest degree of degradation,
followed by the different peroxide-containing compounds. The PCDI stabilized material
and the modified stabilized modifications show the highest relative viscosity indicating
no or even a low degradation during the timesweep. After the first 400 s, for all materials
except those with PCDI, the normalized complex viscosity decreases due to degradation
processes. The use of PCDI led to the desired stabilization process. However, only a slight
decrease in complex viscosity for the PLA with 0.5 wt% PCDI can be observed after 30 min.
Additionally, the reaction regarding the chain extension proceeded completely and no
post-reactions could be observed. The combination of DCUP and PCDI has the highest
complex viscosity and is stable over the time of 1800 s.

3.3. Acid Value Determination

The determination of the acid value is a method to verify if chemical reactions at the
end groups of PLA occurred. Table 1 shows the results of the acid value of the different
PLA compounds before and after the foaming.
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Table 1. Determined acid values in mmol/kg.

Compound Acid Value before Foaming Acid Value after Foaming
PLA neat 18.78 £ 0.04 30.60 = 0.13
PLA + 0.1 wt% DCUP 20.80 £ 0.25 31.87 £ 1.20
PLA + 0.2 wt% DCUP 26.63 £ 0.19 34.83 £0.31
PLA + 0.5 wt% PCDI 0.72 £0.03 2.03 £0.98
PLA + 0.2 wt% DCUP + 0.5 wt% PCDI 1.15+0.20 5.67 £ 0.31

The higher the acid value, the higher the amount of carboxyl end groups of PLA
and therefore more possibilities for a hydrolytic reaction are given. PCDI can react with
these end groups and lead to a small acid value. This means that PCDI is capturing the
carboxyl end groups, which hinders the hydrolytic reaction. The results before indicated
that a reaction between PLA and PCDI happened. The acid values before foaming were
determined after the compounding step. The addition of 0.5 wt% PCDI leads to the smallest
acid value. It confirms the other results and the expected reaction of PLA and PCDI. The
combination of both modifiers has a higher acid value of 1.15 but it is still in a range where
hardly any end groups exist in the whole polymer chains. As a comparison the neat PLA
showed an acid value of about 18.8 mmol/Kg. The conditions during the foaming led
for all materials to an increase of the acid value indicating a chain scission during the
processing. This is not surprising, looking at the processing conditions (PLA pellets in
water at 120 °C for 30 min). As it is known from literature, hydrolysis of PLA takes place
around 60 °C and under humidity. Therefore, it can be concluded that the processing
conditions for the foaming contain the ideal surroundings for hydrolysis.

4. Conclusions

PLA was successfully modified via reactive extrusion. By using 0.2 wt% of an organic
peroxide, the molar mass and complex viscosity could be increased. To prevent PLA from
undergoing hydrolysis, a stabilizer was used. To receive good foaming properties as well
as a thermally and hydrolytically stable PLA, the two modifiers were combined. The
combination of 0.2 wt% DCUP and 0.5 wt% PCDI leads to the highest molar mass and the
best thermal stabilization. By using the acid value determination, it could be shown that
the stabilizer reacts with the end groups of PLA and that several processing steps such as
extrusion and foaming can lead to a degradation of PLA. As a result, it is indispensable
to prevent PLA from hydrolysis to ensure that there is no downgrade of the properties of
PLA. In future works, different modifiers and stabilizers could be investigated and also the
following processing steps of bead foams, such as welding.
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Abstract: Research regarding the use of biopolymers has been of great interest to scientists, the
medical community, and the industry especially in recent years. Initially used for food applications,
the special properties extended their use to the pharmaceutical and medical industries. The practical
applications of natural drug encapsulation materials have emerged as a result of the benefits of the
use of biopolymers as edible coatings and films in the food industry. This review highlights the use
of polysaccharides in the pharmaceutical industries and as encapsulation materials for controlled
drug delivery systems including probiotics, focusing on their development, various applications,
and benefits. The paper provides evidence in support of research studying the use of biopolymers
in the development of new drug delivery systems, explores the challenges and limitations in in-
tegrating polymer-derived materials with product delivery optimization, and examines the host
biological /metabolic parameters that can be used in the development of new applications.

Keywords: drug; controlled release; polysaccharide; probiotics

1. Introduction

Biopolymers are generated by living organisms [1-5] and are defined as biologically
degradable polymers [6]. They represent possible materials for the replacement of synthetic
plastics due to an increased interest in developing environmental sustainability [7]. Biopoly-
mers have a structural backbone with carbon, oxygen, and nitrogen atoms which makes
them easily biodegradable. Biodegradation breaks them down into carbon dioxide, water,
humic matter (organic macromolecular material), biomass, and other natural substances;
thus, these materials are naturally recycled through biological processes [3].

A classification system based on their origin, synthesis and processing of different
biodegradable polymers [8-12] is presented in Figure 1 in the form of a social network
analysis. It divides the biopolymers in four major categories: extracted from biomass
products (agrobiopolymers), from microorganisms, and from biotechnological and petro-
chemical products. Biopolymers from biomass products have diverse compounds such as
polysaccharides (starches, celluloses, alginates, pectins, gums, and chitosan) [13]; proteins
of animal origin (whey, collagen, and gelatin); proteins of vegetal origin (zein, soya, and
wheat gluten) [14,15]; and lipids (bees wax, carnauba wax, and free fatty acids) [16,17].
Most biopolymers can be extracted from natural sources such as plants, animals, and
microorganisms including algae and agro-wastes [18]. Agro-sources of biopolymers in-
clude bananas, maize, potatoes, tapioca, yams, rice, corn, wheat, cotton, sorghum, and
barley [19,20], while animal sources are derived from cattle, pigs, and other products. Agro-
waste-based sources include apple pomace [21], tomato pomace, pineapple [22], orange
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and lemon peels, wheat straw, rice husks [23,24], paper wastes, crops, wood, and green
wastes, while the marine sources are sponges [25], corals, lobsters, fishes, and shrimps [26].
Biomaterials manufactured from these products are described as stretchy, soft, and gel-like,
with many characteristics of both solids and fluids. It is known that biopolymers can be
smart and flexible materials even in living organisms [6] because they have a structure
that is constantly manipulated either in response to environmental changes or by enzymes
throughout different stages of the organism’s lifecycle [27].
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/ Maize
Cellulose
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O starch O Polylactides Polylactic acid (PLA)
Chitosan _ potato @
O . @) FROM BIOTECHNOLOGY
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Figure 1. A social network graphical illustration of biopolymers classification.

The biopolymer composites can be prepared by several methods such as extrusion,
electrospinning, grafting, different types of molding [28], solvent casting, melt blending,
intercalation, filament winding, phase separation [29], laser printing, and film stacking [5].

Currently, the manufactured design and optimization of biopolymers through math-
ematical models are very advantageous because they improve their physical, chemical,
electrical, and mechanical properties in order to increase resistance in humid, warm, or
cold storage conditions and for applications that require specific features [30].

Although significant work has been done on the use of a wide range of biopolymers,
most of them have been based on polysaccharides due to their improved properties com-
pared to other categories such as proteins or lipids. Thus, this review focuses on the ability
of biopolymers to be used successfully in the pharmaceutical industry as encapsulating
agents, particularly for delivery of drugs and probiotics. Specifically, the paper describes
the use of alginate, chitosan, agar, starch, and cellulose by focusing on the properties and
characteristics that make them suitable candidates for product delivery, offering advan-
tages over the chemically derived polymers. The following will also be presented: the
development of encapsulated substances based on biopolymers; challenges and limitations
such as the encapsulation process, shelf life, controlled release of embedded drugs, pro-
tection, and viability of live strains; and the rate of release at different pH mediums of the
gastrointestinal fluids.

2. Biopolymers vs. Conventional Synthetic Materials

Several studies have been conducted concerning the utilization of biopolymers with
the aim of developing sustainable packaging materials. Although significant improve-
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ments have been made, there is still considerable debate over economic considerations,
environmental concerns, and product packaging performance [31].

Living organisms produce a variety of polymers as a significant part of their mor-
phological, cellular, and dry matter. These biopolymers play vital roles in the life cycle
of organisms including the preservation and expression of genetic information, catalysis
of reaction [32], energy or other nutrients, sensing of abiotic and biotic factors, protecting
against the attack of other cells, storage of carbon, and negotiation of the adhesion to the
surface of other organisms [4].

Biopolymers present important features such as biodegradability [33,34], biocompati-
bility [35], sustainability [36], bioresorbability [37], flexibility [38], antibacterial activity [6],
renewability [39], and stability [2]. They are also less toxic [40], non-immunogenic [41],
non-carcinogenic, non-thrombogenic, carbon neutral, and have the advantage of easy
extraction [42]. These properties are directly influenced by parameters such as the type of
material used as the structural matrix (charge distribution, molecular mass, and confor-
mation), film developing conditions (concentration, pH, solvent, temperature, etc.) and
category and concentration of additives (antimicrobials, crosslinking agents, plasticizers,
antioxidants, etc.) [43].

Until recently, conventional synthetic materials have become part of most materials in
our lives, including those present in beverages and food, clothes, daily used instruments,
and baby-toys, and even in biomedical applications such as surgical equipment, drug
delivery systems, and cosmetic personal care materials. Some studies have associated
these materials with potential adverse health problems, particularly in pregnant women
and newborn infants. To this end, hormonally active agents are a group of polymeric
chemicals that have been associated with critical health issues such as cancerous tumors,
congenital disabilities, and other disorders [40]. Furthermore, people have become more
aware of the effects of chemically derived compounds and are more cautious in their use
of conventional synthetic materials due to their effects on health and the environment.
Today’s consumers are more informed and sophisticated in their preferences and choices,
increasingly looking for natural and vegan alternate products with high biocompatibility
and low environmental implications. Furthermore, increasing efforts and research on the
management of plastic waste on Earth are aimed towards finding eco-friendly alternatives
to plastics [5]. Such eco-friendly alternatives can be represented by biopolymers, which
are disposed in the environment and easily degradable through the enzymatic actions of
microorganisms [44].

Compared with conventional synthetic materials that have a simpler and more ran-
dom structure, these biopolymers are complex molecular assemblies that adopt defined
and precise 3D configuration and structures [45]. Based on the composition and chemical
structure of biopolymers, they are almost identical to the macromolecules of the native
extracellular environment [46]. Many characteristics differentiate between the two types
of materials, which are summarized in Table 1. Biopolymers have multiple advantages
over conventional plastics due to their low/no toxicity, biodegradability, sustainability,
biocompatibility, and extreme hydrophilicity. Furthermore, their morphology and chem-
ical modifications can have a significant impact on their rate of biodegradation [47], an
important feature in the development of new applications for food, biomedical, and phar-
maceutical industries. Conversely, synthetic materials have a low cost and high thermal
and mechanical properties that make them more usable than biopolymers.

Some applications of biopolymers have used mixtures with synthetic materials (such
as polyethylene and polyvinyl alcohol), plasticizers (sorbitol and glycerin), nitrogenous
bases, and others, thus obtaining a partially biodegradable material [7].
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Table 1. Characteristics of biopolymers vs. synthetic polymers.

Characteristic of Materials Biopolymers Synthetic Polymers References

Main source Agro-resources Petroleum and gas [48]
Biodegradability /environmentally friendly YES NO/slow [49,50]

Structure Well defined Stochastic [48]
Chemical backbone structure Carbon, oxygen, and nitrogen Mostly carbon [48]
Dispersity Unity >1 [51]
Physicochemical resistance Low High [52]
Toxicity Low High [41]
Thermal stability Low High [52]
Mechanical properties Low High [53]
Sustainability High Low [52]
Availability High Decreasing [52]
Cost High (depends on the type) Low [54]

Although biopolymers have many advantages, there are a number of limitations in
their processing, starting from the extraction and all the way up to the final product. First,
being a completely natural product, biopolymers’ final properties depend largely on the raw
material. This can vary greatly due to the origin, climatic conditions, location, harvesting,
and processing. Therefore, the world production of biopolymers cannot always maintain
the same sustainability. To date, no universal acceptable procedures have been developed
for the collection and manufacturing of biopolymer powders from vegetable materials.
This is important both for the safety as well as the quality and performance of the final
product. Second, because the production of biopolymers is still in its infancy, the production
costs are quite high [55]. However, the elimination of recycling and waste taxes through
world legislation mitigates some of the high costs. Third, the production of biopolymers
necessitates special equipment other than those currently used. The development of such
equipment and protocols requires time, additional costs, and trained staff. However, given
that biopolymer processing technology is relatively easy and accessible, some existing
equipment has been adapted for this purpose, thus reducing the costs [56]. Finally, the
lower performance of biopolymers compared to conventional materials may limit their use,
although continuous research advances in the technology and material combinations show
great improvements in their characteristics that are comparable to conventional materials
currently used [57].

3. Applications of Biopolymers

Recent research demonstrates the potential applications of biopolymers as materials
for manufacturing medical devices [58]. The most suitable characteristics for suggesting
these biomaterials are molecular weight, lubricity, material chemistry, water absorption
degradation, shape and structure, solubility [59], hydrophilicity /hydrophobicity [60],
erosion mechanism [61], and surface energy [62]. Besides these, other applications of
biopolymers, such as those presented in Figure 2, are found in industries such as pharma-
ceutical preparations with encapsulation; food (edible film packaging and emulsifier) [63];
agriculture, which includes sustainable activities, methods for water recovery, and materi-
als used as soil conditioner; the cosmetics industry (especially hydrogels) [64]; and water
treatment substances, biosensors, and even data storage elements [1]. In these industries,
polysaccharide-based materials have been developed under different forms such as films,
membranes, fibers, hydrogels, food casing [65], sponges, and air gels [66].
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Figure 2. Applications of biopolymers.

Packaging in the bio-medical industry is a method that allows for the closure of a
pharmaceutical product from its fabrication to its end use. In pharmaceutical packaging,
biopolymers are used to protect pills, nutraceuticals, drugs, surgical devices, powders, and
liquids [63]. Pharmaceutical packaging has an impact on the isolation and ensures the safety,
identity, and convenience of using the products. Packaging should be compatible with the
patient’s condition, be free of adverse effects on his/her health, and be environmentally
safe [64].

As mentioned above, biopolymers can be also used in the preparation of edible pack-
aging films for food products [65]. These films made from biomaterials can be ingested with
the food because they are prepared from polysaccharides and proteins. Edible films have
received special attention in the last years because of their alternative potential to replace
synthetic materials, which could minimize packaging waste and reduce environmental
pollution [66]. As a food packaging material, it can also improve the antimicrobial effect
of packaging [67], shelf-life heat resistance, flexibility, mechanical strength, and barrier
properties [68]. Edible films/coatings are currently used in a variety of other applications
including collagen casings for sausages, chocolate coatings for fruits, and coatings for
chocolates and other items [69]. Furthermore, biopolymers are used as emulsifiers and
as both thickening and moisture-retaining agents in the food industry with the goal of
improving the stability and physicochemical properties of food emulsions [70,71]. Finally,
biopolymers have been extensively used in the delivery of bioactive compounds such
as probiotics that are susceptible to degradation during preparation, storage, or under
the adverse environmental conditions of the human gut. Similarly, they have been used
for applications in the pharmaceutical industries as a delivery agent to improve drug
stability and bioavailability. In the following sections, we will discuss the applications of
biopolymers in drugs and probiotics delivery.

3.1. Biopolymers in the Pharmaceutical Industry

Due to their special properties, biopolymers have slowly begun to replace conventional
materials. Whereas in the beginning they were mainly used in the food industry, their
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flexibility

application in other related industries took place relatively quickly. In the pharmaceutical
industry, they were initially used for the same purpose as in the food industry, which is as
thickening and emulsifying agents, host molecules, bulking agents, or fibers. In addition,
their use in cosmetics has increased substantially. According to existing data, it is estimated
that the world biopolymer market will reach approximately USD 10 billion by the end
of 2021, an increase by approximately 17% between 2017 and 2021. The largest market
segment is owned by Western Europe with approximately 41.5% of the global market [72].
In biomedicine, polymers have been used successfully both experimentally and in in vivo
applications, wound dressing, tissue engineering, drug delivery, or in medical devices
such as electronics, sensors, and batteries. Furthermore, due to their physical, thermal,
mechanical, and optical properties, biopolymers are ideal materials widely used for food
and pharmaceutical applications [5] (Figure 3).
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Figure 3. Specific features of biopolymers.

The composition and matrix of biopolymers can be manipulated in order to obtain the
appropriate functional properties such as microstructure, permeability, and chargeability
that are dependent on the internal structure of the polymer. Electrical characteristics influ-
ence the bonding of particles in the biopolymer matrix and their capacity to aggregate. The
biopolymer fractions that prevent aggregation are the ones with a high electrical charge [58].
Based on these properties, biopolymers are used successfully to obtain nanoparticles, na-
noemulsions, nanogels, or hydrogels with applications in the biomedical industry as carrier
systems. Among them, polysaccharides are the most widely used category of biopolymers,
either individually or in mixtures with other biopolymers to replace the synthetic materials
or exist in addition to them.

3.1.1. Biopolymers for Controlled Drug Release

Encapsulation involves the protection of living cells from destruction by entrapment
in biopolymer membranes and it is applied in micro and macrocapsules [73]. It is the
procedure by which one or more materials, representing the active part or core material,
is embedded or coated with another material or system, which is actually a mantle, shell,
carrier, or encapsulant [74] (Figure 4).
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Figure 4. Graphical representation of drug encapsulation (adapted from Madene et al. [74] with permission from the publisher).

A specific feature of macrocapsules is the relatively large difference between the
surface area and the volume. Thus, it is necessary to use a large number of nutrients to
obtain an appropriate diffusion gradient for the entry of nutrients. This aspect overlaps with
the necessary nutrition for the cells. In macrocapsules, living cells are entrapped in large
diffusion chambers formed as flat sheets, hollow fibers, and disks with semi-permeable
properties [75]. Macrocapsules can be used as intra or extra-vascular devices [76]. In
intravascular devices, cells are connected to the bloodstream as a shunt, oriented outside
the artificial capillaries. They are found in the vicinity of blood circulation, assisting with
the rapid transfer of therapeutic and nutritional substances such as oxygen. The biggest
disadvantage is the potential for developing thrombosis. Therefore, research is moving
towards their use as extravascular devices with cells entrapped within semi-permeable
diffusion chambers and placed transdermally or in the peritoneal cavity without the need
for direct circulatory access. This involves a minor surgery and permits a quick and easy
substitution in case of graft failure or when the transplant has to be replaced for other
reasons [73]. Microcapsules allow for a fast transfer of beneficial substances and accurately
mimics the release of substances such as glucose or insulin. Due to their benefits, most
studies focused on developing microcapsules with low or non-inflammatory responses.
This feature is used successfully in the treatment of endocrine diseases [77].

Many biocompatible polymers have been used as encapsulation materials. For this,
a biopolymer must meet certain criteria: (i) stable and not interacting with the drug it
contains; (ii) not interfering with the function and cellular viability; non-toxic, inexpensive,
and biodegradable; (iii) both the biopolymer and its degradation products must be non-
antagonistic to the host; (iv) molecular weight, solubility characteristics, glass transition
temperature, microstructure, and chemical functionality should allow for proper drug
diffusion and release; (v) biosafe and biocompatible; and (vi) when biocompatibility
needs to be improved, the biopolymer should be combined with other compounds for a
synergistic effect.

Depending on the mechanism that controls the release of the active agent from the
delivery system, the controlled-release modalities may be different. Thus, biopolymer
erosion, diffusion, and swelling, followed by diffusion or degradation, may occur [78].
The erosion mechanisms involve: (i) hydrolysis of hydrogels, an important feature for the
controlled release of macromolecules; (ii) solubilization of water-insoluble biopolymers
by reactions with groups pendant from the polymer covalently bonded atoms; and (iii)
cleavage of hydrolytically labile bonds within the biopolymer covalently bonded atoms.
The diffusion process occurs when an encapsulated drug or other active agent crosses the
outer membrane of the capsule through the biopolymer used for the controlled-release
device. In the case of diffusion-controlled systems, the drug delivery system must be stable
in the biological environment and must maintain its size and shape through the swelling
or degradation [79]. For example, when biopolymers are combined with other bioactive
agents, the drug must be able to diffuse through their molecular structure or through
pores when it reaches the biological environment. At this stage, it is very important that
there are no changes to the biopolymer itself. Swelling-controlled release devices are those
systems that, although dry in the initial phase, will swell when they reach the body and
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come into contact with fluids or water. The swelling ability of the biopolymers can be
triggered by changing the environmental conditions of the delivery system. This is one of
the most important and useful features of the biopolymers because, by changing the pH or
temperature, the release of drugs or incorporated active substances can be controlled [80].
Finally, the biodegradation of a biopolymer in the body is a natural process through which
the active ingredient is completely eliminated.

Synthetic polymers have long been of interest for use as encapsulating agents of vari-
ous therapeutic substances. Although they show improved pharmacokinetics compared
to small molecule drugs, their accumulation in the body has raised toxicity issues [81].
With the reorientation of the medical industry towards the use of biopolymers, the ma-
jor issue is the selection of the right compounds based on the need and desired effects.
Not all biopolymers are suitable as encapsulating agents for drugs. It is important that
they release the active substance to the target area at the right time in a safe manner
and without side effects, especially considering that the predominant routes are oral or
intravenous administration [82]. The most used biopolymers and which are the focus of
this review are those based on polysaccharides, such as sodium alginate, chitosan, agar,
starch, and cellulose. They react synergistically with other biopolymers and polymers, have
low toxicity and non-immunogenic behavior, and are compatible with tissues and cells.
These polysaccharides are stable in vitro and in vivo, and are used in the development of
microcapsules, microspheres, or nanocapsules. When tested in vivo, they showed high
biocompatibility and biodegradability, facilitating treatment, minimizing side effects, and
improving the health condition. Their high solubility is a plus for their use as disintegrants
in water-soluble tablets. For example, when used in tablets, the coating of chitosan and
starch improved their visual appearance, protected the drug from degradation, and masked
the unpleasant taste of the incorporated substance [83]. When used as capsule material,
gelatin was replaced with alginate, a vegan version, or with cellulose, for hard capsules.
The main biopolymers that are widely used and presented in this review are alginate,
chitosan, agar, starch, and cellulose.

Alginate and Its Use for Drug Delivery

Alginate is probably the most widely used biopolymer in the pharmaceutical and
medical industries. This is due to its special encapsulation properties and role in wound
healing. It was first isolated in the 1980s and since then it became a multifunctional
compound in many applications. Thus, it is obtained at low cost and is a renewable and
readily available, biodegradable, non-toxic, biocompatible, and, importantly, mucoadhesive
and non-immunogenic compound [84]. It is recognized in the pharmaceutical industry as
an excipient and is used to treat reflux esophagitis [85].

Structurally, alginate is a hidrosoluble polysaccharide formed from alternative blocks
of 14 linked «-L-guluronic acid and 3-D-mannuronic acid residues. It contains varying
lengths of G-blocks, M-blocks, and/or MG/GM-blocks. High G content alginates have the
ability to form stiffer, brittle, and more porous gels, but with increased strength, while high
M content alginates tend to obtain more elastic and weaker gels [86].

Alginate is obtained from brown algae and is found as alginic acid sodium, calcium,
and magnesium salts. The algae species used for the extraction of trading alginates are
Macrocystis pyrifera, Laminaria hyperborea, Saccharina japonica, and Ascophyllum nodosum.
It can be synthesized by various species of bacteria such as Azotobacter vinelandii and
various Pseudomonas species, although they are not commercially available [72]. Alginate
extraction is achieved by a relatively simple process. First, the raw material from the algae
is ground and washed with acid followed by the extraction with hot alkali. The alginic acid
is obtained after the extract has been filtered, precipitated with calcium, and acidified. The
required salt form of alginate is obtained by treating insoluble alginic acid with metallic
carbonates, oxides, or hydroxides [87]. Alginate biocompatibility has been extensively
studied, with data showing that oral administration of alginate does not trigger many
immune responses, in addition to the finding that it is non-toxic and biodegradable [88].
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By contrast, intravenous administration of most commercial alginates can lead to adverse
body reactions and fibrosis [89].

As an encapsulating agent, alginate was first used in the treatment of diabetes in the
encapsulation of pancreatic islet cells [90]. Since then, it has been used for both macro
and microencapsulation, and for other endocrine and recombinant cells for the release of
therapeutic gene products such as growth hormones or human clotting factor IX (Table 2). It
is also used in bioartificial organs such as they kidneys or for the protection of hepatocytes
or parathyroids. Alginate gels cannot provide immunoprotection because they are too
porous. Therefore, in most applications, alginate gels must be coated with cationic polymers
of synthetic origin. For alginate-based coatings, the most used cationic polymers are poly-L-
lysine and poly-L-ornithine, but lately polyethylene glycol (PEG), glutaraldehyde, chitosan,
and agarose have also been applied. Occasionally, other substances are used to reduce
permeability, to ensure mechanical stability, and to increase the durability of the capsules;
however, PEG remains the most used coating material. Another way to stabilize alginate
gels is through the application of covalent crosslinking molecules, although this method
of encapsulation interferes with the functional viability of the cells and can lead to cell
toxicity [91].

Table 2. Alginate use for drug delivery.

Biopolymers

Entrapped Substances

Applications Benefits References

Alginate

Alginate

Alginate and

Nanoparticles are pH sensitive with
the highest release of the active
substance occurring at a pH of 7.4.
Toxicity and safety tests were excellent
with no systemic toxicity after oral
administration of nanoparticles.
Controlled drug release was

maintained for 4 h (67.53% of the [93]
drug formulation).
Controlled drug release. There was no

Rifampicin Drug delivery carriers [92]

Ibuprofen Drug delivery system

Indomethacin

methylcellulose

Alginate

Alginate

Alginate and sodium

carboxymethylcellulose

Alginate

Alginate

Metformin
hydrochloride

Diclofenac
sodium

Ceftriaxone sodium

Furosemide

Isoniazid

Drug delivery carrier

Drug delivery system

Controlled-release
microparticles

Multiarticulate beads

Controlled drug
delivery beads

Oral drug
delivery

interaction between the loaded drug
and the polymers.

Good release time; microspheres may
be used in the treatment of diabetes.
The drug: polymer (ratio 1:3) was
obtained by emulsification and the
drug release followed zero order
kinetics, optimum for controlled drug
release delivery.

The use of the biopolymer matrix
decreased drug release in gastric
conditions but sustained it at intestinal
pH. The beads swelled at pH 1.2 but
particle diffusion and erosion occurred
at pH 6.8.

Drug release was controlled due to the
thicker membrane and reduced beads
swelling. Release of Furosemide
depends on the conditions of the
coating treatment.
Microspheres were present in the
intestinal lumen 4 h after
administration and were detectable in
the intestine after 24 h of oral
administration. Approximately 26% of
the drug was released in the
gastrointestinal fluid (pH 1.2) in6 h
and 71.25% in the simulated intestinal
fluid (pH 7.4) in 30 h.

[94]

[95]

[96]

[97]

[98]

[99]
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Table 2. Cont.

Biopolymers

Entrapped Substances Applications Benefits References

Alginate

Alginate,
carboxymethylcellulose,
and chitosan

The release of the drug was prolonged
when the core was surrounded by
Nicotinic acid Aerogels several alginate-based membranes. [100]
Due to coating, 50% of the drug was
released within 4 h.
In gastric pH conditions, the drug
Amoxicillin Coated beads release was prolonged from 61 min to
up to 8 h.

Thus, based on its characteristics, alginate seems to be the most suitable biopolymer
used for drug encapsulation (Table 2). This is due to its specific properties, especially as
a matrix for controlled drug delivery devices. In addition, alginate is cheap and readily
available, is accepted for consumption in quantum statis doses, is nontoxic, and ensures
the protection of the mucous membranes of the upper gastrointestinal tract [101].

Chitosan and Its Use for Drug Delivery

Chitosan is a polysaccharide found in shellfish, fungi, annelids, mollusks, and insects.
It is the second most outspread natural polysaccharide on Earth, after cellulose. Commer-
cially, it is produced from chitin, being a poly 3 (1 — 4) -2-amino-2-deoxy-[3-D-glucan
deacetylated chitin. It has a strong affinity for polyanions, contains reactive NH3* and OH™
groups, and is soluble in acidic aqueous solutions. It is nontoxic, odorless, bio-compatible,
and biodegradable. Due to its antibacterial properties, chitosan is used for microencapsu-
lation, in particular for cells that require a cationic environment. Numerous applications
in drug delivery include drug targeting systems for oral, nasal, ocular, and transdermal
routes [102]. For this purpose, chitosan has been used in the development of gels, films,
oral tablets, beads, and microspheres [103].

The capacity of chitosan as an encapsulating agent is greatly influenced by its molec-
ular weight, degree of deacetylation and crystallinity, and extent of ionization/the free
amino group. Thus, when the amino group at the 2-position of glucosamine units of
chitosan is the main site for the immobilization of thiol groups, it results in thiolated
chitosan. The thiolated chitosan derivatives are chitosan-cysteine, chitosan-thiolactic
acid, chitosan-thioglycolicacid, chitosan-homocystenine, chitosan-N-acetylcysteine, and
chitosan-glutathione. The thiolated chitosan has been used for anticancer drugs because it
offers efficient mucoadhesivity, membrane permeation, and an enhancing capability and
improved inhibition for P-glycoprotein [104]. Phosphorylated chitosan and its derivatives
have different features such as high hidrosolubility and a metal chelating tendency, used in
tissue regeneration, drug delivery intermediates, fuel cells, and in the food industry [105].

Structurally, chitosan is composed of free amine groups in media with a pH over
7.5 and protonated amines are formed in media with a lower pH. These pH-sensitive
characteristics make chitosan-based compounds suitable in controlled-release technologies.
Under well-established conditions, chitosan microcapsules containing the drug as an active
ingredient permits its slow release at the target site [106]. For example, when encapsulated
in chitosan, lipophilic drugs were effectively released into the intestinal tract [107]. When
used as a vehicle to encapsulate vaccines, it allowed for their controlled release and delivery
to targeted sites [108].

There are a number of advantages in using chitosan in the pharmaceutical industry
for drug delivery, such as: (i) the controlled release of encapsulated substances; (ii) the
elimination of toxic agents in the development process (due to dissolution in aqueous
solution); (iii) crosslinking readily available free amino groups; and (iv) improved mem-
brane absorption by mixing cationic chitosan with an anionic material [109]. When used
as a coating agent for nanoparticles for the treatment of brain disease, chitosan protects
against enzyme degradation, controls release, and improves bioavailability. In addition, it
enhances drug permeability across the blood-brain barrier by affecting tight junctions [110].
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Equally important are its hemostatic, bacteriostatic, anticholesterol, anticarcinogenic, and
fungal characteristics.

In addition, chitosan has good bioadhesive properties and slows down the drug
release in the nasal cavity, thus increasing bioavailability and the transfer of drugs from
the nasal cavity to the brain [111]. When chitosan was used in membrane development, it
increased permeability to acidic drugs. It is insoluble at a pH greater than 6.5 and prevents
the burst effect of the release in the first segments of the gastrointestinal tract [112]. It has
also been used successfully for antiviral and antibiotic encapsulation, as seen from Table 3.

Table 3. Chitosan use for drug delivery.

Entrapped

Biopolymers Substances Applications Benefits References
Chitosan Acyclovir Drug delivery system The graftlor;%}feff:ﬁsgcv}\//:s/a;rgiloﬁga:g ttc}:’izs lli).w release [113]
The tablets dissolved more quickly in vitro than
Chlorhexidine chlorhexidine powder and both maintained and even
Chitosan di Buccal tablets improved the antimicrobial activity of the drug, [114]
iacetate . . . .
particularly against Candida albicans, due to
antimicrobial activity of the polymer itself.
Chitosan aspartate, The sustained release from the microspheres
glutamate, and Vancomycin Peptidic model drug minimized its solubilization in the upper [115]
hydrochloride gastrointestinal tract.
Controlled drug The concentration of drug released was above the
Chitosan Tetracycline minimum limit required for the inhibition of [116]
system Staphyl
phylococcus aureus.
The encapsulation efficiency was about 78%. When
its effectiveness in the simulated gastrointestinal
Chitosan and Camptothecin Controlled drug fluids was tested, the drug was released slowly into [117]
oleic acid P system the gastric environment. In intestinal fluids, the drug
release was controlled. The drug embedded in
chitosan was 75% protected from hydrolysis.
Chitosan Satranidazole Subgingival fi!n}s for The drug was re.le.ased for ?6 h; the population of [118]
periodontitis gram-positive bacteria was reduced.
Drug deliver The controlled amygdalin release was performed for
Chitosan and alginate Amygdalin sg stemn y 10 h; the maximum amygdalin released was 70.46% at [119]
4 pH 3.1, 81.86% at pH 5.0, and 86.03% at pH 7.4.
Chitosan and I . Sustained drug The drug diffusion was the most controlled for when
sosfamide . - . . . [120]
graphene microspheres isosfamide was entrapped in microspheres.
Chitosan and . . Controlled-release .The entrapment efficien.cy of the prepared hydrogel
xanthan gum Ciprofloxacin hydrogel increased with the drug increasing concentration and [121]
the maximum was reached at 93.8%.
Nanoparticles for In mice, the nanoparticles were found in plasma at
Chitosan Interferon-o 1 h after administration, unlike the commercial [122]

oral delivery

interferon which could not be detected.

Chitosan has been extensively used as a matrix for extended drug release, especially
due to the simple obtaining procedure, low cost, and biocompatibility. The biocompatibility
of chitosan also derives from the fact that it is already part of the human food chain due to
its presence in numerous fungi [123]. Chitosan increases the solubility of insoluble drugs
when used in mixtures with inorganic nanoparticles, forming a stable complex with safe
delivery to the specific site. It was effective when encapsulated hemoglobin, astaxanthin,
quercetin, vaccines, or vitamins. Besides its applicability in drug delivery, chitosan is
also used in wound dressing, tissue engineering, bioimaging, biosensors, and packaging,
among other uses [124].

Agar and Its Use for Drug Delivery

Agar is a long-chain biopolymer obtained from species of algae from the Rhodophyceae
class, most commonly found in Gelidium sp. and Gracilaria sp. It represents the supporting
structure of algae and is composed of a mixture of agarose and agaropectin, the gelling
and the non-gelling fraction, respectively [125]. Agaropectin is usually removed during
processing in order to obtain an agar powder with higher gel strength. Agarose is com-

109



Polymers 2021, 13, 2729

posed of repetitive units of D-galactose and 3-6, anhydro-L-galactose, linked by alternating
a- (1 — 3) and - (1 — 4) glycosidic bonds.

The ratio of agarose to agaropectin depends largely on seaweed growth, the envi-
ronmental condition of seaweed growth, extraction methods, and rheological and gelling
properties. These changes affect the final mechanical properties of the gels [126]. Agar qual-
ity can be significantly improved by modification, which is the most widely used chemical
method. It involves hydroxypropylation, acetylation, etherification, and oxidation, the
last one being the most commonly used [127]. Due to its gelling capacity, gel reversibility,
and high hysteresis, agar is intensely used in various applications, mainly in the food
industry, due to its ability to form gel and have an odorless taste. The most important
agar evaluation index is gel strength, an important feature for pricing and developing
new applications. The easiest way to improve agar characteristics is to remove the sulfate
groups with hydrogen peroxide. Thus, after modification, the viscosity, ash content, and
sulfate content decreased. Conversely, the gel strength, whiteness, and transparency in-
creased after modification, in contrast to gelling, melting, and dissolving temperatures that
decreased after modification [128]. Unlike other biopolymers, agar has been widely used
as an encapsulating agent for probiotics since 1988 [129]. The method followed a simple
way of encapsulation, which involves the use of drug microparticles and their dispersing
at high temperatures in a hydrophilic liquid vehicle. After cooling, due to the transition to
ambient temperature, the beads solidify. The same encapsulation method is currently used
both for agar and other biopolymers used for this purpose [130]. The method depends
on dropping a hot hydrophilic polymeric solution on the top of a cooled organic liquid,
such as ethyl acetate which is a non-toxic compound, during which the polymer and the
incorporated drug are insoluble. Usually, when only agar is used as an encapsulating
agent, the release of the drug occurs in two phases. The first and faster phase leads to the
release of 10-20% of the drug, based on the agar content of the beads. The second is a
slower and more prolonged phase and becomes even slower as dissolution proceeds. In
the first phase, the drug presents in a molecular state on the surface and is released in the
outer layer of the bead so that in the second phase, its release is due to dissolution from
the solid core. When used as an encapsulating agent, the larger the mass of agar in the
beads, the denser the matrix formed and the lower the transfer of drug molecules through
the beads. Similarly, the beads that contain a lower percentage of agar in the composition
have a higher water content, which explains the rapid rate of drug release [131]. Therefore,
agar can be used for the development of sustained-release dosage systems because it is a
natural, inert, non-toxic, renewable, biocompatible, and inexpensive material.

Starch and Its Use for Drug Delivery

Starch is one of the most abundant renewable biopolymers on Earth and is non-
allergenic, GRAS (generally recognized as safe), and cheap [132]. It is found in peas,
corn, rice, wheat, potato, and beans [133]. Starch granules vary in size, shape, parti-
cle size distribution, and in the amylose—amylopectin ratio depending on the botanical
origin and maturity [134]. The high encapsulation efficiency was reached when the amy-
lose:amylopectin ratio was 25:75 [135]. Starch granules are composed of amylose and
amylopectin, free fatty acids and lysophopholipids, proteins, phosphate esters, and wa-
ter [136]. Amylose is the linear fraction and is composed of glucopyranose units linked
by «-(1,4)-glycosidic linkages, while amylopectin is a highly branched polymer with short
a-(1,4)-glycosidic chains linked by «-(1,6)-glycosidic branching points [137]. Although
amylopectin has a high viscosity and is a good thickening agent, it produces very weak
gels with poor mechanical properties [138]. Starch is a biopolymer available in the form of
powders, hydrogels, films, and sponges [139]. Due to its low cost, physicochemical features,
biodegradability, and biocompatibility, native and modified starch has been widely used in
the food, chemical, pharmaceutical, and environmental industries [140].

In the pharmaceutical and medical industries, starch has been used as a pharmaceu-
tical excipient, a tablet super disintegrant (immediate release tablet formulations), and a

110



Polymers 2021, 13, 2729

controlled /sustained-release polymer or as plasma volume expander, useful for patients
suffering from trauma, heavy blood loss, or in cancer treatment [141]. Research has focused
on the ability of native starch to be dissolved by pancreatic enzymes after oral ingestion,
followed by absorption from the small intestine into the systemic circulation. There is
also a resistant part of starch that is not digested in the small intestine and is fermented
by colonic bacteria. When used as an encapsulant for drugs, it is combined with other
biopolymers precisely to limit or attenuate enzymatic degradation in the stomach, thus
facilitating the absorption of an adequate amount of the therapeutic agent [142]. In phar-
macotherapy, the main objective of such a system is to provide controlled drug release and
prevent fluctuations of active substances in the blood in order to maintain drug plasma
concentration within the optimal range, in accordance with therapeutic recommendations.

Starch with high crystallinity levels has been explored as an encapsulation matrix. In
order to be used successfully in drug delivery and other industries, starch can be modified
so that the physicomechanical properties are adjusted to maximize its use. Starch can
be modified by chemical, physical, enzymatic, and genetic processes. Of these, chemical
process is used most frequently due to its non-disintegrating nature and potential increase
in the functionality of the modified starch. The applications of starch as an encapsulating
agent of active substances are presented in Table 4.

Table 4. Applications of starch for drug delivery.

Biopolymers

Entrapped Substances

Applications Benefits References

Corn starch

Corn starch

Corn starch

Corn starch/ethylene
vinyl
alcohol blend

Potato starch

Glutinous rice starch,
sodium alginate, and
calcium chloride

Ensete ventricosum starch

Starch-clay composites

Starch-chitosan

PVA-corn starch hydrogel

anti-inflammatory agent

In vitro drug release was observed for

Chlfﬁi‘;’l‘;‘:;“e Long'terrsn dtmg delivery 21 days and it inhibited [134]
& ystem Staphylococcus aureus growth.
Transdermal patches with a single dose
Clonidine Transdermal patches of 30 ug hydrogel had an effect 15 min [143]
after application in treated mice.
The diffusion of the drug through the
membrane was 4.11 x 107% cm?/s. The
Salicylic acid Hydrogel membrane hydrogel was tested as an artificial skin [144]

for transferring nutrients or medicines, or
for healing substances to the target area.
In vitro tests showed an immediate burst
effect, followed by a slower, controlled
release of the drug that lasted up to
10 days.

Non-steroid

Drug delivery carriers [145]

Ibuprofen, benzocaine,
and sulphapyridine

Metformin hydrochloride

Epichlorohydrin

Tramadol

Hydroxyurea

Erythromycin

Starch-based
stable carriers

Hydrogel beads for
controlled drug delivery

Drug-release sustaining
pharmaceutical excipient

Tablet formulations

Cancer therapy

Wound dressing

Encapsulation altered starch digestion;
resistant starch was available in the colon
for fermentation.

The initial drug entrapment efficiency
was very low for the metformin
hydrochloride because of its high
solubility. Encapsulation improved it
when combined with pre-gelatinized
starch gel.

The in vitro drug release profile showed
a minimum burst release, followed by a
sustained release for 12 h.

The controlled drug release of tramadol
from starch-clay biocomposites was
achieved in approximately 350 min.
The drug release was sensitive to pH and
increased in the acid environment. The
drug/starch/chitosan had a toxicity
effect and, at certain concentrations,
killed cancer cells.

The release of erythromycin from the
PVA /corn starch network was higher
than the drug containing PVA hydrogel
(after 1800 min, released 76.7 mg of the
total drug).

[146]

[147]

[148]

[149]

[150]

[151]
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Table 4. Cont.

Biopolymers Entrapped Substances Applications Benefits References

After intraduodenal administration, 2.5%

Corn starch—sp onge Uranine, 1pdomgthac1n, Sustained-release capsule of the capsule exhibited a sustained [152]
matrix and nifedipine .
release of the drug in the plasma.
The drug from the outermost layer of the
Starch-poly-e caprolactone Dexamethasone Dru‘g del}very ang tissue m}croparhcles was qu1ckl¥ released. [153]
engineering applications  In vitro tests showed a sustained-release
pattern for 30 days.

In vitro tests indicated that the system
with 3:7 (wt./wt.) starch/cellulose ratio

High-amylose Gastric-floating drug maintained the buoyancy for more than a

starch-microcrystalline Ranitidine hydrochloride delivery systems day; the drug release was 45.87% in the [154]
cellulose . .
first hour, followed by a sustained
release for up to 10 h.
In low acid environments, L. plantarum
encapsulated in the starch matrix was
Maize starch Probiotics, e.g., Microencapsulated more stable. After simulated digestion [155]

Lactobacillus plantarum probiotic and heating treatments, the cells
maintained their high viability, unlike
formulations with native starch

Most starch-based drug delivery systems have been developed with starches extracted
from potato, maize, corn, cassava, and wheat [118]. As shown in Table 4, starch is a
viable source of biopolymer, used as an encapsulating agent for controlled drug delivery
systems. In its unmodified form, starch is not as effective as a drug delivery system due
to poor mechanical properties, such as low shear stress resistance or high retrogradation
and syneresis, thermal decomposition, reduced processability, and solubility in common
organic solvents [156]. However, after modification, starch can be used successfully for
this purpose. For example, modifying starch in order to obtain resistant starch has led to
its use for improving the gut microbiota population with a role in modulating signaling
pathways associated with anti-inflammation, anti-diabetes, and anti-obesity [157]. Resistant
starch, due to its high amylose content and low amylopectin, has been recognized as a
healthy food for humans and animals. It can be considered prebiotic and may reach the
colon due to its resistance to digestion by pancreatic enzymes in the small intestine [158].
Therefore, encapsulation has been suggested as the best approach to improve prebiotic—
probiotic symbiosis.

Cellulose and Its Use for Drug Delivery

Cellulose, a natural polymer, is the most renewable and abundant polysaccharide.
Cellulose has been used as an immunoprotective macrocapsule because it does not form
a hydrogel and it is mostly applied in inert diffusion chambers. As an encapsulating
agent, it is beneficial for cytotoxic epithelial cells in the treatment of pancreatic cancer,
insulin-producing cell lines (HIT-T15), embryonic kidney cells, and hybridoma cells. It
is recognized as a new nanovehicle for oral colorectal cancer treatment with high drug
release at a neutral pH compared to acid pH, being proposed as a safe oral delivery system
for controlled colon cancer treatment [159].

Cellulose is the structural part of the cell wall of green plants, algae, or oomycetes. It
is part of the polysaccharide group and is composed of a linear chain of (1 — 4)-linked
D-glucose units. Considering it has an amphiphilic character, it can be used as a surfactant
and/or stabilizer at the water—oil interface in pickering emulsions [160]. Cellulose is
insoluble in water and most organic solvents. The cellulose derivative, carboxy-methyl-
cellulose (CMC), contains carboxymethyl groups bound to the OH-groups of glucopyranose
monomers on the cellulose backbone. CMC is mostly applied as a matrix molecule and, in
order to ensure mechanical stability and immunoprotection, requires surface coating. CMC
has been used as an encapsulating agent for probiotics, but due to the hydrophilicity of
the cellulose derivatives, physical degradation occurs when passing through the digestive
system. Combined with alginate, it provides a better medium system for probiotics with
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enhanced tolerance at low pH and a more durable delivery of probiotic cells. Long-term
storage stability depends on low water activity and low temperature. The most used
dehydration methods to reduce water activity are freeze-drying, spray-drying, vacuum-
drying, convective air-drying, and fluidized bed-drying. Among all, freeze-drying is the
best method for preserving cells’ viability because it reduces the damage to biological
structures by eliminating water through sublimation [155].

Cellulose crystals have been used in combination with chitosan to encapsulate vita-
min C. Stability of vitamin C is highly dependent on light, pH, and the dissolved oxygen
in the environment, but is maintained due to the encapsulation with cellulose and chitosan
crystals, and this may be a way to preserve highly unstable compounds during long-term
storage in functional systems [161]. Similarly, nanofibrillated cellulose, combined with
soybean oil-in-water emulsion and whey protein isolate, was used to encapsulate vitamin
D3. Vitamin D3 encapsulation efficiency has improved with increasing emulsifier concen-
trations. Increasing the concentration of nanofibrillated cellulose has improved the stability
and efficiency of encapsulation against environmental stresses (pH changes, salt addition,
and thermal processing). The procedure may be the basis for more suitable encapsulation
technologies for liposoluble vitamins in emulsion-based food products [162].

In addition to encapsulating vitamins, cellulose and cellulose derivatives have been
used as agents to encapsulate drugs and probiotics with active substances. For exam-
ple, ethyl cellulose nanoparticles have been shown to be effective in encapsulating clar-
ithromycin (3:1 weight ratio of ethyl cellulose:clarithromycin). Once encapsulated, clar-
ithromycin was more effective against Helicobacter pylori gastric infections. Tests performed
in vivo on laboratory mice have clearly indicated better elimination of bacteria from the
stomach by encapsulated clarithromycin compared to the nonencapsulated drug [163].
Ethyl cellulose and microcrystalline cellulose were also used for the encapsulation of
antihypertensive drugs. This is important considering that, in the standard method of man-
ufacturing microspheres involving emulsification and solvent evaporation, the solvents
used are usually dichloromethane or chloroform, which are hazardous for the environment.
Therefore, less toxic substances such as ethyl acetate are used to prepare the microspheres.
Furthermore, the drug release from the microspheres is faster than the tableted ones,
suggesting that tableting of the microparticulate systems may be optimal [163].

3.2. Biopolymers in Probiotic Encapsulation and Delivery

Due to their special properties, biopolymers have been used to encapsulate probiotics.
Probiotics are living organisms with benefits on the hosts” health if ingested in adequate
amounts [164]. According to the International Scientific Association for Probiotics and
Prebiotics (ISAPP), a sufficient amount of probiotics with a beneficial effect on the hosts’
health involves ingesting 1 x 10° CFU per serving [165]. Unlike probiotics, prebiotics are
nutrients, usually high-fiber foods, providing the substrate that is selectively utilized by
the hosts” microorganisms, conferring a health benefit [165]. Most probiotics in the human
body form the commensal intestinal microbiota with a role in increasing resistance to
infections and boosting host immune system, glucose and lipid metabolism, degradation of
complex carbohydrates, and synthesis of vitamins and bile acid [166]. Although the effects
of probiotics on various diseases is still debatable, several studies showed beneficial effects
in the treatment and prevention of infectious diseases. For example, strains of Lactobacillus
plantarum, Lactobacillus casei, or Lactobacillus paracasei had antifungal, antibacterial, and
antioxidant effects. Other strains have been shown to have anti-inflammatory effects, to
lessen the risk of osteoporosis, maintain cholesterol levels, and prevent the proliferation
of cancer cells [167]. Therefore, due to their beneficial effects and health claims, there
has been a worldwide explosion of probiotic-based health products in the form of dietary
supplements [168]. As such, the global probiotic market is soon reaching USD 50 billion and,
with that, the range of probiotics-containing products and associated health claims continue
to expand rapidly. Currently, in Europe, the probiotic market is subject to regulatory
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requirements and compliance with rules and regulations in order to meet certain standards
for product registration and use [169].

The use of encapsulation technologies of probiotics has been intensely studied in order
to increase probiotics’ viability throughout manipulation, storage, commercialization, and
incorporation in food and pharmaceutical products so that these cells are viable during their
transit and residence in the gastrointestinal tract. Therefore, improving probiotic survival
and resistance to adverse conditions through encapsulation is paramount to their effective-
ness in health and disease conditions. To prove their effectiveness, encapsulated probiotic
strains have been incorporated into a wide range of food products such as yoghurt [170],
cheeses [171], frozen dairy desserts [172], beverages [173], and meat products [174], in-
creasing their therapeutic effects [168]. Once encapsulated, probiotics embedded in food
matrices maintained their viability even two months under refrigeration [175]. They can
also be mixed in a single microcapsule or in dual core capsules with separation microcom-
partments [176] and a combination of at least two strains can improve their effect [174].
In order to scale up production, several industrial partnerships between food producers
and probiotic companies have been formed. For example, Christian Hansen and Dos
Pinos developed probiotic ice cream, Balchem Encapsulates and Rosell Institute developed
probiotic raisins and bars, and Dannon uses probiotics encapsulated in their products [177].
Encapsulated probiotics have been effective in irritable bowel syndrome [178], colitis, ab-
dominal pain [179], and other gut or metabolic conditions characterized by microbiota
dysbiosis [180].

Several encapsulation methods have been developed and used.

(1) Microencapsulation represents a physicochemical or mechanical process used to trap
a substance (active agent) into a coating material (defined as wall material). In this
way, spherical particles have a thin and strong but semipermeable membrane with a
diameter from nanometers to a few millimeters [174]. The purpose of the procedure
is to protect compounds or viable cells against environmental agents that can destroy
the core [181].

(2) Spray-drying technique is suitable for industrial applications on a large scale, involv-
ing atomization of a liquid mixture and the solvent is evaporated at contact with hot
air or gas.

(3) Lyophilization involves freezing the cells with the material used for encapsulation
(usually at freezing temperatures), followed by vacuum elimination of water at a
pressure between 0.05 to 0.1 mBar and temperature between —50 °C to —30 °C. To
preserve and stabilize the activity of lyophilized probiotics, cryoprotectants are added,
such as lactose, trehalose, sorbitol, sucrose, milk protein, or skim milk.

(4) Extrusion is the most common technique to use biopolymers as encapsulation ma-
terials. The method involves obtaining a hydrocolloid solution, followed by the
addition of microorganisms, formation of droplets using a syringe needle (pilot scale)
or an extruder (industrial scale), and their release into a hardening solution (typically
calcium chloride) [182].

(5) Emulsion is when a small volume of a hydrocolloid suspension containing microor-
ganisms (discontinuous phase) is added to a larger volume of vegetable oil (con-
tinuous phase). Using an emulsifier, the mixture is homogenized. After emulsion
formation, it can be insolubilized to manufacture gel capsules. The big disadvantage
of this method is that the particles obtained vary greatly in shape and size, although
bead sizes can be reduced by mechanical homogenization [183].

(6) Spray—freeze-drying is a combined procedure that involves steps used in lyophiliza-
tion (freeze-drying) and spray-drying. The advantage is that it provides capsules
with a controlled size and higher specific surface area, unlike those obtained by
spray-drying. The disadvantages of the method refers to high costs (approximately
50 times higher than the classic spray-drying version), long processing times, and the
high-energy requirement.
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(7) Layer-by-layer is technology based on alternating coating layers of cationic (e.g.,
chitosan) with anionic (e.g., alginate) biopolymers on cells via electrostatic inter-
action [184]. It has the advantage of enhanced bacterial viability throughout the
gastrointestinal tract, along with the survival of probiotic cells against acidic and bile
salt insults, mucoadhesion and growth on intestinal tissues, and in vivo survival [179].

In addition to ensuring cell viability along the gastrointestinal tract, the stability of
probiotics during storage is also very important. In this regard, encapsulation has proved
to be an effective method. For this, the material used to encapsulate microorganisms is
the first and most important factor in maintaining their viability [185]. It improves the
survival of probiotics during manufacturing processes, especially heat processing [186]
and storage [187]. An important aspect of this process is cytotoxicity. According to ISO
10993-5 [188], a material used for encapsulation is potentially cytotoxic when cell viability
decreases below 70% after exposure [189]. In this regard, polysaccharides such as alginate,
starch, chitosan, and cellulose, as well as other biopolymers or chemicals, have low or no
toxicity and do not affect cell viability. On the contrary, they maintained cellular stability
for a long time, particularly when kept in refrigerated or frozen conditions.

Although the encapsulation method has many advantages, there are still several as-
pects that must be consider. These are: (i) biosafety concerns preventing clinical translation
of the cell microencapsulation; (ii) concerns regarding the manipulation and extraction
procedures that must be refined in order to be as minimally invasive as possible; (iii) con-
cerns regarding the optimization of cost effectiveness; and (iv) concerns regarding the
consideration of internationally accepted regulations for the use of probiotics. Therefore,
applications of biopolymers for the coating of encapsulated strains for the purpose of
protection in the intestinal gastrointestinal tract or as carriers for direct encapsulation of
microorganisms should involve procedures that facilitate high bacterial viability.

3.2.1. Alginate’s Use for Probiotic Delivery

Among biomaterials used for encapsulation, alginate is the most widely used due
to its strong gelling properties and ability to coat within a short time. Additionally, as a
dietary fiber, alginate strengthens the functionality of probiotics used in several diseases
such as diabetes or obesity [190]. As seen from Table 5, alginate has proven to be a
good microencapsulation agent by extending cell viability in refrigeration and freezing
conditions, as well as in adverse gastric and intestinal environments.

Table 5. Utilization of alginate as a probiotic encapsulating material.

Biopolymers

Alginate and gelatin

Alginate

Alginate

Alginate

Alginate and milk

Lactococcus lactis spp.

Staphylococcus succinus
and Enterococcus fecium

Lactobacillus bulgaricus Extrusion

Encapsulated Strain Encapsulation Method Benefits References
The cells of L. rhamnosus survived in beads with
Lactobacillus rhamnosus Extrusion 10° CFU/g after four months (initially [191]
10° CFU/g).
No release of bacteria in the stomach simulated

Extrusion condition (first 120 min) or the survival in the [192]
intestinal fluid until 240 min.
None of the uncoated probiotic cells survived

cremoris

Bifidobacterium after immersion in the simulated small intestine

Extrusion [193]

pseudocatenulatum fluid. By contrast, 5.6 log10 CFU/g of viable

probiotic cells remained in the tested microgels.
The encapsulated cells showed 98.75-88.75% of
viability in simulated gastric fluids. Survival
Extrusion was constant throughout the storage time and [194]
decreased from 8.1 log CFU/mL to 7.9 log
CFU/mL after 30 days of storage at 4 °C.
The viability of the encapsulated probiotic was
the same after 120 min of incubation in an acid
medium (simulated gastric fluid with pH 2.5).
The viability of encapsulated L. bulgaricus was
kept at 8 log CFU/g after 120 min of incubation
at pH 2.0. Stability of the encapsulated
probiotic can be preserved for one month after
storage at 4 °C.

[195]
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Table 5. Cont.

Biopolymers Encapsulated Strain Encapsulation Method Benefits References

The survival rate of the probiotic was

Alginate and starch Lactobacillus fermentum Lyophilization significantly higher for microparticles blended [196]

Alginate, chitosan,
and locust beam

Alginate and chitosan

Alginate and chitosan

Lactobacillus rhamnosus Freeze-drying

Saccharomyces cerevisiae

Bifidobacterium
pseudocatenulatum

with starch than those with no starch.

In contrast to the alginate-based capsules, the
alginate locust beam capsules improved stress
tolerance (6 x for freeze-drying, 100x for
thermotolerance, and 10x for acid).

The viable microencapsulated cells were kept
at 7.00 log CFU/g after six months at —20 °C
Emulsification and remained 6.29 log CFU/g after incubation [198]

in SGF for 2 h and in SIF for 12 h, reaching the
standard value (10°~107 CFU/g).

The highest stability of B. pseudocatenulatum

was at the highest concentrations of alginate
(4.41 g/100 mL) and chitosan (0.56 g/100 mL). [199]
Resistance of alginate-chitosan capsule in SGF

was better than in SIE.
Three-layer coated matrix was the best method
to increase viability from <3 log CFU/mL, seen
in encapsulated cells, up to a maximum of

[197]

Y235

Alginate and chitosan Bifidobacterium breve Layer-by-layer 8.84 & 0.17 log CFU/mL upon exposure to [200]

Alginate, starch,
and chitosan

Alginate, chitosan,
and xanthan gum

Lactobacillus acidophilus Extrusion

Lactobacillus plantarum Extrusion

in vitro gastric conditions. Multilayer-coated
alginate released their loads to the intestine
with a gradual delivery over 240 min.
Biopolymers ensured better stability of
probiotics after exposure to SGF and SIF with
6.35 log CFU/g, while lower counts were
noticed for freeze-dried microcapsules. During
storage, cell viability of the probiotics stored in
the freeze-dried form was up to six logs for
30 days and 135 days in the moist form when
kept at room temperature.
Sequential incubation of biopolymers in SGF
and SIF facilitated high survival of L. plantarum
(95%) at pH < 2. Encapsulation improved
storage stability of L. plantarum at 4 °C.

[201]

[202]

Abbreviations: CFU/g, colony-forming unit per gram; CFU/mL, colony-forming unit per milliliter; SGF, simulated gastric fluids; and SIF,

simulated intestinal fluids.

Alginate is hemocompatible, does not accrue in organs, is water soluble, biodegrad-
able, and can form gels under mild conditions. It develops gel at ambiental temperatures
and prevents the destruction of the activity of thermolabile drugs. By cross-linking with
other agents, it forms insoluble gel that delays the drug release. However, alginates have
low mechanical properties, therefore they must be reinforced by combining with other
biopolymers or with various conjugates in order to obtain both ionically and covalently
cross-linkable capsules.

3.2.2. Chitosan Use for Probiotic Delivery

Like other polymers, chitosan has been used to encapsulate probiotics. The best-
performing formulas were identified in combinations of chitosan with other biopolymers
such as alginate, agar, or gelatin. The most used combination is with alginate, in which
chitosan is used as a final layer of microcapsules (Table 6). This is because at pH 7, chitosan
that is positively charged develops strong bonds with gelatin and agar, which are negatively
charged [203]. What sets chitosan apart is its antibacterial properties as it is a cationic
polysaccharide. The disadvantage of chitosan, however, is the need for solubilization in
an acidic environment. Usually, acetic acid is used to solubilize the powder and obtain
the coating-forming solution without turbidity, which occurs when a compound has not
been fully solubilized [204]. Chitosan cannot be used individually as an encapsulating
agent with a role in maintaining cell viability. This is because it increases cell membrane
permeability, leading, in the end, to cell loss [205]. Due to this, chitosan is mixed with other
natural substances when used as an encapsulating agent.
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Table 6. Chitosan use for probiotic encapsulation.

Biopolymers

Encapsulated Strain

Encapsulation Method

Benefits

References

Chitosan, agar,
and gelatin

Chitosan and alginate

Chitosan and
xanthan gum

Chitosan and alginate

Chitosan and alginate

Chitosan and alginate

Chitosan and alginate

Chitosan and alginate

Chitosan and alginate

Chitosan and
hydrochloride-
alginate

Lactobacillus plantarum

vaccine with
Lactobacillus plantarum

Pediococcus acidilactici

Bifidobacterium breve

Lactobacillus reuteri
DSM 17938

Saccharomyces boulardii

L. acidophilus and L. casei

Bacteria strain 4.1.Z
(B. amyloliquefaciens,
B. subtilis, and
B. methylotrophicus)

Lactobacillus reuteri
KUB-AC5

Bacillus licheniformis

Emulsification

Extrusion

Extrusion

Extrusion

Vibration technology

Extrusion

Extrusion

Vibration and extrusion

Emulsification

Orifice-polymerization
method

Particles with a diameter of approximately
6 mm did not solubilize in SGF 20 min after
exposure. Cell viability in the biopolymer-free
formula decreased completely after 2 h, unlike
coated particles whose viability was 9.2 CFU/g
after 2 h.

The oral vaccine containing L. plantarum, used
against spring viremia of carp virus, was
effective even after 56 days due to the
encapsulation.

The encapsulated cells maintained their cell
viability for 8 h in the gastrointestinal fluid with
maximum release occurring after 24 h. The
encapsulated cells maintained their viability for
three days when tested in deionized water.
In an acidic medium (pH 2), cell viability was
maintained for 1 h. As pH increased (4 and 5),
cell viability increased to 120 min. After 2 h, the
swelling ratio decreased, a sign that the
microcapsules began to disintegrate. Chitosan
maintained cellular stability at pH 4 and 5, and
alginate at pH 2.
Unencapsulated cells were more labile to
gastrointestinal stress conditions (reduction by
2.09 log cycles after 3 h). The encapsulated ones
resisted better with a reduction of
0.82 log cycles.

Encapsulation of strains with chitosan and
alginate facilitated maintenance of cell viability
up to 6 h after administration in mice.
Galactooligosaccharides potentiated the effect
of microencapsulation. Cell viability was
reduced by 3.1 logs for L. acidophilus and
2.9 logs for L. casei when tested at a very low
pH (1.55) of SIE.

After lyophilization, the microcapsules
maintained their viability (10°~107 CFU/g) for
about two months under refrigeration.
Chitosan maintained the integrity of capsules
for 24 h.

The viability of non-encapsulated cells
decreased in 40 min from 8 logs CFU/mL to
<4 log CFU/mL, being completely eliminated
after 1 h. The encapsulated cells were much
more stable with a reduction of 1 log CFU/mL
after 180 min at pH 1.8.

The chitosan coating protected the
microcapsules; cell release (6.19 CFU/mL) in
1 hin SGF (pH 2) and 4 h in the simulated
intestinal fluid (pH 6).

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

Abbreviations: CFU/g, colony-forming unit per gram; CFU/mL, colony-forming unit per milliliter; SGF, simulated gastric fluids; and SIF,
simulated intestinal fluids.

Although the effectiveness of chitosan encapsulation has been demonstrated, it does
not appear to be the best biopolymer for probiotic encapsulation. Besides the fact that it
cannot be used individually and produces turbidity, the obtained microparticles are usually
larger in size, more porous, wrinkled [213], sticky, and the aggregation is worsened [211].
However, utilization of chitosan should not be limited as chitosan improves potential
bioadhesion and facilitates the controlled release of bacteria [213].

3.2.3. Agar Use for Probiotic Delivery

Agar is one of the polysaccharides intensively used to obtain tablets or other formulas
of drugs released in the gastrointestinal tract, but is less used as an encapsulating agent for
probiotics. Although there have been attempts to microencapsulate with agar, when used in
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combination with other biopolymers (Table 6), research on its use is limited. This is due to
the higher ability to obtain films and lesser ability to facilitate the development of coatings.
These applications are mainly due to the ability of agar to form viscous solutions by
solubilizing the powder in water at very high temperatures (over 90 °C) in order to obtain a
termoreversible gel. Agar cannot produce gel at lower temperatures and high temperatures
affect the viability of microorganisms. To date, no working method that could involve
the solubilization of agar powder in liquids with lower temperatures has been developed.
When used as an encapsulating material for essential oils, the temperature of the film-
forming solution is lowered to 40 °C, after which essential oils are incorporated [216,217].
Agar-based films have low mechanical properties such as low tensile strength and poor
elasticity. Therefore, in the development of films, it is preferred to mix it with other
polysaccharides, proteins, or lipids.

3.2.4. Starch Use for Probiotic Delivery

Starch can be used as an encapsulating agent but it has weaker characteristics than
alginate, chitosan, or cellulose. In the pharmaceutical field, starch is used mainly for
encapsulating drugs or active substances when molded into tablets or oral formulations.
This is because starch is strongly hydrophilic and is easily dissolved in liquids at ambient
temperatures. However, it has the ability to form very small microspheres constituted in
resistant aggregates, allowing for a better protection of the core [218]. For example, when
used as an encapsulating agent for L. plantarum, rice starch maintained cell viability both at
4 °C (refrigeration conditions) and at temperatures above 50 °C. However, as an encapsu-
lating agent, starch proved to be more effective when mixed with other compounds. For
example, the combination of starch and alginate resulted in microcapsules with increased
probiotics resistance to simulated gastric conditions (Table 7).

Table 7. Starch as an encapsulation material for probiotics.

Biopolymers

Encapsulated Strain

Encapsulation Method

Benefits

References

Rice starch

Starch and pectin

Starch from corn
and rice

Starch, alginate,
chitosan, and inulin

Starch and alginate

Lactobacillus casei,
Lactobacillus brevis, and
Lactobacillus plantarum

Lactobacillus plantarum

Lactobacillus plantarum

Lactobacillus casei and
Bifidobacterium bifidum

Lactobacillus fermentum

Extrusion

Extrusion

Freeze-drying

Emulsification

Emulsification

The viability of encapsulated cells
(8.27/8.46/7.65 log CFU/g) was kept constant
for two months at refrigeration. In contrast,
non-encapsulated cells lost their viability by
approximately 3 log CFU/g during storage.
Cell viability was reduced from 10 log CFU/g
to 1log CFU/g for free cells maintained for 2 h
in gastric conditions (pH 1.5-3). Cells
encapsulated in pectin had higher viability
(4.6 log CFU/g) but the best protection was
observed with the addition of starch to which
the viability increased to 6.94 log CFU/g.
Encapsulated cells showed thermal stability
and maintained their integrity for 35 min at
55 °C. Unencapsulated cells subjected to the
same treatment lost their viability by 63% after
only 10 min of exposure to 55 °C.
Encapsulated L. casei and B. bifidum lost their
viability when subjected to simulated gastric
conditions for 120 min. Cell viability decreased
from 25.10 x 10'° CFU/mL to
6.30 x 10° CFU/mL for L. casei. Encapsulated
B. bifidum lost 4.65 log/mL of the bacterial
culture, while the unencapsulated form had
undetectable cell viability after 90 min.
Encapsulated in the matrix, cells maintained
viability when stored at 4 °C for 45 days. In
environmental conditions, however, cells
showed a decrease of 1.7 log after 24 h, with
complete loss after 2 weeks.

[219]

[220]

[221]

[222]

[196]
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Table 7. Cont.

Biopolymers Encapsulated Strain Encapsulation Method Benefits References
Tested at different storage temperatures (4, 25,
and 37 °C), L. paracasei cells maintained their
initial viability of 13.6 x 10 CFU/mL when
Starch Lactobacillus paracasei Electrospinning stored for three weeks at 4 °C and 25 °C but not [223]

Maize starch,
maltodextrin, and
gum arabic

Taro and rice starch

Cassava starch
and alginate

Starch and alginate

Lactobacillus paracasei Spray-drying

Lactobacillus brevis Emulsification

Lactobacillus casei Extrusion

at 37 °C. Unencapsulated cells lost about 90%
of their viability regardless of the
storage temperature.

After 30days of storage at room temperature,
only strains encapsulated with maltodextrin,
namely gum arabic, maintained their cell

Lactobacillus acidophilus Spray-drying viability of 10° CFU/g. After 60 days, no [224]

encapsulating material prevented the loss of
cell viability. Of the tested coatings, starch least
protected the bacterial strains.

When stored, the taro—starch encapsulated
strains were more stable; cells maintained their
viability for a month, both at temperatures of
4°Cand 25°C.

Encapsulation efficiency was higher than 89%.
In gastrointestinal conditions, cell viability was
better for microcapsules than free cells (96.07%
compared to 76.51%). After 5 h of maintenance
in the same conditions, viability of L. brevis
encapsulated cells was 8.69 log CFU/mL,
unlike the non-encapsulated ones with
6.87 log CFU/mL.

The addition of 2% starch to the alginate-based
film-forming solution increased cell viability
from 4 x 10° to 3.1 x 10! Increasing starch
did not change the results. Tested under
simulated gastrointestinal conditions, cell
viability was maintained for up to 6 h.

[218]

[225]

[226]

3.2.5. Cellulose Use for Probiotic Delivery

Carboxymethyl cellulose (CMC) is one of the most widely used forms of cellulose
due to the fact that it is the most affordable in terms of spread and cost. Although itisa
compound that prevents lipid oxidation and reduces oxygen permeability due to the small
number of hydroxyl groups in the structure, CMC is a highly water-soluble compound.
This limits its use as an encapsulation material for probiotics as it is degraded in the
digestive system. Therefore, when used in combination with other biopolymers such as
polysaccharides (carrageenan, alginate, chitosan, and starch), proteins (gelatin), or other
natural compounds (inulin), it increased the viability of encapsulated anaerobic probiotics
by 36% [227]. The microencapsulation characteristics of CMC have been improved due to
the addition of other substances such as gelatin or carrageenan. In general, the encapsulated
probiotics maintained their viability for 120 min in simulated gastric conditions, regardless
of the type of probiotic encapsulated. When lyophilization was used as the encapsulation
method, cellulose and alginate maintained the viability of L. plantarum for approximately
160 days in refrigeration conditions (Table 8).

Table 8. Cellulose as a probiotic encapsulating material.

Biopolymers Encapsulated Strain Encapsulation Method Benefits References
After 120 min of exposure to SGF and SIF, cell
CMC and gelatin Lactobacillus rhamnosus Emulsification viability was maintained at approximately [228]

77.5% (4 log CFU/mL) in capsules and 60%
(51og CFU/mL) in free cells.
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Table 8. Cont.

Biopolymers Encapsulated Strain Encapsulation Method Benefits References

Cellular stability was greatly improved for
encapsulated samples: in an acidic medium
(pH 2), it decreased from 10 log CFU/g to 0
after 90 min (non-encapsulated cells) and to
about 8 log CFU/g after 120 min
(encapsulated cells). During storage for
30 days at 4 °C, cell stability changed from
10 log CFU/g to 2 log CFU/g (free cells) and
from 10 log CFU/g to 7 log CFU/g
(encapsulated cells).
Viability of non-encapsulated cells decreased
from 9.56 to 5.29 log CFU/mL in an acid
medium, while encapsulation protected cells [230]

CMC and k-carrageenan Lactobacillus plantarum Extrusion [229]

Cellulose and pectin lactic acid bacteria High-pressure

microfluidization (decrease of 1.88 log CFU/mL after 2 h in the
same conditions).
CMC and inulin Lactobacillus plantarum Casting Cell viability decreased during storage [227]

whether or not probiotics were encapsulated.
After heat exposure (85 °C, 25 s), cell viability
decreased by more than 57%, although
CMC and rice bran Lactobacillus reuteri Emulsification L. reuteri is a thermotolerant bacterium. [231]
However, the survival rate of encapsulated
cells was approximately 6 log CFU/g.
Microencapsulated strains were stable at pH
CMC and chitosan Lactobacillus rhamnosus Extrusion 2-4; at the highest pH value tested (12.5), all [232]
microcapsules disintegrated.
Under gastric conditions, viability of
encapsulated cells was 37% higher than that
of free ones. Encapsulation had a positive
Lactobacillus rhamnosus Extrusion effect on storage, in which viability decreased [233]
by 1.23 log (25 degrees) and 1.08 log
(4 degrees), unlike free cells in which stability
decreased by 3.17 and 1.93.
Lyophilized encapsulated cells showed the

best stability in the simulated gastrointestinal
Extrusion and conditions: gradual release of
lyophilization 2.6 x 10° CFU/mL for 210 min. When

refrigerated, encapsulated cells maintained
viability for up to 160 days.

After 120 min in SGF, viability of
non-encapsulated cells decreased by 66.6%,
while encapsulated strains had a 58.4% better
viability than that of free cells. The addition
of cellulose protected the capsules from the
action of pH.

Cellulose, alginate,
starch, and lecithin

Cellulose and alginate Lactobacillus plantarum

[155]

Cellulose and alginate Lactobacillus plantarum Extrusion-dripping [234]

Abbreviations: CMC, carboxymethyl cellulose; SGF, simulated gastric fluids; SIF, simulated intestinal fluids; CFU/g, colony-forming unit
per gram; and CFU/mL, colony-forming unit per milliliter.

4. Challenges and Limitations

The rapid adoption of the use of biopolymers is still hindered by several factors. First,
research thus far has been conducted primarily in vitro; therefore, more in vivo and clinical
trials are needed to demonstrate the health benefits of biopolymers and the biocompatibility
in various biomedical applications, in particular when used as encapsulation materials
for drug delivery. When used for the treatment of various diseases, more studies are
needed to assess the appropriate compound: either alone or in combination to achieve the
desired payload in a highly regulated and site-specific manner at therapeutically relevant
concentrations [227].

A second challenge is to obtain materials with properties similar or better to syn-
thetic products by improving end-use mechanical properties, kinetics and release, thermal
resistance, and barrier properties. For example, some products exhibit low mechanical
properties, rapid degradation, and high hydrophilic capacity especially in humid or adverse
environments, rendering their application unviable.
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Although numerous studies have examined the use of encapsulated probiotics, there
is a need for in depth interdisciplinary research that includes microbiologists, medical
doctors, and biomaterial, food, agro and chemical engineers. This will lead to better and
more efficient prototypes of probiotic encapsulating formulations, to the identification of
the most specific/effective probiotic strains, and to the most suitable polymeric carriers
applied for product manufacturing. In addition, this will lead to the optimization of the
entire process based on the natural characteristics and sensitivity of the selected strain,
and will identify ways on how to develop the best formula based on in vitro, in vivo, and
pre-clinical techniques considering the release, manufacturing, packaging, transportation,
and storage of capsules. Third, the challenges related to costs, economic aspects, and the
gap between policy and implementation of the new technologies on a global level need to
be addressed in this rapidly emerging field.

5. Conclusions

Although research in this area has revolutionized the biomedical and pharmaceu-
tical industries, significant work still lies ahead if we are to effect changes not only at
the individual level but also to bring sustained and affordable environmental changes.
Biopolymers have proven effective as encapsulation materials for controlled drug release
systems. Significant progress has been made on the biocompatibility, biodegradability, and
mechanical and thermal properties of the materials involved. However, challenges still
remain in developing target-specific carriers that are biocompatible with various delivery
routes for providing sustainable release at the target site. Strategies have been proposed to
improve stability of polymers, product kinetics, and release time as well as clinical efficiency.
For biomedical applications, it is important to develop uniform guidelines for polymer
applications in order to improve versatility and safety and avoid contamination. From the
evidence presented thus far, it is obvious that among biopolymers, polysaccharides-based
applications are the most used in the field due to their protective, physicochemical, and
low immunogenicity characteristics. Although they present some limitations, the ability
to react synergistically with other biopolymers or other natural or synthetic substances
make their applications widely used. More studies evaluating the technical parameter
optimization, efficiency of encapsulation with different formulations, and product-loading
capacity concerning viability and metabolic activity should be undertaken. For example,
studies examining the functional interactions between the polymer networks and the coat-
ing materials, in order to improve capsule stability, product metabolic activity, release time,
and viability, should be high on the list. Notwithstanding current limitations from the
host perspective, the use of polymers, particularly polysaccharides-based, will continue to
expand with an eye towards improving polysaccharide-drug interactions, the optimization
of pharmacokinetics and pharmacodynamics, and the compatibility of the polysaccharide
with the target tissue. Nevertheless, while more research is needed, polymer-based applica-
tions are of great benefit for delivering small molecules that are highly effective, biopotent,
and safe.
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Abstract: Seven polycaprolactones (PCL) with constant hydrophobicity but a varying degree of crys-
tallinity prepared from the constitutional isomers e-caprolactone (¢CL) and -caprolactone (6CL) were
utilized to formulate nanoparticles (NPs). The aim was to investigate the effect of the crystallinity of
the bulk polymers on the enzymatic degradation of the particles. Furthermore, their efficiency to
encapsulate the hydrophobic anti-inflammatory drug BRP-187 and the final in vitro performance of
the resulting NPs were evaluated. Initially, high-throughput nanoprecipitation was employed for
the eCL and 5CL homopolymers to screen and establish important formulation parameters (organic
solvent, polymer and surfactant concentration). Next, BRP-187-loaded PCL nanoparticles were pre-
pared by batch nanoprecipitation and characterized using dynamic light scattering, scanning electron
microscopy and UV-Vis spectroscopy to determine and to compare particle size, polydispersity, zeta
potential, drug loading as well as the apparent enzymatic degradation as a function of the copolymer
composition. Ultimately, NPs were examined for their potency in vitro in human polymorphonuclear
leukocytes to inhibit the BRP-187 target 5-lipoxygenase-activating protein (FLAP). It was evident by
Tukey’s multi-comparison test that the degree of crystallinity of copolymers directly influenced their
apparent enzymatic degradation and consequently their efficiency to inhibit the drug target.

Keywords: polycaprolactone (PCL); polyesters; hydrophobic-hydrophilic balance (HHB); nanoparti-
cle formulation; nanoparticle crystallinity; FLAP antagonist; BRP-187

1. Introduction

With the first clinical approval of a polymer-based nano-drug in 1995 [1], interest in
developing polymers as nanocarriers of (bio)pharmaceutical drugs has been steadily grow-
ing [2,3]. Due to their favorable characteristics, e.g., adjustable physical and mechanical
properties, it is not surprising that polymer-based nanomaterials are now established in
many areas of bionanotechnology. Polymers are widely used in delivery systems for thera-
peutics, in matrices for tissue engineering and, among others, in polymer-based composites
for biomedical purposes [4-6].

The main criteria in designing polymers for therapeutic use have been based mainly
on the biocompatibility and the biodegradability of the polymer backbone as well as the
suitability of the polymer to be processed into a stable pharmaceutical formulation [7].
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However, there are other parameters of equal importance to be considered to optimize a
polymer for its application as a delivery vehicle. In fact, parameters such as molar mass,
functional end-groups, hydrophobic-hydrophilic balance (HHB), melting temperature (Tr,)
and crystallinity strongly influence the drug loading and the drug release kinetics from the
polymer matrix [8].

Independent investigations of the influence of the polymer crystallinity on the result-
ing particle characteristics (e.g., particle formation and degradation) while keeping the
key properties of the system constant are rare or only provide partial conclusions typically
due to influences of a third variable [9]. In particular, alterations of HHB are frequently
accompanied by changes in crystallinity [10]. It is hence currently not fully understood if
degradation or general performance of hydrophobic pharmapolymers in aqueous media
are, in fact, strongly influenced by polymer crystallinity or if the hydrophobicity is the
dominating factor.

Today, the most commonly used polymers for biomedical applications are polyesters,
such as polylactide (PLA), poly(lactide-co-glycolide) (PLGA) and polycaprolactone (PCL) [11].
They are easy to access and offer a range of interesting advantages; i.e., (i) a complete
hydrolytic and/or enzymatic biodegradation, (ii) a facile and controlled synthesis to ob-
tain defined molar masses, (iii) various modification possibilities of the polymer structure,
and (iv) commercial availability [12]. The advantages of PCL compared to other aliphatic
polyesters include interesting thermal properties, higher durability and manufacturability,
and a good compatibility with other polymers [13,14]. Thus, PCL represents a promising
candidate to design materials with tailor-made properties [13,15,16]. Bandelli et al. recently
demonstrated that copolymerization of the constitutional isomers e-caprolactone (¢CL) and
d-caprolactone (6CL) with a varying ratio of eCL and 8CL can generate a library of five
copolyesters featuring a constant HHB and similar molar masses in the range of 7 to 10 kDa,
but the copolymers showed a varying crystallinity [17]. They are hence suitable materials to
study the sole influence of crystallinity on the particle properties and performance. In this
study, we utilized this library of poly(eCL-ran-6CL) to formulate drug-loaded nanoparticles
(NPs). The aim was to investigate, firstly, whether such polymers provide suitable properties
(particle size and polydispersity) to form an NP-based drug delivery system, and secondly,
to study the effect of the crystallinity of the bulk polymers on the enzymatic degradation
and the in vitro performance of the resulting NPs.

The anti-inflammatory drug BRP-187 (4-(4-chlorophenyl)-5-[4-(quinoline-2-ylmethoxy)-
phenyl] isoxazol-3-carboxylic acid) is a dual inhibitor of the 5-lipoxygenase-activating
protein (FLAP) and microsomal prostaglandin E2 synthase-1 (mPGES-1), which are crucial
proteins within arachidonic acid (AA) metabolism. Inhibition of mPGES-1 and FLAP
prevents the biosynthesis of pro-inflammatory prostaglandin (PG)E, and leukotrienes (LTs),
respectively [18]. Several in vitro and in vivo studies with inhibitors of FLAP and/or
mPGES-1 have demonstrated their efficient anti-inflammatory activity while exhibiting
fewer adverse effects compared to the conventional non-steroidal anti-inflammatory drugs
(NSAIDs) [19,20]. These observations suggest that dual inhibition of FLAP and/or mPGES-
1, rather than blocking cyclooxygenase-1 or -2 pathways, might be a better strategy for
intervention with inflammation. However, BRP-187 is a fatty acid-like molecule with poor
water solubility and a strong tendency to bind plasma proteins [18]. Molecules exhibiting
such properties typically cause challenges in reaching a sufficient bioavailability in vivo
and require technological solutions to improve their pharmacokinetic drawbacks. We have
previously demonstrated that encapsulating BRP-187 into PLGA NPs and acetalated dextran
NPs enhanced its enzyme inhibition efficacy in vitro [21].

In the present study, we initially performed a high-throughput (HT) nanoprecipitation
approach for the homopolymers PeCL and P6CL to screen a range of polymer and surfac-
tant concentrations for the preparation of empty (unloaded) PCL particles. Once optimal
formulation conditions were established, and drug-loaded NPs were prepared by batch
nanoprecipitation of the PeCL and P6CL homopolymers as well as of the poly(eCL-ran-
8CL) copolymers with BRP-187. PCL NPs with and without BRP-187 were characterized
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for their critical quality attributes, namely their particle size, polydispersity index (PDI),
surface charge and drug loading. Other particle properties i.e., nanodispersion stability and
NP degradation behavior were also investigated. Ultimately, BRP-187-NPs were studied
in vitro in human polymorphonuclear leukocytes (PMNL) for their efficiency to inhibit the
drug target FLAP, in comparison to the free BRP-187.

2. Methods
2.1. Materials

The PCL homopolymers and P(¢e CL-ran-8CL) copolymers were synthesized as previ-
ously reported [17]. Key characterization data are listed in Table S1 in the Supplementary
Information (SI). For further details on their synthesis, the reader is referred to literature
reports [17]. Polyvinylalcohol (PVA) (Mowiol 4-88), tetrahydrofuran (THF), dimethylsulfox-
ide (DMSO) and lipase from the yeast Candida rugosa were purchased from Sigma-Aldrich
(Germany). BRP-187 was synthesized according to a published protocol [18]. Further
materials are described in the specific experimental sections.

2.2. Automated High-Throughput Nanoprecipitation

Automated high-throughput nanoprecipitation was performed in a 96-well plate
(Greiner Bio-One GmbH, Frickenhausen, Germany) utilizing a FasTrans liquid handling
robot (Analytik Jena GmbH, Jena, Germany). Starting with a polymer stock solution of
10 mg mL~! in THF, a dilution series with varying concentrations (0.25,0.5,1, 2, 3,4, 5,6, 7,
8,9 and 10 mg mL~!) was prepared. The polymer solutions (40 uL) were then automatically
pipetted into 200 puL of either purified water (GenPure ultrapure water system, Thermo
Scientific, Waltham, MA, USA) or PVA surfactant-containing aqueous solutions with a
concentration of 0.25%, 0.5% or 1.0% (w/v). The resulting NP dispersions were mixed by
pipetting up and down three times and then left for two hours for solvent evaporation.
Each formulation was prepared twice. After solvent evaporation, the samples were diluted
with pure water (1:2 ratio for a polymer concentration up to 4 mg ml~! and 1:10 ratio for
all NPs prepared with a polymer concentration above 4 mg mL~!) and investigated via
dynamic light scattering (as described in Section 2.4) [22].

2.3. Batch Nanoprecipitation

Polymer solutions with 5 mg mL~! or 2.5 mg mL~! were prepared in THF via batch
nanoprecipitation. For the drug-loaded particles, 10 mg mL~! of BRP-187 dissolved in
DMSO were mixed with the polymer solution prior to formulation, which corresponded
to 3% (w/w) of the drug to polymer mass. The drug stock solution was sonicated in an
ultrasound water bath for 15 min at room temperature to ensure good dissolution. Parti-
cle formulation was carried out by injecting the polymer/drug solution into an aqueous
phase containing 0.3% (w/v) PVA using a syringe pump (Aladdin AL1000-220, World Pre-
cision Instruments, Berlin, Germany) with a flow rate of 2 mL min~! while stirring at
800 rpm. The solvent/non-solvent ratio was set to 1:8. The resulting particle suspen-
sions were stirred for 24 h at room temperature for solvent evaporation and then cen-
trifuged at 12.851 x g for 60 min at 20 °C using a Rotina 380 R centrifuge (Hettich Lab
Technology, Tuttlingen, Germany). The supernatant was removed, and the NPs were re-
dispersed in 2.5 mL pure water, vortexed and sonicated in an ultrasonic water bath for
30 min. The NPs were stored overnight at 4 °C and lyophilized in aliquots of 200 pL.
After lyophilization, the mass of the NPs was determined using a precise analytical bal-
ance (MYA 11.4Y, Radwag Waagen, Hilden, Germany). The yield was calculated as fol-
lows: (mass of NPs recovered — mass of found PVA)/(mass of polymer + mass of drug) in
the formulation x 100. To check reproducibility, five individual batches of the drug-loaded
PCL particles were prepared and analyzed individually. The data provided represent the
average values and the standard deviation of these five batches.

133



Polymers 2021, 13, 2557

2.4. Dynamic Light Scattering (DLS) and Electrophoretic Light Scattering (ELS)

DLS measurements were performed utilizing a Nano ZS (Malvern Panalytical, Malvern,
United Kingdom) with a laser wavelength of A = 633 nm with non-invasive back-scatter
(NIBS) technology [22]. The particle size is reported as the hydrodynamic diameter (dy).
The particle size distribution (PDI) was measured using pure water as a dispersant with a
refractive index RI of 1330 and a viscosity of 0.8872 cP at 25 °C. Samples obtained from the
automated HT-nanoprecipitation were measured at 25 °C in a micro cuvette (Brand GmbH,
Wertheim, Germany) without any filtering step with the following settings: measurements of
each sample were repeated three times for 10 sec at 25 °C. The samples obtained from batch
nanoprecipitation were measured at a dilution of 1:10 up to 1:100 utilizing the following
settings: five repeated measurements, each with five runs of 30 s. The zeta-potential of the
lyophilized NPs was investigated by ELS using the same instrument at 25 °C with three
repeated measurements.

The apparent degradation behavior of the NPs was analyzed by DLS by monitoring
changes in the mean count rate at fixed measurement settings: measuring position at 4.65,
attenuator factor 7 at 37 °C [21]. Before investigating, NPs were mixed with the enzyme
solution (a lipase from Candida rugosa) in a 1:4 mass ratio of polymer to enzyme and
incubated at 37 °C for pre-determined timepoints.

2.5. UV-Vis Spectroscopy Measurements

UV-Vis spectroscopy measurements were performed with the Infinite M200 Pro plate
reader (Tecan Group, Méannedorf, Switzerland). For determination of the encapsulation
efficiency (EE) and the loading capacity (LC) of the BRP-187 in the PCL particles, lyophilized
NPs were dissolved in DMSO, and the solutions were investigated in a flat-transparent
96-well quartz plate (Hellma, Jena, Germany) at A = 316 nm with 3 x 3 multiple reads per
well and a 2000 um well border. A calibration curve of BRP-187 was obtained for each batch
in the concentration range of 1.2 to 312.5 pg mL~! with R? = 0.9997. The LC was calculated
as follows: LC = (mass of drug recovered)/(mass of particle recovered) x 100. The EE was
calculated as follows: EE = LC found/(mass of drug used) x 100. The determination of
PVA in the NPs (%, w/w) was performed according to the published protocol [23].

2.6. Scanning Electron Microscopy (SEM)

A Sigma VP Field Emission Scanning Electron Microscope (Carl-Zeiss, Jena, Germany)
equipped with an InLens detector with an accelerating voltage of 6 kV was used for electron
microscopy imaging. Before the measurement, the samples were coated with a thin layer
of platinum (4 nm) via sputter coating (CCU-010 HV, Safematic, Zizers, Switzerland).

2.7. Cell Isolation

The leukocytes isolation was performed according to a published protocol [21]. Leuko-
cyte concentrates were prepared from peripheral blood obtained from healthy human adult
donors that received no anti-inflammatory treatment for the last ten days (Institute of Trans-
fusion Medicine, University Hospital Jena). The approval for the protocol was given by
the ethical committee of the University Hospital Jena, and all methods were performed
in accordance with the relevant guidelines and regulations. To isolate PMNL, the leuko-
cyte concentrates were mixed with dextran (Leuconostoc spp. MW ~40,000, Sigma Aldrich,
Taufkirchen, Germany) for sedimentation of erythrocytes and the supernatant was cen-
trifuged on lymphocyte separation medium (Histopaque®-1077, Sigma Aldrich, Taufkirchen,
Germany). Contaminating erythrocytes in the pelleted neutrophils were removed by hypo-
tonic lysis (water). PMNL were then washed twice in ice-cold phosphate-buffered saline
(PBS) and finally resuspended in PBS plus 0.1% of glucose and 1 mM CaCl,.

2.8. Determination of FLAP-Dependent 5-LO Product Formation in PMNL

The evaluation of the effects on FLAP was performed according to our established
protocol [21]. We assessed FLAP-dependent 5-LO product formation in human PMNL,
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cells (5 x 10 mL~1) were pre-incubated with BRP-187 or NPs for indicated timepoints
at 37 °C. The cells were stimulated with 2.5 uM Ca? * -ionophore A23187 (Cayman, Ann
Arbor, USA) for 10 min, and the incubation was stopped with 1 mL ice-cold methanol con-
taining 200 ng mL~! PGB; as an internal standard. Samples were subjected to solid phase
extraction, and the formed lipid mediators (leukotriene B4 (LTBy), trans-isomers of LTBy,
5-hydroxyeicosatetraenoic acid (5-HETE)) were separated and analyzed by reverse-phase
high-performance liquid chromatography (RP-HPLC) as previously described [24]. Statisti-
cal analysis was performed with log-transformed values to obtain Gaussian-distributed
data sets. Experiments were analyzed via one-way ANOVA and Tukey’s multicomparison
test with GraphPad Prism 9.1.2 (GraphPad, La Jolla, CA, USA).

2.9. Cell Viability

Freshly isolated PMNL were incubated with a control sample with 0.1% DMSO, BRP-
187 (10 uM) or NPs containing the respective amount of BRP-187 (10 uM) at 37 °C in PBS
containing 0.1% of glucose. After 5 h the cell suspension was subjected to a Vi-CELL XR
cell counter (Beckman Coulter, Lahntal, Germany), for determination of cell viability by
trypan blue staining.

3. Results and Discussion

In our previous study, five poly(eCL-ran-6CL) copolymers, herein named e87-5613,
€81-519, £75-625, £61-639 and £45-5655, and the two respective homopolymers PeCL and
PSCL, herein referred to as €100-60 and €0-6100, were synthesized exhibiting a constant
HHB [17]. It was demonstrated that the HHB of the bulk polymers correlated with the
HHB of the corresponding NPs when particles were prepared in THF using a polymer
concentration of 1 mg mL~! [17]. In the present study, the particle formation of the £100-50
and €0-5100 was investigated over a wider range of polymer concentrations in THF ranging
from 0.25 to 10 mg mL! using an automated pipetting robot that was adapted for the HT-
nanoprecipitation [25]. Particles were formulated without surfactant as well as with PVA of
different concentrations (0.25 to 1% (w/v)). Previous studies revealed that PVA of less than
0.5% (w/v) generated stable drug-loaded PLGA NPs, and it could be demonstrated that
even concentrations of up to 5% (w/v) were generally non-toxic in vitro [26]. €100-60 and
€0-5100 homopolymers both formed NPs up to the highest tested polymer concentration of
10 mg mL~! when PVA was used as a surfactant (SI, Figure S1). Even the lowest tested
PVA concentration of 0.25% (w/v) was sufficient to obtain stable particle dispersions and
€100-60 NPs with a size of 150 to 300 nm and €0-6100 NPs with a particle size of 120 to
280 nm with PDI < 0.3. However, £¢0-6100 NPs prepared without surfactant failed to
produce stable NP dispersions above concentrations of 0.5 mg mL~! as indicated by a
strong aggregation of the particles. This is not surprising since ¢0-6100 is above its glass
transition temperature at room temperature, which could disturb the particle formation
in the absence of a stabilizer. It is well-known that several factors influence the final NP
properties, including the polymer concentration, the solvent used to dissolve the polymer
and the type and the concentration of the surfactant [26-28]. THF was demonstrated to
be a suitable solvent in the HT-screening, resulting in stable particle formation within a
broad polymer concentration range when PVA was used as a surfactant. Hence, it was
selected as solvent for the subsequently performed BRP-187 encapsulation experiments.
All other formulation parameters for the preparation of PCL[BRP-187] NP were adapted
from our previous study that described the encapsulation of BRP-187 into PLGA NPs [21].
The first batch nanoprecipitation with the drug and a polymer concentration of 5 mg mL ™!
in THF yielded large particles with a diameter (dy) of 400 to 600 nm with high LC values
(SL, Table S2). However, the particles revealed significant aggregation after centrifugation
and lyophilization, as indicated by the higher PDI values of 0.3 to 0.6. Hence, the initial
polymer concentration was reduced to 2.5 mg mL~! to optimize the dispersion stability
and to decrease the particle size [28]. Particles within a size range of 200 to 260 nm and PDI
values below 0.3 were obtained for all PCLs using a polymer concentration of 2.5 mg mL ™!
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(Table 1, SI Table S4). It was further observed that empty NPs were approximately 30 to
50 nm smaller compared to the BRP-187-loaded NPs (SI, Table S3). The particle size of
the empty NPs increased by approximately 40 to 80 nm when NPs were lyophilized and
subsequently reconstituted in water (SI, Table S3). Similar tendencies were also observed
for the PCL[BRP-187] NPs, although here the difference in size was on average only about
30 to 50 nm (Table 1), presumably caused by the strong affinity of the hydrophobic drug
with the polymer matrix [29]. The particles were also investigated via SEM (Figure 1),
which revealed individual or clustered particle populations within the particle size range
as indicated by DLS measurements.

Table 1. Overview of PCL[BRP-187] NP properties prepared in THF using a polymer concentration of 2.5 mg mL ™.

¢CL/6CL Tm X ? du ® PDIb VA dy © PDI ¢ PVA Yield 4 LC®

(mol %) (o) (%) (nm) (mV) (nm) % (wlw) (%) (%)

£100-50 69 73 229 + 13 0.08 & 0.02 —50 41 268 + 21 0.27 4+ 0.09 45 87 1.5+ 0.1
£87-513 54 44 211+5 0.08 + 0.02 —38+2  251+13 0.30 £ 0.14 45 76 14+05
£81-619 52 38 218 + 13 0.08 & 0.02 —41+1 267 + 24 0.37 £ 0.27 47 81 14402
£75-625 42 28 225 + 13 0.16 + 0.11 —3441 260 + 23 0.42 +0.20 5.0 67 19+ 0.6
£61-639 24 4 209 + 13 0.06 + 0.12 —40+1 223 + 16 0.16 £+ 0.10 8.2 61 1.7 +0.1
£45-855 /" 0 200 + 13 0.10 &+ 0.12 —3241 237 4 61 0.18 4+ 0.08 6.7 52 14402
£0-5100 /" 8 259 + 32 0.28 +0.14 —454+2 262420 0.26 + 0.26 55 54 32412

dy represents the intensity-weighted distribution (n > 4 batches) and zeta-potential (ZP) (n = 3 ELS measurements) * Amorphous or near
amorphous polymers with glass transition temperature Ty below 37 °C [17]. # Bulk degree of crystallinity as determined by wide-angle X-ray
scattering (WAXS) at room temperature.  NPs measured after purification. © NPs measured after lyophilization and subsequent resuspension
in water. ¢ Yield = (mass of NPs recovered — mass of found PVA)/(mass of polymer + mass of drug) in the formulation x 100. ¢ Determined by
UV-VIS spectroscopy at A = 316 nm (n = 4) and calculated using LC = (mass of drug recovered)/(mass of particle recovered) x 100.

£61-539

£81-519 7.5 = | £75-525

Figure 1. SEM micrographs of PCL[BRP-187] particles consisting of the homo- or copolymers with a varying composition.

Scale bar =1 um.

The average LC of the PCL[BRP-187] NPs was between 1.4 and 1.9% for ¢100-50 and
the poly(¢eCL-ran-8CL) copolymers (Table 1) and similar to the LC values of PLGA NPs
encapsulating the same drug [21]. The only exception was the €0-5100 homopolymer with
an LC of 3.2%, probably due to its almost liquified state at room temperature. This resulted
in a viscous dispersion with emulsion-like properties in which the drug was apparently
entrapped during the purification process.

In general, the yield of both empty and drug-loaded PCL NPs decreased with increas-
ing molar fraction of JCL (Figure 2A). In other words, NP yield increased with the degree
of crystallinity of the polyester materials. Amorphous materials are frequently utilized as
excipients in pharmaceutical formulations since they are known to increase the dissolution
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rate of insoluble drugs and to enhance their bioavailability [30]. However, their major
disadvantage is seen in the fact that they exhibit high energy states at a molecular level and
thus are prone to physical instabilities. In particular, such tendencies were observed with
the NPs of the amorphous PSCL homopolymer, which displayed a higher polydispersity
and the lowest yield. In technical terms, the low yield of the copolymers with a higher
fraction of 6CL could have resulted from their near-molten state at room temperature
causing them to sediment at a lower rate due to their lower density. Thus, after 60 min of
centrifugation, a lower amount of the NPs was recovered.

A 100 B 10
80 N 8 ©
S 2= .0
g 60 o —3 6 °
3 ° = 23
o 40 T 4
=z o
20 2
0 0
0 25 50 75 100 0 25 50 75 100
6CL (%) Polymer crystallinity (%)
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T ¥
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SCL (%) Polymer crystallinity (%)

Figure 2. Influence of the SCL fraction on the yield of drug-loaded PCL NPs (A), influence of the
polymer crystallinity on the residual PVA content of drug-loaded PCL NPs (B), apparent degradation
represented by the normalized relative count rate (%) after 20 h plotted against the 0CL fraction
of the copolymers (C) and influence of polymer crystallinity on the efficiency of drug-loaded PCL
NPs to inhibit 5-LO product formation (D). Black-circled data points represent PCL polymers with a
degree of crystallinity below 10% and a Tg < 37 °C.

Furthermore, it was observed that the residual amount of PVA in the drug-loaded NPs
was higher compared to the empty NPs for all PCL copolymers (Table 1 and SI, Table S3).
As mentioned before, such differences are typically a result of strong drug—polymer interac-
tions [31], and in this case, the interactions of the BRP-187 with the chains of PVA polymer.
Moreover, the residual PVA content was noticeably higher for less crystalline copolymers
with a higher 6CL fraction and highest for the particles consisting of the POCL homopolymer
(Figure 2B). Apparently, the surfactant molecules tended to stick to the surface or were even
incorporated into the particles formed from amorphous polyesters that are above their glass
transition temperature during formulation. As soon as the materials were semicrystalline
and below Tp,, the degree of crystallinity did not influence the amount of residual PVA
anymore. Besides providing dispersion stability, surfactants also influence the degradation
rate of NPs since they adsorb at the surface of the particles forming a layer that protects from
enzymatic hydrolysis to some degree [32]. Additional characterization experiments of the
PCL[BRP-187] NPs were performed to investigate the degradation kinetics as well as the
biological evaluation of the NP efficiency to inhibit the drug targets in vitro.
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3.1. Degradation Studies

Among the aliphatic polyesters that are most commonly investigated for drug delivery
applications, PCL has a superior thermal stability, with a decomposition temperature of
100 °C higher above that of the typical PLA- and PGA-based polymers [15]. Due to its high
durability, PeCL has found a wide range of applications mainly for implantable medical
devices [33,34], in which degradation occurs over two to four years [13]. However, to tailor
their application for drug delivery purposes, faster degradation kinetics of the PeCL are
desirable and can be achieved by copolymerization of ¢CL with its isomer 6CL [9]. Intro-
ducing 6CL repeating units to the PeCL polymer decreases its degree of crystallinity [17],
and as such, it increases its rate of degradation as confirmed by investigations of films [35].
Figure 3 shows the enzymatic degradation of the PCL[BRP-187] particles incubated for 24 h
at 37 °C as monitored by DLS. The apparent NPs degradation was inferred by monitoring
changes in the sample concentration over time, as indicated by the count rate on the DLS
under constant measurement settings [21]. In agreement with literature reports regarding
film degradation, Figure 3 reveals that the degradation of the most crystalline £¢100-50
was the slowest in the nanoparticulate state. €100-60 is predominantly a semicrystalline
material with a melting point considerably higher than the experimental temperature of
37 °C. It was noticed that except for the £0-6100 homopolymer, which degraded only about
25% after 24 h, the NP degradation rate generally increased with the amount of the 6CL
(Figure 3A). This was expected since the long-range order and the compact structure of
crystalline materials requires higher levels of energy for degradation compared to the less
organized molecular arrangement of amorphous materials [29,36].

©(£100-50)
©(¢87-513)
0 (£81-519)
0 (£75-525)
© (£61-539)
© (£45-555)
© (£0-5100)

Time (h)

Figure 3. Normalized count rate of BRP-187-loaded PCL NPs incubated with Candida rugosa as measured by DLS for
24 h (A). (B) depicts a zoomed-in area into the data until 5 h.

This observation is further confirmed by other studies that have also demonstrated
that the amorphous regions within bulk and/or films of PeCL polymer degraded faster
compared to the crystalline regions [35,37,38]. Another study with similar observations
argued that polyesters with higher crystallinity exhibit a slower degradation because in a
densely packed crystal, it is more difficult for the enzymes to reach the cleavable bonds [39].
In general, our results revealed that all copolyester NPs featured an apparent degradability
above 50% within 5 h (Figure 3B). A faster initial degradation was particularly observed
for the £75-625 and €61-539 copolymers since they exhibit melting points (42 °C and 24 °C,
respectively [17]) that are closer to the experimental temperature of 37 °C, which was
chosen to simulate the conditions of the human body (Figures 2C and 3B) [8].

3.2. In vitro Performance of NPs

Although clear influences of the polymer crystallinity and physical state on NP for-
mulation and enzymatic degradation were found, other effects might come into play in
the more complex environment of a cell. The PCL[BRP-187] particles were hence tested in
human PMNL for bioactivity. PMNL are the most abundant leukocytes in the blood and
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are a major source for FLAP-dependent 5-LO product biosynthesis, thus they are suitable
cells for evaluation of various anti-LT agents. Note that FLAP as helper-protein of 5-LO
has no enzyme activity that can be experimentally assessed, but instead assists 5-LO in LT
formation by facilitating the access towards the substrate for the 5-LO enzyme. At first, the
PCL[BRP-187] NPs were compared to the free drug for their influence on the cell viability of
PMNL (cytotoxicity). No cytotoxic effects of the particles were found within a 5 h incubation
as shown in the SI (Figure S2). These results were in agreement with previous studies that
demonstrated PCL NPs to be biocompatible [40,41]. Considering their good biocompatibility,
all PCL[BRP-187] particles as well as the free drug were studied for their efficiency to inhibit
the drug target FLAP in PMNL and, thus, to prevent 5-LO product formation [42]. Therefore,
a drug concentration of 0.3 pM was chosen for free and encapsulated BRP-187, which were
investigated at different preincubation times (15 min, 1 h, 2 h and 5 h, respectively). As shown
in Figure 4A, 5-LO product formation was clearly suppressed after 15 min of incubation
with the PCL[BRP-187] particles to variant degrees, but essentially the particles performed
as efficiently as the free drug. Apart from this, there was no significant difference between
the different PCL[BRP-187] polymers at longer incubation time points (i.e., 1-5 h; Figure 4B
and SI, Figure S3). More specifically, the NPs prepared with €75-625 prevented the 5-LO prod-
uct formation most after 15 min of incubation (Figure 4A). This observation also correlated
with the fastest apparent degradation of the £75-525 copolymer (Figure 3B), which might be
promoted by its melting point of 42 °C, which is around the temperature of cell incubation
(i-e., 37 °C). Karavelidis et al. reported that other polyesters with melting points around 37 °C
exhibited a faster drug release [8]. It can be inferred that the rapid degradation of £75-525 led
to an accelerated release of the BRP-187, thereby considerably preventing the 5-LO product
formation at early time points (Figure 2C,D). NPs formed from PCL with higher eCL fraction
and hence higher Ty, as well as a higher degree of crystallinity, were less effective. As shown
in Figure 2D, the 5-LO product formation was almost linearly dependent on the polymer
crystallinity if only the semicrystalline materials are considered. The better performance of the
NPs with lower crystallinity could be explained by two effects based on two different release
mechanisms. Firstly, less crystalline materials with a larger fraction of amorphous domains
enable a faster diffusion of the drug through the polymer matrix without barriers formed
by crystalline domains [11,43]. Secondly, if the drug release is promoted through polymer
degradation, these amorphous domains would most likely be more accessible for enzymes
catalyzing the polyester hydrolysis [11].
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Figure 4. Measurement of 5-LO product formation as an indicator for the inhibition of the drug target FLAP by BRP-187 [36].
PMNL preincubated with DMSO, BRP-187 (0.3 pM), empty PCL particles (labeled as w /o) or PCL particles with BRP-187
(labeled with BRP-187; 0.3 uM respective BRP-187) for 15 min (A) or 5 h (B) at 37 °C. Values are given as 5-LO products
as a percentage of control (DMSO) (n = 3). Statistical analysis was performed via one-way ANOVA and Tukeys multi

comparison test with logarithmic trans-formed data (* p < 0.05).
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Based on the apparent enzymatic degradation of the PCL NPs, a burst release of the
drug is conceivable considering the immediate decrease in the count rate of at least 5 to 10%
of all PCL NPs (Figure 3B). The slightly higher efficiency of the NPs to inhibit 5-LO product
formation in PMNL within 15 min supports this idea (Figure 4A). For the polymers with a
degree of crystallinity below 10% and Tg < 37 °C, namely €61-539, £55-645 and £00-5100,
inhibition of 5-LO product formation is less apparent after 15 min of incubation (Figure 2D,
black-circled data points). This is presumably because these polymers are molten and more
viscous at 37 °C. As a consequence, they could delay the release of the drug and therefore
hamper the drug action in the cells.

Furthermore, the coating effect of PVA might reduce the influence of the crystallinity
of NPs or their intracellular drug release. It is reported that increasing amounts of residual
surfactant decrease the cellular uptake of the NPs [44,45]. This could explain why the
PCL copolymers with a higher fraction of 5CL containing more residual PVA (Figure 2B)
were less efficient to inhibit 5-LO product formation after 15 min of incubation (Figure 2C,
Figure 4A) when compared to the PCL copolymers with a higher ¢CL fraction containing
less residual PVA. However, no correlation was observed between suppression of 5-LO
product formation and the PVA content in the formulation, showing that the trend cannot
be generalized (SI, Figure 54).

4. Conclusions

A library of poly(eCL-ran-8CL) copolymers with a constant HHB but different degrees
of crystallinity were used to encapsulate BRP-187 into polymer NPs. PCL[BRP-187] parti-
cles with a diameter of 200 to 300 nm were successfully produced, whereby a comparable
drug-loading was observed with LC between 1.4% and 1.9%, with the exception of the
PSCL homopolymer, which revealed a higher LC. It was evident that the degree of crys-
tallinity directly influenced the enzymatic degradation rate of the PCL copolymer, whereby
the degradation increased with an increasing fraction of CL repeating units. In addition,
increasing the amount of 6CL in the polymer increased the amount of residual surfactant
in the NP formulation but decreased the final NP yield. The release of bioactive BRP-187
from the PCL NPs was demonstrated in vitro in PMNL by inhibiting FLAP-dependent
5-LO product formation, whereby the inhibition efficiency was dependent on the degree
of crystallinity of the copolymers used for the particle formulation. The NPs of £75-525
revealed the fastest degradation and inhibited the 5-LO product formation more than the
other copolymers after 15 min of incubation in PMNL; longer preincubation times (1 to 5 h)
reduced the potency. In conclusion, although all PCL copolymers were suited to produce
NPs, the £75-525 copolymer can be considered as a more promising candidate to be further
investigated for both its physicochemical properties and its performance in more complex
biological models. When designing superior materials for NP-mediated drug delivery, it
hence seems promising to rely on polymers that are in a solid state of matter at 37 °C but
feature a low degree of crystallinity. However, it is not yet clear if these observations can be
applied to other systems. Thus, our future research will concentrate on the encapsulation
of other anti-inflammatory drugs in the polymer library with constant HHB to determine if
the effect of polymer crystallinity of the present PCL systems can be transferred to other
actives. In addition, we are currently establishing similar libraries mimicking the HHB of
PLA to understand if our findings can be generalized in the field of polyester-based drug
carrier materials.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13152557/s1, Figure S1: Hydrodynamic diameter (intensity-weighted distribution, cir-
cles) and PDI (bars) of the homopolymer £100-50 and £0-5100 NPs over a range of PVA concentration
used in the formulation, Figure S2: Cell viability measured with a Beckman ViCell XR cell counter by
trypan blue staining. A total of 1 x 107 PMNL were diluted in PBS plus 0.1% of glucose and incubated
with DMSO, BRP-187 (10 uM), empty PCL particles (labeled as w /o) or PCL particles with BRP-187
(labeled with BRP-187; respective amount to 10 pM BRP-187) for 5 h at 37 °C. Values are given as
5-LO products as a percentage of control (DMSO) (n = 3), Figure S3: Measurement of 5-LO product
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formation as indicator for the inhibition of the drug target 5-lipoxygenase-activating protein (FLAP)
by BRP-187.[37] A total of 5 x 106 polymorphonuclear leukocytes (PMNL) diluted in PBS containing
0.1% glucose and 1mM CaCl, were preincubated with DMSO, BRP-187 (0.3 uM), empty PCL particles
(labeled as w/o0) or PCL particles with BRP-187 (labeled as BRP-187; 0.3 uM respective BRP-187) for
1h (A) and 2 h (B) at 37 °C and further stimulated with 2.5 uM A23187 for 10 min. The reaction
was stopped with 1 mL ice-cold methanol containing 200 ng mL-1 PGB1 as internal standard. Lipid
mediators were extracted via solid-phase extraction (SPE) and analyzed with HPLC. Values are given
as 5-LO products (LTB4, its trans-isomers 4 and 5-HETE) as a percentage of control (DMSO) (n = 3),
Figure S4: Influence of the residual PVA on the efficiency of drug-loaded PCL NPs on 5-LO inhibition.
Black-circled data points represent PCL polymers with bulk degree of crystallinity below 10% and
glass transition temperature Tg < 37 °C. Table S1: Molar mass and composition of the (co)polyesters.
Details are described in a previous publication, Table S2: Properties of PCL[BRP-187] NPs formulated
from THF utilizing polymer concentration of 5 mg mL~! (n = 1 batch), Table S3: Particle properties
of empty PCL NPs prepared in THF with ¢ = 2.5 mg mL 1 (n = 2 batches) obtained by DLS and
ELS measurements after purification and after lyophilization and subsequent resuspension (n = 2
for purified NPs, n =1 for lyophilized NPs), Table S4: DLS intensity-weighted size distribution of
PCL[BRP-187] NPs of one formulation round after purification, as well as after lyophilization and
resuspension in water.
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Abstract: Advances in technology have led to the production of sustainable antioxidants and natural
monomers for food packaging and targeted drug delivery applications. Of particular importance is
the synthesis of lignin polymers, and graft polymers, dopamine, and polydopamine, inulin, quercetin,
limonene, and vitamins, due to their free radical scavenging ability, chemical potency, ideal functional
groups for polymerization, abundance in the natural environment, ease of production, and activa-
tion of biological mechanisms such as the inhibition of the cellular activation of various signaling
pathways, including NF-«kB and MAPK. The radical oxygen species are responsible for oxidative
damage and increased susceptibility to cancer, cardiovascular, degenerative musculoskeletal, and
neurodegenerative conditions and diabetes; such biological mechanisms are inhibited by both syn-
thetic and naturally occurring antioxidants. The orientation of macromolecules in the presence of
the plasticizing agent increases the suitability of quercetin in food packaging, while the commer-
cial viability of terpenes in the replacement of existing non-renewable polymers is reinforced by
the recyclability of the precursors (thyme, cannabis, and lemon, orange, mandarin) and marginal
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ing activity, potential applications, and future directions. This review is distinct from other works
given that it integrates different advances in antioxidant polymer synthesis and applications such as
inulin, quercetin polymers, their conjugates, antioxidant-graft-polysaccharides, and polymerization
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1. Introduction

1.1. Definition of Antioxidants. Their Importance in Food Preservation

Antioxidants are a class of naturally occurring or synthetic compounds. The naturally
occurring antioxidants include Vitamin C and Vitamin E (tocotrienols and tocopherols
in general) [1-3]. Other classes are phenolic compounds and carotenoids [4]. Synthetic
antioxidant molecules include «-lipoic acid, N-acetyl cysteine, melatonin, gallic acid,
captopril, taurine, catechin, and quercetin [5]; these compounds are indispensable in the
scavenging of free radical species. For example, gallic acid and poly Trolox ester polymers
scavenge free radicals in the cytosolic cellular compartment [6]. In contrast, 3-carotene,
and vitamin E (tocopherol), are most effective against lipid peroxidation.
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Wattamwar et al. [6] attribute the formation of reactive oxygen species to cellular
processes, including inflammation—a process that results in the activation of endothelial
cell macrophages, which in turn trigger the development of Nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase complex [6]. The NADPH complex is responsible
for the conversion of molecular oxygen into O, a superoxide reactive anion, which is
converted into H,O, (hydrogen peroxide) following contact with superoxide dismutase [6].
The hydrogen peroxide molecule is a potent reactant, which binds with copper and iron
metal ions, releasing hydroxyl radicals. Alternatively, ONOO™ (peroxynitrite) is formed if
the superoxide reactive anion is formed in a NO-rich environment. The reactive oxygen
and nitrogen species formed through a sequence of reactions triggered by NADPH are
responsible for cellular oxidative and lipid damage—phenomena that result in the release
of oxidative stress markers (4-hydroxy-2-trans-nonenal, 3-nitrotyrosine (3NT), protein
carbonyl). The primary function of melatonin, gallic acid, captopril, taurine, catechin, and
quercetin, vitamin C, and E analogs is to bind to the markers to prevent structural damage
to cellular proteins.

The biological importance of different antioxidants in food preservation and augmen-
tation of body defense mechanisms depends on chemical properties. Pryor et al. [3] evalu-
ated the performance of both natural and synthetic antioxidants in sodium dodecyl sulfate
micelle solutions; it was noted that hydrogen bonding on the para and ether O, atoms
predicted the reactivity of the antioxidants towards peroxyl radicals. Beyond H-bonding
affinity towards reactive oxygen species was predicted by the presence of bulky tert-butyl
groups [3]. Even though synthetic and natural antioxidants exhibit similar potency towards
ROS, the selection of the chemicals in industrial applications is predicted by regulatory
standards. European Parliament and Council Directive No.1333 /2008 restricts the use
of synthetic antioxidants in food preservation [4], except for 2, 4-dichlorophenoxyacetic
acid (2,4-DA), 2-naphthol (2NL), 4-phenyl phenol (OPP), tert-butyl hydroquinone (TBHQ),
butylated hydroxytoluene (BHT), and butylated hydroxyanisole (BHA) [4]. The listed
synthetic antioxidants have found broad application in the food industry, particularly
in preserving fruits and vegetables, due to their low cost, stability, performance, and
widespread availability [3-5,7].

Vitamin C has been proven to exhibit superior activity in the quenching of reactive
oxygen species and free radicals, resulting in the formation of ascorbyl radicals. The latter
is a less potent radical compared to ROS based on the potential for oxidative damage [2].
Vitamin E exhibits a similar mechanism of action as Vitamin C. However, in the former
case, the main mechanism of action involves protecting biological liquid compartments
and the cleavage of the lipid peroxidation chain reactions. Alternatively, tocotrienols and
tocopherols, in general, have been proven to contribute to the inactivation of ROS before
regeneration by ascorbate [2]. Experimental evidence has also demonstrated the practical
benefits of chain-breaking tocopherols in mitigating the auto-oxidation of polyunsaturated
fatty acids. This process is responsible for cancer cell growth and atherosclerosis, as well
as other life-threatening conditions [3]. Other unique biological functions associated with
naturally occurring antioxidants include the modulation of the activity of specific enzymes,
including mitogen-activated protein kinase, protein tyrosine kinase (PTK), protein tyrosine
phosphatase (PTP), protein phosphatase 2A (PP2A), and protein kinase [2].

The commercial suitability of naturally occurring antioxidants is informed by various
considerations beyond regulatory standards (European Parliament and Council Direc-
tive No.1333/2008) on food preservation, encompassing antimicrobial and antifungal
activities [4], lipid oxidation reactions, and chemical reactions related to anti-oxidative
effects [3-5]. The synergistic impact of different considerations helps explain why phenolic
antioxidants are often preferred in food preservation (see Table 1).

The extraction techniques predict the selection of natural antioxidants for food preser-
vation. Complex extraction techniques such as microwave-assisted extraction (MAE),
ultrasound-assisted extraction, pressurized liquid extraction (PLE), high hydrostatic pres-
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sure (HHP), and supercritical fluid extraction (SFE) and methanol, ethanol, acetone, and
water predict the cost of the extraction process and industrial application [1] (see Table 2).

Table 1. Active compounds, natural sources of antioxidants, and their use in different food matrices [4].

Natural Source Main Active Compound Food Matrix
Fennel and chamomile aqueous extracts Phenolic compounds Biscuits
Cottage cheese
Yogurt
Olive leaf and cakes extracts byproducts Phenolic compounds Antioxidant film
Litchi fruit pericarp extract Phenolic compounds Cooked nuggets
Green tea extract Polyphenols Sunflower oil
Cloves and cinnamon Phenolic compounds Meat samples
Tomato pomace extract Carotenoids Lamb steaks packaged
Ginkgo biloba leaves extract Polyphenols Pork meat
Cloudberry, beetroot, and willow herb Flavonoid Cooked pork patties
Canola olive oils, rice bran, and walnut Polyphenols, vitamins E and B Pork frankfurters
Coffee Chlorophylls and carotenoids Not defined
Wine Phenolic compounds Meat, fish, cereals

Table 2. Extraction techniques for different classes of naturally occurring antioxidants [4].

Extraction Process Source Antioxidant Extracted

Organic Solvents:

Ethanol, dichloromethane, hexane Coffee leaves Chlorophylls and carotenoids
Ethanol, acetone, and water Baccharides species Phenolic content
Sweet potato Polyphenols and anthocyanins
Methanol, ethanol, and acetone Spent grain Phenolic content
Spice herb Phenolic content

Total phenolics, flavonoids, tannins,

Peel of eggplant and anthocyanins
Supercritical fluid extraction (SFE) Mango peel Carotenoids
Apple pomace Phenolic compounds
Myrtle leaves and berries Phenolic acids, flavonoids, and anthocyanins
Green algae Carotenoids and phenolic compounds
Cape gooseberry Phenolic compounds and 3-carotene
High Hydrostatic Pressure (HHP) Red macroalgae Proteins, polyphenols, and polysaccharides
Tomato pulp Flavonoids and lycopene
Watercress Phenolic acids and flavonoids from watercress
Papaya seeds Phenolic content
Pressurized liquid extraction (PLE) Peppermint Phenolic compounds and essential oils
Carrot byproducts Carotenoids
Ultrasound-assisted extraction Green propolis Phenolic compounds
Microwave-assisted extraction (MAE) Pomegranate peels Phenolic compounds
Phalera macrocarpa fruit peel Phenolic compounds

Natural and synthetic antioxidants are integral to reducing oxidative stress and imbal-
ances in the cell redox reactions associated with reactive oxygen species. The formation
of ROS is linked to the suppression of the innate antioxidant defense systems or the over-
production of oxygen species. Both mechanisms are common, considering that oxygen is
ubiquitous in the environment, especially in biological processes involving aerobic organ-
isms [2]. The visual illustration suggests that free radical scavenging ability is predicted by
chemical structure and active components.

Supercritical Carbon Dioxide-Based Techniques

New evidence shows that the development of active packaging films is augmented
by supercritical carbon dioxide (SC—CO;) impregnation [8]. The observations made by
Franco et al. [8] were collaborated by Lukic et al. [9] and Trucilo et al. [10], who documented
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the development of active food packaging products made of PLA /PCL combined with
thymol and/or carvacrol and liposomes. The antioxidant and packaging properties of
the active packaging materials were augmented by supercritical carbon dioxide (SC-CO,)
impregnation [9]. The choice of the supercritical CO; is grounded in its ability to yield good
material properties based on its near-zero surface tension, low viscosity, and high diffusion
coefficient [10]. The suitable material properties partly explain why SC-CO, has been
extensively applied in membrane formation, desorption, micronization, and extraction.
However, in contrast to Franco et al. [8], Lukic et al. [9], Trucilo et al. [10], Ozkan et al. [11]
and Cejudo et al. [12] have argued that the utility of SC-CO, in active packaging films
was dependent on the role of the material (co-solvent, anti-solvent, or swelling agent).
On the one hand, SC-CO, can function as a supercritical anti-solvent (this is critical in
micronization or co-precipitation processes). On the other hand, it can function as a solvent
or co-solvent. Following the appraisal of the two techniques, it was clear that the SC-CO,
supercritical anti-solvent process (SAS) is highly appropriate in packaging given it yields
products with customized properties such as spherical nanoparticles, and nanostructured
filaments with controlled mean size and particle size distribution.

1.2. Natural Phenolic Polymers (Lignin and Proanthocyanidins (PAs))

Lignin is a naturally occurring polymer /heterogeneous biomacromolecule that sup-
ports the connective tissues in plants [13-15]. The rigidity, tensile strength, resistance to
chemical degradation, and pressure-resistance of lignin are linked to the phenyl propane cre-
ated using coniferyl alcohol, p-coumaryl alcohol, and sinapyl alcohol units [16]—precursor-
specific structural modifications of lignin translate to unique, different structural modi-
fications. The microscopic-level changes improve the utility of the material in the pro-
duction of plastics, paints, films, PU-based forms, nutritional supplements, resins and
coatings, beverage additives, food additives, adhesive binders, carbon fiber composites,
and enhancement of the structural properties of existing materials [17]. The application
of lignin-based compounds in dopamine polymerization, synthesis of polydopamine and
copolymers, polymerization of inulin, enzyme-catalyzed polyphenol, polymerization, an-
tioxidant quercetin polymers, polyquercetin and quercetin copolymers, and antioxidant
properties, and antioxidant terpene polymers is explored under Sections 2 and 3.

Proanthocyanidins are a class of natural phenolic compounds derived from natural
phenols (flavan-3-ols) and are fundamental polyphenolic components of the human diet,
including red wine, cocoa, dark chocolate, orange juices, grapefruit, parsley, black and
green tea, onions, olives, broccoli, and apple skin [18,19]. The PAs are critical to the investi-
gation of sustainable and natural monomers, synthesis, and applications of antioxidant
polymers considering that they are the second most naturally occurring and abundant plant
polyphenols after lignin [18]. In addition, PA compounds possess ideal chemical properties
for industrial and biological applications. For example, cinnamon-derived polyphenols
have been proven to have superior anti-inflammatory characteristics—a factor that is instru-
mental in the treatment of inflammation-related conditions, including inflammatory bowel
disease, rheumatoid arthritis, asthma, cancer, diabetes, cardiovascular diseases, degenera-
tive musculoskeletal diseases, and neurodegenerative conditions. The need for plant-based
alternatives is supported by the limitations of traditional non-steroidal anti-inflammatory
drugs (NSAIDs) [20], the manifestation of appropriate antioxidant properties [21,22], and a
variety of naturally occurring precursors, including agro-wastes.

1.3. Recovery of Antioxidants from Agro-Wastes

The recovery of antioxidants from agro-wastes is a facile and scalable method in
the manufacturing of a broad array of lignin-containing compounds for industrial and
biological applications. Martinez-Avila et al. [23] noted that the fermentation of fruit peel
waste generated high-quality phenolic antioxidants for industrial application. However, the
recovery of antioxidants from agro-wastes is impacted by production-related constraints—
traditional processes are associated with significant hazards to human health, low yields,
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and negative ecological effects; this explains why solid-state fermentation and solid-state
shear pulverization have become the techniques of choice in the recovery of polyphenols
from agro-wastes [23,24]. From a manufacturing perspective, the technical constraints are
offset by the cost advantage. The cost of agro-waste is about USD (United stated dollars)
0.05-0.10, which is significantly low compared to synthetic antioxidants, which cost > USD
6 per kg (Table 3) [24]. Future advances in technology might resolve the low yields, hazards
to human health, and negative ecological effects associated with toxic products.

Table 3. Cost of recovering antioxidants from selected agro-wastes and the phenol content [24].

Agro-Waste Annual Cost Calculated Total Cost Antioxidant Total Phenol
production ($/kg) content
(thousand tons) (mg GA/g)
Red Grape 100 0.050 5 atocopherol, ~0.02
Gallic acid
Turmeric Curcumin ~3.1
Coffee grounds 0.005 0.050 0.00025 Melanoidin, 17
Chalcogenic
acid
Orange peel 20 0.050 1 Ascorbic acid ~1.3
and Flavonoids
Irganox 110 Not known 6.36 Four substituted

2,6 di-tertiary
butyl phenols

In theory, it is feasible to extract antioxidants from nearly all commonly available
agricultural wastes. Nonetheless, there is a strong preference for antioxidant-rich precur-
sors such as orange peel, coffee grounds, turmeric shavings, and waste and grape pomace
wastes, which exhibit superior performance in the reinforcement of plastic properties.

The antioxidants are incorporated into polyolefins to enhance their material properties,
primarily recyclability, weathering resistance, and high-temperature processability [23,24],
which vary in line with the chemical properties of the precursors/agro-waste materials. The
presence of hydrogen-donating hindered phenols in the agro-waste materials is integral to
the capture of alkyl peroxide radicals, a process that impedes the propagation of free radical
reactions [24]. The precursor-specific chemical behavior underscores the need to select
appropriate natural antioxidant molecules for antimicrobial treatment, biodegradation of
polymers, tumor-targeted drug delivery, and food fortification.

1.4. Natural Antioxidant Macromolecules

Antioxidant polymers are a broad class of polymers, including polylactones [25],
polymer nanoparticles integrated with living polymerization techniques [26], poly(b-malic
acid) derivatives [27], lignin graft polymers, and polyphenols, which offer unparalleled
capabilities in tumor-targeted drug delivery, food fortification [28], biodegradation of
polymers, and antimicrobial treatment [29]. Emerging research evidence indicates that
hydrophobic antioxidant polymers are effective corrosion inhibitors in steel structures.

The development of green, biocompatible, and biodegradable antioxidants is critical
in polymer processing industries, packaging, health, cosmetics, textiles, and agricultural
sectors. The transition to green materials is supported by growing environmental aware-
ness. The need to explore antioxidant molecules is supported by widespread availability
in nature, such as lignin and polyphenol adduct polysaccharides. Additionally, certain
natural essential oils such as limonene also feature antioxidant properties and can be poly-
merized into renewable polylimonene while preserving their antioxidant properties. The
antioxidant polymers (including polyfurfuryl alcohol and its derivatives) can be directly
sourced from agricultural wastes. Polyphenols drawn from a variety of sources, including
fruits and vegetables, dopamine, pyrogallol, tannic acid, and green tea catechins, undergo
controlled oxidation and bio-inspired polymerization, which is vital in biomedical applica-
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tions. For example, quercetin (a potent antioxidant) is polymerized to encapsulate cancer
treatment medicines. Recently, edible flavors such as vanillin (phenolic aldehyde) have
also been polymerized into an antioxidant copolymer known as polyoxalate co-vanillyl
alcohol (PVAX) for biomedical applications. Vitamin C and other poly vitamins with potent
antioxidant properties can facilitate the synthesis of ADMET, acyclic diene metathesis
polymerization. The procedure involves a step-growth polymerization where «, w-diene
monomer is transformed in the presence of a ruthenium catalyst.

In contrast to synthetic antioxidants, natural antioxidants are naturally occurring
compounds generated by plants, fungi, bacteria, and mammals, and are environmentally
benign and largely biocompatible. Additionally, natural polymers are preferred due to the
diminished risk of harmful byproduct formation in the course of their use relative to syn-
thetic antioxidants [30]. Common antioxidant polymers include essential vitamins such as
retinoids, ascorbic acid, tocopherols, and polyphenolic compounds epigallocatechin gallate
(EGCG), quercetin, curcumin, and resveratrol [31]. The natural antioxidants exhibit unique
material properties, including the ability to scavenge reactive oxygen species, targeted
delivery, and long-term functionality /reactivity [32]. Such properties are vital agricul-
tural, textiles, cosmetics, health, and packaging industries. Future applications require the
development of materials with customized properties for specialized applications.

1.5. A Review of Antioxidant Molecule-Incorporating Polymers

The encapsulation of antioxidant molecules in conventional polymers is integral to the
regulation of the potential toxicity, lability, solubility, and diffusion, and other antioxidant
properties; this is particularly true for natural antioxidant polymers, which achieve high
antioxidizing effectiveness at relatively low concentrations [33]. In other cases, the incorpo-
ration of antioxidant molecules into polymers has been proven useful in autosynergism
and heterosynergism [33]. Lith and Ameer [32] and Sawant et al. [1] reported the successful
encapsulation of vitamin C antioxidant polymer in PEO (or poly(ethylene glycol), PEG)
micelles. The incorporation of vitamin C into PEG/PEO micelles was beneficial in the
treatment of cancer. Preliminary in vivo experiments using mouse models demonstrated
selective necrosis of breast cancer cells; the outcomes demonstrate the unique capabili-
ties of antioxidant compounds embedded into polymers [1,32]. However, the potency of
the antioxidant polymers was dependent on concentration—higher concentrations were
established to be highly effective in overcoming cancer antioxidant defense mechanisms.
Wang et al. [26] reported successful incorporation of paclitaxel into polyethylene glycol-
b-poly(D, L-lactide) (PEG-PDLLA) micelle for tumor-targeted drug delivery. Preliminary
clinical data show that the technique offers promising prospects in the treatment of tumors.

Beyond targeted drug delivery, the encapsulation of antioxidant molecules in conven-
tional polymers was proven beneficial in agricultural and food packaging applications.
The incorporation of primary phenolic antioxidants into polyolefins and polyethylene
has been proven useful in the protection of the thermo-oxidative stability of polymers
used in packing [30]. The stabilization of synthetic polymers exposed to natural elements,
including UV radiation, shear forces, and higher temperatures, is integral to their durability
post-production. However, there are ecological implications associated with the incorpora-
tion of natural phenolic antioxidants into polymers [30]. Some studies have suggested that
the incorporation of antioxidant polymers into polymers poses significant environmental
and health hazards. For example, the study found traces of plastics (polyethylene) in
drinking water [34]. The problem was attributed to the byproducts of phenolic antioxidant
additives used in pipeline production [34]. The compounds migrated to waterways via
diffusion. The presence of polymers in drinking water elevates the risk of health complica-
tions associated with reactive oxygen species [32]. Even though the latter findings point to
the negative effects of antioxidant molecules in conventional polymers, there are tangible
benefits associated with the embedding of antioxidant species. The positive benefits in
the agricultural, textiles, cosmetics, health and packaging industries help to offset the
adverse effects.
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2. Lignin Polymers and Antioxidant Properties

The review of lignin polymers as potential antioxidants for biodegradation of polymers
and antimicrobial treatment [29], tumor-targeted drug delivery, food fortification [28], and
diabetes treatment [15] is supported by the chemical composition of lignin structures,
abundance in the natural environment, and ease of production; conservative estimates
suggest that at least 70 million tons of lignin are generated from pulp [35]—of which 2%
is converted to value-added products including lignin for biological, pharmaceutical and
chemical industry applications [35]. The widespread availability of lignin in plant species
predicts cost. The availability of lignin is predicted by the rate of lignin biosynthesis, which
is responsible for biotic and abiotic stress management, organ/tissue development, and
growth [36]; these processes are mediated by a broad class of enzymes and genes. Higher
expression of CCR, CCoAOMT B, C3H, 4CL, and F5H was associated with pronounced
tissue growth [37]. Since the genes predict the presence of G, S, and H units [16], the
genetic composition of the different plant species strongly predicts the utility of the plant
lignin in tumor-targeted drug delivery, food fortification [28], biodegradation of polymers,
and antimicrobial treatment [29]. The observations made by Liu et al. [16] are valid,
considering that the G, S, and H units which comprise sinapyl alcohol, coniferyl alcohol,
and p-coumaryl alcohol, respectively, predict the rate of lignin monomer copolymerization.
The function of different genes on plant species is heightened in Table 4.

Table 4. Function of selected genes [16].

Genes Plant Species Functions

4CL Oryza sativa (OsAAE3) Decreased lignin accumulation and increased sensitivity to rice blast
CCR Paspalum dilatatum (PACCR1) Increased lignin content and altered lignin deposition

CAD Populus trichocarpa (PtrCAD1) Modified lignin content and structure

MOMT Arabidopsis thaliana (MOMT4) Depressed lignin biosynthesis and increased saccharification yields
CoOMT Sorghum bicolor (S\COMT) Methylate the tricin precursors and participated in S lignin biosynthesis

The focus on selected plant species as precursors for lignin-based polyurethanes,
dopamine polymerization, polydopamine and copolymers, polymerization of inulin,
enzyme-catalyzed polyphenol polymerization, antioxidant quercetin polymers, poly-
quercetin and quercetin copolymers, and antioxidant properties, antioxidant terpene poly-
mers, polylimonine synthesis and properties, antioxidant random copolymers, and gallic
acid grafted polymers is beyond the scope of this research inquiry. This means that the
desired chemical properties of lignin-based compounds are considered in general without
a specific emphasis on a particular plant species.

Lignin molecules have vast antioxidant properties due to the presence of certain
functional groups such as p-hydroxy acetophenone extracted from oil palm fronds [38].
The antioxidant properties of lignin-derived polymers are predicted by the precursors.
Different precursors have different antioxidant properties, which are predicted by the
presence of carbohydrates, G + S phenols, Pi-conjugated carbons, ArC (Py-products with
primary, secondary and tertiary carbons on the side chains), carboxylic groups, OH groups,
and phenols [14]. The number of functional groups that predict chemical behavior consid-
ering the chemical structure of lignin is poorly understood—the aliphatic OH and phenol
groups increase the probability for functionalization of the compound [10] and biological
and pharmacological function. The antioxidant properties and higher binding affinity of
the chemical functional groups in lignin enable the material to bind to bile acids in the
intestines—a process that facilitates serum control.

The antioxidant properties are also integral to tumor suppression—animal models
suggest that lignin reduces the adverse effects associated with different carcinogens, includ-
ing 3,2-dimethyl-4-ami-biphenyl [15]. The phenolic compounds isolated from the different
lignin structures have been proven to inhibit microbial growth through the inhibition of
oxygen-mediated reactions, ATP depletion, and interference with the intracellular pH [35].
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In other cases, organic functional groups within the lignin structure (carvacrol, thymol, and
cinnamaldehyde) trigger bacterial lysis and damage the cell membrane [35]. The lignin
compounds extracted from corn Stover have exhibited appropriate antioxidant proper-
ties in eliminating free radical initiators in the red blood cells such as AAPH (2,2-azobis
(2-amidinopropane)) [35]. The trends and applications of lignin as a natural antioxidant
supersede the antimicrobial effects; this means that natural lignin best functions as a free
radical scavenger /borrower [35]. The utility of the antioxidant properties transcends phar-
maceutical applications—the chemical antioxidant properties offer protective benefits to
the skin and eyes; this means that topical formulations can be prepared from lignin extracts
for cosmetic applications. Other potential commercial applications can be explored due to
the heterogeneity of lignin structures drawn from diverse sources. Moreover, research has
demonstrated that it is possible to customize the behavior of lignin in different applications
to stimulate the desired biological function [35].

Even though diverse plants are a suitable source of lignin, only selected sources are
used for commercial applications due to wide variations in the lignin composition by
weight 10-40 wt%, the need to balance resource use and promote green economy [39]. In
other cases, the herbaceous weight composition of biomass is lower 15-25% (w/w) [15];
this explains why most lignin is derived from byproducts during pulp production [15,39].
The production-related requirements have practical implications on the choice of lignin
precursors for biological, polymer processing industries, agricultural, cosmetics, textiles,
and agricultural applications. This observation is supported by the link between the
precursor and chemical properties and production methods [35]. Certain sources are
associated with a higher cost of production, low yield extraction, higher energy use, poor
solubility, and presence of chemical impurities; this means that the choice of fractionation
methods of technical lignin predicts commercial utility [35].

Even though precursor-specific chemical functional groups might be ideal in the
development of lignin-based antioxidants for pharmaceutical, medical and packaging
applications, other factors have to be taken into account, including the availability of the
plant species and lignin content. The Quercus plant species have an extremely low lignin
content (3.8%); this is in contrast to 54% in Acacia auricuriformis [36]. The high concentration
of lignin in the latter justifies its use as a preferred source of antioxidants for a broad
array of applications. However, there is significant information asymmetry about the
performance of different plants with variable concentrations of lignin—most studies focus
on selected plant species [14], with proven benefits. The bias towards selected plant species
could have practical implications in commercial applications.

2.1. Lignin Graft Polymers and Copolymers

The development of lignin graft polymers and copolymers is integral to the sustain-
ability of modern civilizations and human life. However, there are critical constraints in
the synthesis of lignin-based high-performance materials [40]. Most lignin-based materials
have been used in the development of low-value products such as pesticides, animal
feeds, surfactants, binders, dyestuff dispersants, concrete additives, and materials for dust
control, which account for about 2% of the total fraction of lignin produced globally [40];
this means that there is a clear mismatch between the rates of lignin production and the de-
velopment of value-added products. A feasible approach for the synthesis of value-added
lignin products is the derivatives that entail the development of lignin graft polymers
and copolymers.

Modern plastics are primarily sourced from petroleum byproducts, but there are valid
and emerging concerns about the environmental implications, greenhouse emissions, and
destruction of marine and terrestrial environments [41-43]. The growing environmental
concerns have validated the need to develop sustainable methods for reducing the carbon
footprint associated with plastics; this has, in turn, triggered the development of bio-based
plastics for agricultural and packaging applications [44—46]. A fundamental constraint
includes the shortage of suitable precursors for bio-based plastics. Chitosan and corn are
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less abundant, pose a direct threat to commercial agriculture, and commercial viability
is challenging [45,47], making it unfeasible to upscale operations. The highlighted chal-
lenges demonstrate the need for alternative and complementary sources of sustainable
and biodegradable plastics; this informs the development of lignin graft polymers and
copolymers for sustainable plastic materials. The focus on lignin in place of other forms
of biomass is grounded on the natural abundance in plant and tree species [36,37]. The
relative composition varies between 10 and 40 wt% [15,39], depending on the tree species,
which is significant considering that about 70 million tons of pulp are generated [35]. The
pulping byproducts are rich in lignin; this means that the precursor can be extracted using
a scalable and low-cost method. Affordability is integral to the gradual phasing out of
synthetic plastics with biodegradable materials in emerging and developed economies.

Lignin graft polymers have been synthesized using a variety of techniques, including
blending natural lignin extracted from plants with commercial-off-the-shelf polymers [13]
to augment the mechanical and thermal properties of the polymer blends. Copolymer
blends have other desirable properties, including superior gene delivery properties, sur-
factant properties, UV absorber properties, super-plasticizer capabilities, and enhanced
elasticity [16]. The realization of these properties is dependent on controlled polymerization
and the selection of the backbone structure/polymers and the branch polymers [13,16,48].
The two are connected via covalent bonding.

The properties of the blends are predicted by a broad range of factors, including the
polymerization techniques, click reactions, reversible-addition-fragmentation chain-transfer
(RAFT) polymerization, and radical-mediated lignin-graft copolymerization [13,16,48].
Other feasible synthetic techniques include single-electron transfer living radical poly-
merization (SET-LRP), atom transfer radical polymerization (ATRP), macromolecular de-
sign via the interchange of xanthates (MADIX), and single-electron transfer-degenerative
transfer living radical polymerization (SET-DTLRP) [49]. Even though there are multiple
feasible copolymerization techniques, ATRP and RAFT are widely used.

The attainment of the desired properties during polymerization is contingent on graft
density, the length of the grafts, and the functional groups on the graft polymers. The
most commonly used grafting techniques (Figure 1) include grafting-through, grafting into,
and grafting from [16]. The graft-from technique is characterized by the grafting of the
polymers from active sites at the backbone polymer (lignin).
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Figure 1. (a) An illustration of the graft-from synthesis of lignin copolymers; (b) a demonstration of graft-onto methods;

(c) industrial lignin products; (d) sinapyl alcohol, coniferyl alcohol, and p-coumaryl alcohol units [16].
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The grafted polymers emerge from the backbone as a result of radical polymerization,
ring-open polymerization, RAFT, and atom transfer radical polymerization (ATRP) [16,48]
(see Figure 2). Each polymerization technique has its benefits and constraints. For exam-
ple, ATRP relies on an alkyl halide initiator, which is then radicalized, resulting in the
polymerization of monomers [13]; this process is augmented by a transition metal catalyst.
In contrast, RAFT polymerization is augmented by radicalization from the addition of a
radical-generating species [13,16], while ROP is characterized by the opening of a cyclic
molecule in the polymerization process; this results in the formation of a reactive species
that undergo a chemical reaction with the next cyclic molecule [13]. The choice of either
copolymerization process is predicted by a broad range of factors, including cost, the qual-
ity of the desired product. For example, Liu et al. [16] argue that RAFT is an ideal technique
for newly made monomers, and ATRP is appropriate for commercially available acrylate
monomers. In the former case, the lignin backbone is modified through the incorporation
of an ester linkage to create a RAFT agent moiety; this procedure is subsequently followed
by the polymerization of the vinyl monomers.
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Figure 2. RAFT polymerization demonstrating: (a) acrylic acid and acrylamide graft-from polymerization; (b) RAFT

polymerization of acrylamide; (c) soybean oil polymerization using the graft-from technique. The lignin compound is

comprised of both phenolic hydroxyl and aliphatic hydroxyl groups [16].

The choice between RAFT and ATRP entails a tradeoff of material properties and
the synthesis process. Lai et al. [50] suggest that RAFT is highly suitable for commercial
applications relative to ATRP and other synthetic techniques [50] due to the incorporation
of acrylic derivatives and organic substances. The bio-applications of RAFT polymerization
documented by Boyer et al. [49] corroborate the assessment of Lai et al. [50] of the key
benefits associated with RAFT. For instance, RAFT features most of the desirable aspects
of traditional free radical polymerization, namely facile reaction conditions, tolerance of
most functionalities, site-specific functionality, control of molecular weight distribution
and molecular weight, and compatibility with a wide array of monomers. In contrast to tra-
ditional living radical polymerization (LRP), RAFT features site-specific functionality [50].
The commercial significance is offset by synthetic requirements.

The RAFT polymerization technique depends on the ability of RAFT agents to trans-
port an ideal leaving group bonded to an S-atom to the reaction site; it is often challenging
to attain such reaction specificity. In view of these constraints, the RAFT polymerization
has low yields. There are also concerns about the synthesis of toxic compounds, namely
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Grignard reagents [50]. The inadequacy of RAFT and ATRP techniques demonstrates that
new methods are required to meet the need for the synthesis of next-generation lignin graft
polymers and copolymers.

2.2. Lignin-Based Polyurethanes

The synthesis of lignin-based thermoplastic polyurethanes has been demonstrated
through copolymerization [40]. Lignin precursor is incorporated into the backbone of the
polyurethane structure, but most of the products are rarely recyclable or processable due to
extensive crosslinking and networking within the polymer structure [7,40,51]; this means
that the polydisperse nature of lignin molecules is a critical impediment to the synthesis
of thermoplastic polyurethanes. Saito et al. [40] suggested that the challenge could be
offset through the incorporation of tie molecules to link the hard segments or crystals. The
synthesis of recyclable thermoplastic lignin-based polyurethanes could also be augmented
by bridging the soft segment (characterized by a low glass transition temperature Tg) with
the hard segments containing lignin to ensure that the final product features the mechanical
rigidity of lignin and the soft rubbery properties of the soft segments. The weight ratio
of lignin in polyurethane has a direct impact on the material properties—a higher lignin
content translated to better stress—strain behavior (see Figure 3) [40]. The higher stress and
strain tolerance and other desirable mechanical properties make lignin-based polyurethane
materials appropriate for high-strength applications.
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Figure 3. (a,b) Stress—strain behavior and storage modulus of lignin-based polyurethane thermoplastics [40].

Saito et al. [40] reported the successful synthesis of lignin-based polyurethanes made of
telechelic polybutadiene soft segments. Additionally, Da Silva et al. [51] used a kraft lignin
precursor to synthesize vanillin and lignin-based polyurethanes, while Cateto et al. [7]
synthesized lignin-based polyurethanes using 4,40-methylene-diphenylene diisocyanate
(MDI), polycaprolactone (PCL). The successful synthesis of lignin-based polyurethanes
from a wide variety of precursors demonstrates that existing synthetic routes can be modi-
fied to suit different commercial applications, with or without a catalyst. However, specific
adjustments must be made in the synthesis process, including the chemical modification
via etherification and esterification reactions [7]. Additionally, oxypropylated lignin mate-
rials have been proven useful relative to non-oxypropylated materials in the formation of
rigid polyurethane foams. However, there are critical constraints associated with chemical
modification. For example, the costs are higher after esterification and etherification; this
means that the industrial production of high-value products from lignin precursors is
often offset by cost constraints [7], which can be partly offset through the development of
new synthetic routes [7,41,51]. The cost constraints reported by Cateto et al. [7] were also
acknowledged by Da Silva et al. [51], who argued that cost was not the only constraint.
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Other issues relating to the food-versus-fuel dilemma and technical know-how must be
resolved before the “novel systems become more competitive against the current industrial
alternatives based on petrochemical resources” (p. 1273). The observations made by
Cateto et al. [7], Da Silva et al. [51], and Saito et al. [40] illustrate that for lignocellulose
feedstock (LCF), bio-refineries are preferred from a sustainability perspective. However,
the future development of bio-based products would be catalyzed by conversion products,
which offer competitive benefits relative to petrochemical products. This observation is
supported by the chemical properties of lignin materials depicted in Table 5.

Table 5. Second-order kinetics of lignin-based materials [7].

The Domain of

Sample p 30min)  CV (%) LinearFit o . dity (pNCO) [NCOI0 Kapp 10% (L/mol/s)

(PCL400/1/0) 0.93 0.41 1+ 0.525t 0.93 4.72 1.87
A(PCL400/1/10) 0.91 0.19 1+ 0491t 0.87 3.52 2.32
A(PCL400/1/15) 0.87 0.67 1+ 0461t 0.82 3.54 2.16
A(PCL400/1/20) 0.84 043 1+ 0.469t 0.71 3.57 2.20
A(PCL400/1/25) 0.77 0.94 1+0.377t 0.66 3.59 1.76
A(PCL750/1/15) 0.84 1.30 1+ 0.350t 0.73 2.47 2.36
A(PCL750/1/20) 0.79 1.33 1+ 0.323t 0.66 2.56 2.08
A(PCL750/1/25) 0.74 1.18 1+0.327t 0.56 2.66 2.07

(PCL1000/1/0) 0.79 1.12 1+0.123t 0.79 1.73 1.16
A(PCL1000/1/10) 0.82 0.40 1+0.212t 0.75 1.98 1.77
A(PCL1000/1/15) 0.78 0.42 1+0.247t 0.63 2.11 1.98
A(PCL1000/1/20) 0.75 1.04 1+ 0.260t 0.57 2.23 1.94
A(PCL1000/1/25) 0.70 1.55 1+ 0.257t 048 2.35 1.84

The physicochemical properties and kinetic properties affirm the suitability of lignin
antioxidants in a broad range of engineering and non-engineering applications. How-
ever, the formation of the products is dependent on a broad range of factors, including
the yield from dopamine polymerization and the polydopamine and copolymers. The
antioxidant properties of lignin-based polyurethanes are linked to the presence of an aro-
matic ring with hydroxyl and methoxy functional groups [50,51]. The functional groups
are integral to the oxidation propagation reaction, which is inhibited by hydrogen dona-
tion [51]. According to the literature, the performance of lignin polymers was comparable
to 2,2-diphenyl-1-picrylhydrazyl (DPPH), and butylated hydroxyl-toluene, among other
commercial antioxidant polymers [50].

3. Dopamine Polymerization

The self-assembly of polymer molecules has gained significant research attention in
research and development because of the versatility of the process, its practicability, and its
ability to form products with a broad range of morphologies, including hierarchical assem-
blies, cylinders, vesicles, and micelles [52]. Polydopamine is a versatile organic molecule
that can be deposited onto any substrate at the nanoscale; this means that the material
might act as a suitable coat or primer [52-54]. The versatile chemistry of polydopamine is
linked to the molecule’s ability to form strong covalent bonds [54], physical interactions
associated with 7-interactions, hydrogen bonding, presence of different surface functional
groups including amines, and thiols [54]. However, surface functionalization in isolation
does not explain the broad commercial application of dopamine and polydopamine; the
material exhibits appropriate antibacterial activities through gelation [54].

The extensive conjugation influences the application of polydopamine coatings in
polymers, ceramics, and metals [53]. The extended application of polydopamine in the
coating is augmented by extended bio-conjugation, which is integral in the bio-adhesion of
protein molecules, adsorption-resistant surfaces, drug delivery systems, contrast agents,
and bioadhesives. The adhesion properties of polydopamine are also vital in cardiovascular,
diagnostic, and neurotechnology applications [53]. In other cases, the polydopamine
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coatings have been proven useful in the surface functionalization at the nanoscale to
enhance the chemical and electronic properties [55].

The oxidative polymerization of dopamine primarily occurs in the presence of amino-
ethyl and catechol groups, which are catalysts for oxidative polymerization [56]—a process
that is integral to the formation of PDA nano-coatings and polydopamine coatings [57]
through the formation of the aromatic rings of dopamine. Recently, there has been a
growing demand for nano-coatings developed using dopamine polymerization techniques;
this could be attributed to the capability for secondary modification, generalizability, and
simplicity of the synthetic process relative to other techniques [57].

Other unique applications of dopamine polymerization include the electrochemical
analysis of dopamine, uric acid, and ascorbic acid using hollow nitrogen-doped carbon
microspheres (HNCMS)-based glassy electrodes [58]. The application of dopamine poly-
merization in biosensors and bioelectronics documented by Xiao et al. [58] was corroborated
by Kalimuthu and John [59], who reported successful electrochemical determination of
xanthine, ascorbic acid, dopamine, and uric acid using 2-amino-1, 3, 4-thiadiazole (p-ATD)-
modified glassy carbon electrodes.

The application of dopamine polymerization in biosensors and bioelectronics and the
development of the desired products in manufacturing applications depends on a broad ar-
ray of factors such as size control of polydopamine nodules and chemical composition of the
precursors (carboxylic acid-containing compounds) [60]. The carboxylic-acid-containing
compounds introduce an acidic environment, which yields products with unique chemical
characteristics compared to dopamine polymerization under basic conditions.

Even though the findings reported by Chen et al. [61] seem to favor acidic dopamine
polymerization, basic polymerization techniques have yielded stable products through
the customization of the synthesis process. Du et al. [57] observed that the challenges
associated with dopamine polymerization under basic environments could be offset by
light-triggered regulation of light initiation and termination of dopamine polymerization;
this was achieved through the incorporation of small quantities of antioxidant Vitamin C
(sodium ascorbate). Vitamin C contributed to the inhibition of the polymerization process
under basic conditions—a process that has remained a challenge in traditional synthesis.
Du et al. [57] attributed the superior performance to Vitamin C’s ability to delay/inhibit
dopamine polymerization and reduce the reactive dopamine quinone. The inhibition
process can be halted through UV irradiation. Once vitamin C is exposed to UV radiation,
instantaneous dopamine polymerization is achieved. The customization of the process
using a natural antioxidant and UV radiation helps to explain why it was feasible to attain
optimal dopamine polymerization under basic conditions through a facile, scalable, and
environmentally benign process.

Fichman and Schneider [54] reported a facile synthetic route for dopamine polymer-
ization under basic conditions in the absence of Vitamin C. Optimal polymerization was
achieved in this case through gelation of 1 wt% MAX1 peptide; this experiment was con-
ducted in the presence of 10 mM dopamine at neutral pH [54], and molecular oxygen. The
process resulted in the spontaneous polymerization of dopamine. The temperature was
adjusted to room temperature to trigger a hydrophobic effect, which was instrumental
in promoting MAX1 assembly. Considering that the final product exhibited a 66-fold im-
provement in mechanical rigidity relative to other materials synthesized using alternative
synthetic routes [54], sodium ascorbate is not a prerequisite.

The reports of the positive synthesis of polydopamine and dopamine under basic and
acidic conditions by Chen et al. [61], Du et al. [57], Fichman and Schneider [54], Kwon
and Bettinger [53], and Qui et al. [52] do not address other emergent challenges such as
the relationship between film thickness and solution pH, dopamine concentration and
self-polymerization time optimization. The critical requirements for the process underscore
the need to select a suitable pH range for the controlled synthesis of materials with the
desired film thickness, mechanical rigidity, and industrial /biological performance.
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3.1. Polydopamine and Copolymers

The chemistry of polydopamine (PDA) copolymers predicts the synthesis of derivative
materials and promising applications in biomedicine, environmental, and energy applica-
tions. The application of PDA is predicted by the presence of the different functional groups
(azido, alkyl-thiol, amino, carboxyl derivative groups, and carboxyl and alkyl groups) and
the synthesis process [62]. There are three feasible mechanisms for polydopamine synthe-
sis from derivatives, namely oxidative copolymerization of the mixtures (comprising of
copolymers and monomers), and oxidative polymerization of DA analogs with additional
functional groups (see Figure 4).
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Figure 4. Polydopamine polymerization from different analogs [62].

Melanoidins

Melanoidin compounds are byproducts of the Maillard reaction and the reduction
of amino acids, sugars and proteins during food preservation and processing [61]. In
most cases, the compounds are drawn from coffee processing—the roasting of coffee bean
components results in the generation of brown-colored nitrogenous compounds with high
molecular weight [62], referred as melanoidins.

4. Polymerization of Inulin

Inulin is categorized as a fructan carbohydrate, which functions as a primary ingre-
dient in industrial food processing. Inulin hydrogels have been employed as carriers
for colonic drug targeting; such processes are fundamental to prebiotic fermentation,
chocolate, and cheese production [63-65], as noted in the preceding sections. From a
nutritional perspective, the functional properties of inulin and health beneficial effects
include prebiotic effects, high dietary fiber content, and lower calorie value [65]. The
physiological benefits linked to the consumption of inulin-rich foods are presented in
Table 2. In industrial food production, inulin has been employed in fat replacement as a
bulking agent [65], stabilizer, and fat replacer in cheese production. The observations made
by Karimi et al. [65] are in agreement with Aidoo et al. [63], who reported the incorporation
of inulin in sugar-free chocolate production (inulin functions as an alternative sweetener),
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and Guimaraes et al. [64] research on inulin’s role in prebiotic fermentation (especially in
beverage stabilization). In other cases, inulin has been proven useful in the retro-gradation
and gelatinization of wheat starch [66].

The potential applications of inulin are not confined to food production, given
that inulin has been proven to be an ideal in vitro drug carrier of lignin derivatives.
Vervoot et al. [67] noted that inulin was an ideal carrier for colonic drug targeting [67]; this
is achieved through the surface functionalization of inulin with N, N, N/, N'-tetramethy!-
ethylenediamine, and ammonium persulphate [67]. Colonic drug delivery is critical to the
treatment of colon cancer and metabolic/bowel complications. Similar to Vervoot et al. [67],
Kumar et al. [68] noted that inulin was a suitable bioactive polymer for pathogen-mimicking
vaccine delivery systems. The biomedical applications of inulin in targeted drug delivery
offer promising prospects in the treatment and management of life-threatening conditions,
including cancer, Ebola, HIV/AIDS, malaria, and tuberculosis. The biomedical application
of inulin is mediated by free-radical polymerization—a process that contributes to the
incorporation of vinyl functional groups on the surface of inulin [67].

Beyond industrial applications, the polymerization of inulin has broader implications
on the health of mammals. Wada et al. observed that the fermentation of indigestible
carbohydrates in the diet by bowel microflora predicts the formation of short-chain fatty
acids [69]. Acetate, propionate, and butyrate are the primary short-chain fatty acids (SCFA)
derived from the digestion and fermentation of undigested carbohydrates and inulin in
the human colon [70].

The formation of both short-chain and long-chain fatty acids has long-term effects on
bowel physiology. The observations reflect long-standing beliefs and evidence concerning
the relationship between improved health outcomes and high-fiber diets, causal epidemio-
logical evidence, and metagenomics studies linking metabolic diseases to variations in the
gut microbe and molecular signaling [71].

Even though there is growing use of inulin in biomedical and food-related industries,
the extent of application depends on a broad range of factors, including the polymerization
of inulin; this underscores the need for customized synthetic processes, including the
reaction between N,N-dimethylformamide with glycidyl methacrylate in the presence
of a catalyst (4-dimethylaminopyridine) [67]. The polymerization of inulin is integral to
industrial application, primarily in the food and biomedical sectors, but there are critical
technical constraints that impede successful polymerization.

5. Enzyme-Catalyzed Polyphenol Polymerization

Similar to the antioxidants for food production and biopharmaceutical applications,
enzyme-catalyzed polyphenol polymerization reactions have a broad range of practical
applications, including antioxidant, antibacterial, anticancer, cardioprotective, and neuro-
protective properties [72]. However, the progression of most reactions is impeded under
natural conditions; this justifies the need for enzyme-mediated reactions to attain the
desired effects. In a recent study, Oliver et al. [72] noted that the impressive therapeutic
activity of polyphenols in therapeutic agents and other clinical applications could not
be realized without proper adjustment of the production processes and chemical proper-
ties. Under natural conditions, polyphenols exhibit poor membrane permeability, rapid
metabolism, and poor bioavailability and UV degradation. The challenges have been partly
resolved through amidification, esterification, free-radical grafting [73], step-growth, free
radical, and enzyme-catalyzed reactions (direct polymerization of polyphenol monomers),
and enzyme grafting-mediated conjugation with macromolecules.

Even though multiple techniques have been proposed to improve the industrial
application of polyphenols, enzyme grafting and catalyzation of the reaction were given
preference given polyphenol polymerization under natural conditions is constrained by the
reaction mechanisms and chemical composition of the reactants, which impede synthesis
using conventional methods [74,75]. The forward polymerization process is augmented by
the inclusion of enzymes. The utility of laccase (an enzyme) in catechol, resorcinol, and
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hydroquinone selective polymerization was confirmed by Sun et al. [75] (see Figure 5). The
process was phased; the initial phases entailed the formation of quinone intermediates
through laccase catalysis, followed by oxidation and formation of covalent bonds. In the
subsequent steps, carbon-carbon (C-C) and ether bonds were formed, linking catechol
units, resorcinol, and hydroquinone units.
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Figure 5. Illustration of laccase and peroxidase mediator systems (PMSs) in polymerization reac-
tions [76].
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A key benefit associated with the reaction process is the formation of reaction products
under mild conditions and the elimination of toxic byproducts such as formaldehyde [74].
The merits of the laccase-catalyzed polymerization process are offset by the complexity
of the reaction mechanism [76]. Hollman and Arends [76] argue that even though cata-
lysts are critical to the progression of reactions, which are unfeasible using conventional
methods, there are practical constraints such as unfavorable steric interactions between the
polyphenols and the active sites within the enzyme. Alternatively, the suitability of the
enzymes in reaction processes could be impaired by unfavorable redox reactions. Since
enzymes in isolation do not address the challenges and limitations associated with the
synthesis of new products, alternative processes must be developed to improve the yields
in enzyme-catalyzed polyphenol polymerization reactions.

Other experiments have reported the practical benefits of using alternative enzymes,
primarily hydrolases, to catalyze bond cleavage reactions and the reverse action of hy-
drolysis [74]. Similar to laccase hydrolyses, they catalyze polyphenol polymerization via
bond-forming reaction. However, hydrolyses are suitable in oxidative polymerization
reactions that are specific to peroxidase and laccase catalysts in the presence of phenol
derivatives. Other factors that inform the choice of enzymes for polyphenol polymerization
include inhibition of laccase-initiated polymerization and peroxidase-initiated polymer-
ization and the use of molecular oxygen in place of hydrogen peroxide [76]. The focus on
molecular oxygen was validated by the following considerations.

Even though hydrolyses, laccase, and peroxidase polymers have proven to be useful
in polyphenol polymerization, the concerns associated with polyphenol polymerization
should be addressed. Various mechanisms were proposed by Hollman and Arends [76] to
address the catalyst-related problems; these include the ingenious use of a mediator as a
radical transfer catalyst. However, the radical is not incorporated into the end product. The
feasibility of this reaction has been demonstrated in the use of phenothiazines to address
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constraints associated with the sterically hindered/congested phenols and consequently
catalyze the polymerization process. In other cases, the production constraints can be
offset by the incorporation of ABTS or transition metal ions, particularly MnZ+/ 3+ to
facilitate the pyrrole polymerization process. If transition metal ion species and ABTS
prove less useful, polyoxometallates can be employed. The complexities of polyphenol
catalysis underscore the challenges that impact the synthesis and application of sustainable
and natural monomers and antioxidants in food packaging, biopharmaceuticals, and
agricultural applications.

The synthesis-related constraints raise fundamental questions about the commercial
exploitation of naturally occurring antioxidants such as tocotrienols and tocopherols [1-3],
phenolic compounds, carotenoids [4]. Even though polymerization of natural polyphenols
is impacted by the generation of formaldehyde byproducts, unfavorable steric interactions
between the polyphenols and the active sites within the enzyme, inhibition of laccase-
initiated polymerization, the process offers practical benefits relative to the use of artificial
antioxidant molecules such as a-lipoic acid, N-acetyl cysteine, melatonin, gallic acid, capto-
pril, taurine, catechin, and quercetin [5], or the replacement of catalysts with alternative
processes such as amidification, esterification, free-radical grafting [73], step-growth, and
free radical-catalyzed reactions to improve the percentage yield (see Table 6).

Table 6. Yields, MW, and PD from acrylamide and styrene polymerization as initiators [76].

Initiator: Styrene Polymerization

Yield % MW [x1073 g-mol~] PD
17 27 2.1
59 68 2.0
14 80 2.0
14 97 2.2
14 57 1.6

Initiator: Acrylamide Polymerization

Yield % MW [x1073 g-mol ] PD
93 124 2.5
84 56 29
76 5 44
72 27 3.3
78 85 2.7
38 10.5 3.9

The outcomes documented by Hollman and Arends [76] validate the polymeriza-
tion of polyphenols, quercetin, and other organic molecules with suitable antioxidant
properties. A critical challenge concerns the shortcomings and tradeoffs of existing
polymerization processes.

6. Antioxidant Quercetin Polymers

The polymerization of quercetin is part of a broader effort in recent years to enhance
the performance of natural and synthetic antioxidant polymers via covalent insertion of
antioxidant species (such as vitamins, curcumin, and quercetin) into polymeric chains [77].
The polymerization products have demonstrated appropriate properties in food packaging
(as preserving agents) [78], biomedical and pharmaceutical applications, especially in the
production of antioxidant-laden nanoparticles for cancer treatment [77,79,80], or contact
lenses and hemodialysis membranes. In both applications, the potency of the antioxidants
is contingent on successful polymerization. A distinct advantage of bioconjugates is the
exploitation of unique benefits of different bio-conjugates, the slow rates of macromolecular
system degradation, and better chemical and cellular stability.
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Quercetin is a plant-derived aglycone flavonoid with antioxidant properties that are
suitable in the food packaging industry and the production of targeted therapies for cancer,
heart, liver, and lung complications [78,80,81]. The primary sources include tea, red wine,
and common fruits and vegetables such as onions, berries, apples, red grapes, broccoli, and
cherries [80]. The antioxidant properties influence medical and nutritional applications as
nutraceutical/nutritional supplement to boost the immune system and elevate protection
against cardiovascular and lung conditions, osteoporosis, and tumor growth [80,81]; this
is achieved through the neutralization of reactive oxygen species and the mediation of
the transduction pathways, enzymatic activity, and function of glutathione. The specific
mechanisms for the prevention of liver damage include the inhibition of the cellular ac-
tivation of various signaling pathways, including NF-«B and MAPK [80]. Moreover, the
antioxidant inhibits the release and expression of apoptosis-related proteins triggered by
LPS/d-GalN, suppresses oxidation marker-mediated production of LPS/d-GalN. Follow-
ing the inhibition of the mechanisms listed above, quercetin catalyzes the antioxidant signal
transduction pathways (particularly Nrf2/GCL/GSH) and other processes that increase
the concentration of glutathione in the cells [79].

The chemical structure and properties of quercetin contribute to its bioavailability
and solubility in cellular fluids and moderation of biochemical pathways. However, the
commercial exploitation of the antioxidant properties of quercetin depends on the success
of the polymerization process, which can be tailored to generate bioactive compounds
such as template quercetin (QCT) nanoparticles for free-radical scavenging. The cellular
function of the QCT nanoparticles was demonstrated through material characterization
using transmission electron microscopy (TEM), dynamic light scattering, H-NMR spec-
troscopy, Fourier-transform infrared spectroscopy, and UV-Visible spectroscopy [80]. The
demonstrated biopharmaceutical application of oxidation-triggered self-polymerization
quercetin in the production of targeted therapies by Xu et al. [80] is in line with the findings
of Sunogqrot et al. [79]. The latter study documented the successful bio-inspired polymer-
ization of quercetin—a process that resulted in the synthesis of cancer therapies. The
nanotechnology-based quercetin—curcumin therapeutics exhibited superior cytotoxic be-
havior against cancer tumors. However, the superior biological function was dependent
on precision in the synthetic process.

In the current case, the quercetin—curcumin-loaded nano-medicine was synthesized
in the presence of curcumin and thiol-terminated poly (ethylene glycol) (PEG)-mediated
surface functionalization; this was integral in facilitating steric stabilization in a single
reaction step. The reactants were exposed to dimethyl sulfoxide [79]—a universal solvent
to obtain a homogenous solution. The next polymerization steps entailed the gradual
addition of water. The single-step synthesis process preferred by Sunoqrot et al. [79] was
confirmed to be efficient by Pouci et al. [77], who noted that the one-step synthesis route
was integral to the synthesis of polymer antioxidant conjugates (that are less susceptible to
degradation) without emitting toxic byproducts.

Even though Sunoqrot et al. [79] documented successful synthesis and clinical appli-
cation of quercetin—curcumin-loaded nanoparticles for targeted cancer drug synthesis, the
approach does not align with Zhang et al.’s [81] research on the antioxidant properties
of quercetin. In contrast to Sunoqrot et al. [79], Zhang et al. [81] advocated the use of
quercetin based on its greater reduction potential relative to curcumin. The reduction
potential helps to predict the total antioxidant capacity (TAC), which is fourfold higher
for quercetin compared to curcumin. The unique chemical and biological properties help
explain the cellular action against LPS-induced reactive oxygen species. Considering that
experimental data predict clinical applications, further research is necessary to assess the
effectiveness of quercetin only and quercetin—curcumin-loaded nanoparticles for targeted
cancer tumor treatment. The need to compare antioxidants’ potential benefits in combined
or individual treatments is consistent with the research of Zhang et al. [81].

The biomedical applications of quercetin documented by Xu et al. [80] are but a micro-
cosm of the potential industrial applications considering that quercetin is indispensable
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in the food production industry, where it is incorporated as an additive in bio-polyether
(PEO), bio-polyester (PLA), and commercial starch-based polymer (Mater-Bio) [78]; this de-
pends on the extent of photo-stabilization and artificial photo-stabilization. The oxidation-
triggered self-polymerization is depicted in Figure 6. The illustration demonstrates the
role of incubation, oxidizing agent, and universal organic solvents in the synthesis of
nanoparticles.
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Figure 6. Synthesis process for template quercetin (QCT) nanoparticles [80] (a) Schematic of synthesis
and (b) Potential chemical pathways of synthesis.

The impact of quercetin additives on the tensile strength, Young’s Modulus, and
elongation at break of bio-polyether, bio-polyester, and commercial starch-based polymer
(Mater-Bio) is depicted in Table 7. The data demonstrate the influence of quercetin on
stabilized and un-stabilized systems. The mechanical testing outcomes showed a signifi-
cant improvement in the elastic modulus, tensile strength, and elongation at break after
stabilization with quercetin additives (Q): Cyasorb® and synthetic Light Stabilizers (LS).
In particular, a 5 wt% increase in elongation at break and the tensile strength resulted in
a 10-20% improvement in the elastic modulus, tensile strength, and elongation at break.
However, the microscale changes in the mechanical properties were attributed to different
mechanisms.

Table 7. Changes in the mechanical properties (elastic modulus, tensile strength, and elongation
at break) before and after stabilization with quercetin additives (Q): Cyasorb and synthetic Light
Stabilizers (LS) [78].

Samples E, MPa TS, MPa EB,%

PLA 1556 +52 471 +25 93+ 15
PLA/Q 1684 +56 448 +2.2 14.8 +2.0
PLA/LS 1843 +62 512 4+25 19.5 +2.5

MB 105 +5 242+ 1.2 435 +22

MB/Q 119 +6 27.0+ 1.3 470 +24
MB/LS 120 +6 246 +1.2 440 +22

PEO 60.5+23 35+03 105 + 5.0
PEO/Q 55.2 + 2.5 3.1+£02 110 & 6.0
PEO/LS 542 +2.3 32+03 115+ 75
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On the one hand, the changes in the elongation at break of the stabilized bio-polyether,
bio-polyester, and commercial starch-based polymer have been linked to the plasticizing
effects triggered by the low MW stabilizing molecules such as quercetin [78]. On the other
hand, the improvements in the tensile strength and elongation at break have been linked
to higher rigidity of the stabilized films in relation to the machine direction [78]. The
contrasting changes at the micro scale show that quercetin has unique effects on biofilms
for food packaging—a phenomenon that introduces new challenges and benefits in the
polymerization of quercetin for industrial applications. On a positive note, the higher
orientation of the macromolecules in the presence of the plasticizing agent increases the
suitability of quercetin in food packaging. It is deduced that other challenges could be
addressed through innovations in polymerization.

The improvements in elastic modulus, tensile strength, and elongation at the break
following stabilization with Q and LS by Morici et al. [78] are significant considering that
the most common forms of quercetin polymerization are inspired by nature. The polymer-
ization of polyquercetin offers further practical opportunities for developing customized
therapeutics that influence glutathione (GSH) and enzymatic activity, moderate the signal
transduction pathways, and diminish the availability of reactive oxygen species (ROS).

Polyquercetin and Quercetin Copolymers and Antioxidant Properties

Similar to quercetin, polyquercetin has superior antioxidant properties, depending
on the synthetic route and ingredients. A facile and scalable micro-emulsion polymeriza-
tion/crosslinking technique was developed by Sahiner [82], involved reacting quercetin
molecules with glycerol diglycidyl ether (GDE) in the presence of 1-« lecithin and cyclohex-
ane, which act as the surfactant and organic phase, respectively. The process was proven to
be useful in the synthesis of polyquercetin and quercetin copolymers with customizable
antioxidant properties. In contrast to the methods proposed by Sahiner [82], Pivec et al. [83]
explored an alternative technique comprising 0.5 g of flavonoid rutin (RU) hydrate in
ultra-pure water. The mixture was subjected to enzymatic polymerization through the
incorporation of Trametes Versicolor-based laccase (500 mg). The mixing was performed at
room temperature, away from UV light for 24 h, after which ammonium sulfate was incor-
porated to enhance the precipitation process; this was followed by centrifugation, removal
of the supernatant solution, and dialysis. A comparison of the two techniques shows that
the microemulsion polymerization/crosslinking technique developed by Sahiner [82] was
more facile and scalable compared to the lengthy procedures undertaken by Pivec et al. [83].
The focus on the synthetic route is grounded on the chemical structure-antioxidant activity
relationship discussed in the preceding sections [77-79,82-85].

In contrast to quercetin molecules, which have found broad applications in targeted
drug delivery and food packaging, polyquercetin has mainly been used as an electrode
component for glass carbon electrodes modified by multi-walled carbon nanotubes; this
was the case in studies conducted by Ziyatdinova et al. [84,85]. In both studies, the
oxidation potentials of polyquercetin influenced the chronoamperometric determination of
the antioxidant capacity and the quantification of gallic acid, catechin, and epigallocatechin
gallate (EGCG) [84,85]. The variable industrial applications of quercetin and polyquercetin
demonstrate the influence of polymerization and the choice of the crosslinking method.

7. Antioxidant Terpene Polymers

Similar to polyphenols, tocotrienols, tocopherols, quercetin, «-lipoic acid, N-acetyl
cysteine, melatonin, polyquercetin, gallic acid, captopril, taurine, vitamins, and catechin
terpenes are antioxidant polymers synthesized via natural and artificial polymerization
processes [86-90]. However, the synthesis and commercial application of terpenes as
antioxidants in food packaging and biomedical industries has attracted less research interest
compared to polyphenols, vitamin C and D, and quercetin polymers—a phenomenon that is
linked to the unique function and features of different terpenes compounds (D-limonene, (3-
ionone, geraniol, eugenol, myrcene) [91]. For example, each of the listed terpenes functions
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as an ideal insecticide (in citral mixtures) due to the antibacterial and antifungal properties
(see Table 8); there are no notable side effects on human health given the diminished
neurotoxicity risks.

Table 8. Classifications of terpenes and their potential application as pesticides [91].

Terpene Type

Function

Features

Limonene

Limonene enhances the properties of other terpenes.

Redistilled limonene has less odor, more stable
than d-limonene

Beta-ionone Antibacterial and antifungal properties Beta-ionone has prophylactic value.
. Like beta-ionone, antibacterial and . .
Geraniol . . Geraniol gives a pleasant fragrance.
antifungal properties.
Eugenol Cloy e oil; anesthet'lc (anti-itch), antibacterial Contain a distinct fragrance which is like geraniol
antifungal properties.
Myrcene Possesses antifungal, antibacterial properties Famous for its fragrance properties

Despite the potential for application in various manufacturing applications, there has
been minimal industry interest in terpene and terpene derivatives. Winnacker et al. [88]
attributed this phenomenon to inadequate understanding of how terpenes could be com-
bined with other natural and synthetic polymers to augment material characteristics (such
as tensile strength, photo-degradation, elongation at break, antimicrobial properties, and
biocompatibility) [88]. Moreover, even though the feedstock is cheap and widely available,
there are gaps in knowledge concerning effective chemical processes to reduce material
costs, and determining potential new applications for terpene derivatives and monomers
remain underexplored [88].

The most widely applied procedures include radical initiator-free addition and sol-
vation of thiols to terpenes such as R +/— and S—/— limonene and -f-pinene; chain and
step-growth polymerization techniques involving acrylic monoterpenes myrcene (7-methyl-
3-methylene-1,6-octadiene) and ocimenes and Bayer—Villiger oxidation of menthone into
methide [89]. The application potential of terpenes includes the synthesis of terpene/fatty
acid-based polyesters for industrial applications [89]. The reaction parameters, including
conversion efficiency for polyester synthesis via copolymerization of propylene oxide (PO),
are depicted in Table 9 [88].

Table 9. Mediated copolymerization of PO, time conversion, MW and Tg [88].

Entry [ah-1 Time Conversion[c] Mnld] cis[e] Tglf]
Monomer Cat. [POV/I21[b] cl/[cat.-2][b] [h] [%] [kDal Mw/Mnld] [%] [8C]
1 cat.-2 a 500 100 0.75 86 11.4 1.25 >99 105

2 cat.-2a 500 100 2.0 >99 18.8 1.66 52 91
3[g] cat-2a 100 150 3.0 >99[h] 12.2 1.22 >99 102
4 cat-2b 500 100 2.0 76 9.0 1.18 >99 101

5 cat-2b 500 100 3.0 >99 14.6 1.72 10 78

6 cat-2 ¢ 500 100 1.0 63 7.4 1.11 >99 97

7 cat-2 ¢ 500 100 2.5 >99 10.2 1.16 97 103

8 cat-2c 500 100 5.0 >99 9.8 1.16 95 102

9 cat.-2 ¢ 1000 200 4.0 >99 22.5 1.28 88 104
10 cat-2c 2000 400 9.0 >99 36.7 1.30 94 107
11 cat-2c 4000 800 20.5 >99 55.4 1.29 98 109

In other cases, terpenoid-based polymeric resins have been employed in stereolitho-
graphic 3D printing [87] and as starting materials in the production of sustainable polymers
and advanced materials [88]. The renewed industry attention on terpenes and their deriva-
tives is validated by the progress made in controlled polymerization, interesting structures,
and the broad scope of industrial application, renewability, and abundant feedstock.
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Polylimonine Synthesis and Properties

The synthesis of polylimonine has practical implications on the production of terpenes,
given that the former classes of chemical compounds are optically active terpenes, which
exhibit antioxidant behavior [92]. Commercial applications of limonene and polylimonene
include food preservation, enhancing the flavor and aroma of foods [93]. A fundamental
constraint in the development of polymeric products globally is the recyclability of the
precursor and the ecological effects; this remains a priority concern in polylimonene
synthesis, considering that most precursors are sourced from fossil fuels [94]. In light of this
challenge, the synthesis of non-toxic and renewable plastics is a priority for manufacturers.
Such plastics would be ideal substitutes for existing non-renewable polymers. Traditionally,
ideal precursors for renewable polymers are starch, essential oils, and wood. However,
there have been growing research interests in the production of renewable and non-toxic
plastics from terpenes.

Terpenes are naturally found in citrus plants and essential oils. Other sources of
terpenes include tea, thyme, cannabis, Spanish sage, and citrus fruits (lemon, orange,
mandarin) [91]. Beyond the ubiquity of the precursors, terpenes (D-limonene in particular)
are ideal based on their chemical structure and the presence of isoprene units; these units
are key enablers for addition-based polymerization processes. The choice of D-limonene
as a precursor in the current case is supported by the worldwide production capacity [94]
and compatibility with microbial mediated synthesis processes, including PMD, Codon
optimized MVK, and PMK (see Table 10).

Table 10. Microbial-based synthetic routes for polylimonene through microbial mediated synthesis processes [93].

Host

Limonene Synthase Origin,

Engineering Design (+/—)-Limonene, Accession Number

E. coli BLR (DE3) codon +

. Abies grandis tGPPS Mentha spicata, (—), L13459

E. coli DH1 AacrAB

. HMGS and tHMGR from Staphylococcus aureus

. Codon optimized MVK, PMK, and PMD from
S. cerevisiae

. AACT and IDI from E. coli

. tGPPS from Abies grandis

e One plasmid containing the mevalonate pathway genes
and one plasmid with tGPPS and tLS

. A. Borkumensis efflux pump

M. spicata, (—), L13459, codon-optimized

E. coli DH1

. HMGS and tHMGR from Staphylococcus aureus
° Codon optimized MVK, PMK, and PMD from
S. cerevisiae
. AACT and IDI from E. coli
. tGPPS from Abies grandis
. One plasmid

M. Spicata, (=), accession number not clear,
codon-optimized

E. coli BL21(DE3)

° HMGS and tHMGR, MVK, PMK, and PMD from S.
cerevisiae

° AACT and IDI from E. coli

. tGPPS from Abies grandis/GPPS from Streptomyces sp.
strain KO-3988

M. Spicata, (—), L13459, codon-optimized

Synechocystis sp. PCC 6803

DXS, IDI, and CrtE from Synechocystis

Schizonepeta tenuifolia, enantio-selectivity not
clear, AF282875

Synechococcus sp. PCC 7002

Wild-type and AglgC background were compared

M. Spicata, (—), Q40322, codon-optimized

S. cerevisiae AE9

Yeast FPPS (ERG20 K197G) mutated to partly
produce GPP

Perilla frutescens, (—), KM015220 and Citrus
limon, (+), AF514287

S. cerevisiae EPY210C

tHMGR from S. cerevisiae
upc2-1 transcription factor

M. spicata, (—), L13459 and C. Limon, (+),
AF514287, codon-optimized

The biotechnology-based production of limonene from microorganisms does not
address production-related constraints, including the molar mass loss/lack of sufficient
molar mass, selection of an acceptable monomer for conversion. Most of the precursors
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for terpenes have practical drawbacks and limitations—a factor influencing the choice of
orange peel-based precursors—a precursor proven useful in the synthesis of polylimonene
through recycling polymerization [94]. Other sources of terpenes include tea, thyme,
cannabis, Spanish sage, and citrus fruits (lemon, orange, mandarin) [91]. Beyond the
ubiquity of the precursors, terpenes (D-limonene in particular) are ideal.

Under standard conditions, Coelho and Vieira synthesized polylimonene by placing
D-limonene in a solution containing Ziegler-Natta catalysts and Lewis acids in the first
stage. The molar mass of the mixed species was below 1000 g/mol [94]. The second
stage entailed the initiation of free-radical polymerization using benzoyl peroxide. The
concentration of the free radical initiator is adjusted accordingly to attain the desired
conversion efficiency. In the current case, the desired conversion efficiency was 12% [94].
The reduced copolymerization rates demonstrate there is an inverse link between the
D-limonene ratio, molar masses, and concentration of styrene, methyl methacrylate, and
n-butyl acrylate).

8. Antioxidant Random Copolymers

The synthesis of antioxidant copolymers such as dual-function amphiphilic ran-
dom copolymers is critical to the suppression of medical-related infections through Fe?*
chelating ability and supra-macromolecular re-arrangement and morphological changes
in hydrous environments and biocompatibility [95]. The polymerization of the tertiary
amine-containing cationic monomer with hydroxyl-tyrosol yielded copolymers with ideal
amphiphilic balances, molar ratios, and functional groups (especially the aromatic rings)
for biomedical device coatings. In other cases, polypropylene (PP) antioxidant random
copolymers have been proven useful in hot water applications in the presence of nu-
cleating agents. Even though the utility of nucleating agents was not demonstrated by
Taresco et al. [95], Grabmann et al. [96] argued that the compounds contributed to the
modification of the crystalline structure—a factor that translated to higher thermal stability,
mechanical strength (toughness and creep); this was observed in 3-nucleated PP-R grades.
In contrast, non-nucleated grades with x-crystal structure did not exhibit improvements in
thermal and mechanical properties.

The utility of antioxidant random copolymers transcends biomedical devices to encom-
pass food packaging applications, but the suitability of the materials for such applications is
offset by the rapid depletion of antioxidants and chemical changes induced by microwave
heating. Shahidi [97] observed that the viability of polymers for food preservation depends
on the ability of natural antioxidants, additives, and preservatives to prevent rancidity—a
process that impacts the odor and sensory appeal of foods.

Alin and Hakkarainen [98] explored the suitability of propylene-ethylene copolymer
(PP-C), propylene-ethylene random copolymer (PP-R), and polypropylene homopolymer
(PP) in plastic packaging containers labeled as microwave safe. The microwave testing
of the polymers established the following. First, excessive heating (and subsequent anal-
ysis using microwave-assisted extraction (MAE) and HPLC) triggered the migration of
the antioxidant molecules, particularly Irgafos 168 and 100 from the propylene-ethylene
copolymer (PP-C), propylene-ethylene random copolymer (PP-R), and polypropylene
homopolymer (PP) [98]. The migration resulted in unequal distribution of the antioxi-
dants diminishing the utility of the polymer packaging materials in food packaging. A
notable observation was the influence of polypropylene materials on the migration rate
of the antioxidants and the inverse relationship with crystallinity. Better migration re-
sistance was noted in the polypropylene homo-polymer (PP) potentially due to higher
crystallinity [98]; this pattern remained unchanged despite contact with fatty acid stim-
ulants. The influence of acetic acid and ethanol/iso-octane concentration on the rate of
migration is depicted in Table 11.
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Table 11. Antioxidant migration under microwaving and heating conditions.

Microwaving Heating
Sample 1168 11010 1168 11010
90/10 iso-octane/ethanol, 80 °C
PPC 509 502 686 + 31 a 726 = 64 a
PPR 4735 1283 4955 + 204 a 1342 + 217 a
PP 615 190 748 + 85 a 277 £45a
Iso-octane, 80 °C
PPC - - 777 765
PPR - — 4909 1477
PP - - 780 429
3% acetic acid, 100 °C
PPC b 9 b b
3% acetic acid, 120 °C
PPC b 9 b b
10% ethanol, 120 °C
PPC b 6 b b

In light of the preliminary observations made by Alin and Hakkarainen [98], polypropy-
lene homo-polymer (PP) is an ideal alternative compared to propylene-ethylene copolymer
(PP-C), propylene-ethylene random copolymer (PP-R), considering that the migration of
antioxidants promotes toxicity and emergence of undesirable flavors [99]. A fundamental
constraint moving forward was the development of packaging materials that are suitable
and resistant to antioxidant migration, regardless of the fatty acid concentration in food.
The experimental data shows that the composition of the food items, exposure to heat,
and microwave energy predicts the chemical composition of antioxidant polymers for
food packaging.

8.1. Gallic Acid Grafted Polymers

Similar to lignin, polyphenol, and quercetin polymers, gallic acid grafted polymers
are ideal for targeted drug delivery, packaging, and commercial, industrial applications.
Cho et al. [100] documented successful synthesis and characterization of gallic acid-grafted-
chitosans, which demonstrated superior antioxidant scavenging ability against various free
radicals such as hydrogen peroxide (93% effectiveness) and 2,2-diphenyl-1-picrylhydrazyl
(92% effectiveness) at low concentrations (50 pg/mL) [101]. The outcomes affirm the supe-
riority of gallic acid grafted copolymers in free radical scavenging. In other studies, gallic
acid grafted chitosan-casein phosphopeptide nanoparticles have demonstrated superior
anticancer and antioxidant properties under simulated gastrointestinal conditions [102].
The observations made by alternatively, the incorporation of chitosan on resveratrol via
free radical-induced grafting proven effective in the synthesis of resveratrol modified
species [73]. Cho et al. [100] contrast with Curcio et al. [79], who documented successful
free radical-induced grafting of gallic acid-chitosan and catechin-chitosan conjugates for
antioxidant applications.

Considering that the in-vitro models were confined to the two free radicals (2,2-
diphenyl-1-picrylhydrazyl, and H;O,, it remains unclear whether gallic acid-grafted-
chitosans would retain the high antioxidant scavenging ability at higher concentrations.
The outcomes documented by Cho et al. are in agreement with Spizzirri et al., who
documented successful synthesis of antioxidant—protein conjugates (gallic acid (GA) and
catechin (CT) attached on gelatin) via grafting reaction [103]. Similar to gallic acid grafted
polymers, the Gallic Acid-Catechin-Gelatin copolymers exhibited superior scavenging
ability against linoleic acid peroxide hydroxyl radicals and 2,2’-diphenyl-1-picrylhydrazyl.

8.2. Resveratrol Conjugated and Grafted Polymers

Resveratrol exhibits comparable antioxidant activity as quercetin, polyphenols, Vita-
min C, and E, phenolic compounds, carotenoids, «-lipoic acid, melatonin, gallic acid, and
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N-acetyl cysteine, captopril. However, the material is superior to other antioxidants based
on its broad biological activity, including anticancer, anti-inflammatory and chemopreven-
tion properties, and rapid metabolism within the body due to its shortened half-life [104].
The mechanical, biological, and chemical properties can be enhanced through modifications
in the synthetic routes. For example, Siddalingappa et al. [104] reported the successful
synthesis of Resveratrol-PEG ethers via alkali-mediated etherification. The plasma stability
of the moieties was augmented by aggregation behavior and polymer hydrophobicity,
and the antioxidant demonstrated ideal antioxidant behavior in mice models. Further
customized changes were viable through carbodiimide coupling reaction-mediated surface
and chemical modifications with a-methoxy poly (ethylene glycol)-co-polylactide succinyl
ester resveratrol, MeO-PEG succinyl ester resveratrol, and «x-methoxy-w-carboxylic acid
poly(ethylene glycol) succinylamide resveratrol [104].

9. Antioxidant-Polysaccharides Graft Polymers

Polysaccharide graft polymers play an integral role in biomedical (targeted drug
delivery systems) and commercial engineering applications given their unique proper-
ties and wide range of sources (microbial and natural). In contrast to other precursors,
polysaccharides are cheap and widely available [105]. Moreover, the materials have compa-
rable properties as antioxidant terpene polymers in terms of biodegradation ability, water
solubility, and non-toxicity. Grafted polysaccharides have attracted significant research
attention based on a broad scope of application, chemical stability, efficiency, biocompati-
bility, tailored properties, and biodegradation ability. Recent advances in drug delivery
research have demonstrated that the rate of in vivo drug delivery could be predicted by the
extent of crosslinking and grafting [105]. The enhanced functionality is linked to chemical
bonding between the grafted polymer chains and polymeric substrate. The free radicals
are introduced onto the backbone structure through irradiation and chemical initiation.

Despite the promising material prospects, the polysaccharide graft polymers have
not conclusively addressed challenges associated with traditional drug delivery systems,
such as sustaining the desired drug dosage in tissues for an extended period (length of
treatment). However, there are promising prospects that the uncontrolled drug release
kinetics would be resolved through better absorption rates [105]. The progress made
in targeted drug delivery by Pal and Das [105] is in line with Lemarchand et al. [106]
research on polyester-polysaccharide nanoparticles for drug delivery systems. In particular,
the nanoparticles graft polymers from poly (D, L-lactide) or poly(e—caprolactone) (PCL)
demonstrated ideal pharmacokinetic behavior linked to the synthesis route—emulsion
solvent evaporation. The material exhibited superior stability with or without emulsions,
and strong amphiphilic properties, which eliminated the need for surfactants.

The emulsion solvent evaporation technique’s ability to influence the targeted drug
delivery is comparable to RAFT (reversible addition-fragmentation chain transfer poly-
merization), reversible deactivation radical polymerization, and atom transfer radical
polymerization; these two procedures were employed by Garcia-Valdez in the modification
of polysaccharides to attain ideal control over the molecular weight distribution, and
carefully control the macromolecular shapes, and sizes [107]. From an engineering per-
spective, the experimental outcomes reported following the adoption of different synthetic
routes introduce unique challenges because the outcomes were based on laboratory-scale
models; there are concerns that the procedures could lead to different outcomes in large
experiments. The highlighted concerns could be resolved through advances in synthesis
technologies, including lab-on-a-chip.

10. Poly (Trolox Ester) Polymers

Poly Trolox ester polymers are useful antioxidants in human cells based on their
ability to relieve oxidative stress in injured cells and resolve iron particle toxicity at the
nanoscale [107,108]. Even though there is a broad class of compounds that exhibits antioxi-
dant behavior (including «-lipoic acid, N-acetyl cysteine, melatonin, gallic acid, captopril,
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taurine, catechin, and quercetin), the biological function of most is impaired by oxidative
stress-linked biological incompatibility at the nanoscale [108]. Wattamwar et al. claimed
that poly Trolox ester polymers were able to overcome these barriers by inhibiting the
response of free radicals while retaining higher compatibility with medical devices. In
contrast to quercetin, lignin, and polydopamine, poly Trolox ester polymers are a class of
synthetic analogs of vitamin E (with superior hydrophilic, tunable particle sizes, antioxidant
properties) [108]. The materials can be synthesized via a facile single emulsion technique;
the nanoparticle concentration is varied over time to achieve the desired nanoparticle sizes.

Resolving iron particle toxicity is a priority in biomedical applications, given that the
risk is elevated by the frequency of medical diagnosis and treatment (iron supplements for
anemia and MRI contrast agents). Iron particle toxicity was mitigated through targeted de-
livery of functionalized poly Trolox ester polymers to the platelet endothelial cell adhesion
molecules (PECAM-1) [101]. In theory, the modification of the pro-oxidant and antioxidant
activity of poly Trolox ester polymers could be applied in virtually all high-oxidative-stress
environments within the cells. However, in reality, this might not be feasible considering
that poly (Trolox ester) nanoparticles” ability to induce/inhibit cellular oxidative stress de-
pends on advanced programming of the molecules, based on knowledge of the molecular
compounds being oxidized and the cumulative oxidative status of the cells [6]. If the listed
variables are not known, the cellular function of poly (Trolox ester) nanoparticles might be
impaired. Such complexities limit the clinical application of Trolox esters.

11. Polymerization of Vitamins

Reversible addition-fragmentation chain transfer (RAFT) is suitable for the Vitamin C
and B2 mediated polymerization of synthetic monomers such as methacrylates, acrylates,
and acrylamides under LED irradiation. The efficiency of the polymerization process
is contingent on the optimization of the irrational wavelength and oxygen. Zhang et al.
linked the high throughput in vitamin-mediated polymerization to the low reaction volume
platform, molecular weight distribution, low reaction volumes and the concentrations of
Vitamin B, and C [109]. The costs of the synthetic process can be offset by the inclusion of
off-the-shelf vitamin supplements in place of reagent/analytical grade Vitamin C and By.
The free radical-initiated chain polymerization of biomolecules has critical implications on
disease prevalence, given that the progression of Alzheimer’s disease and other neurode-
generative diseases can be linked to free radical damage of cells. On a positive note, this
process can be offset by anti-oxygenic nutrients, such as vitamin-rich (C, E and co-enzyme
Q) fruits and vegetables, which offer protective benefits against free radical damage [110].
The polymerization of compounds with complex architectures has been augmented by
advances in technology, particularly photo-induced electron/energy transfer—reversible
addition-fragmentation chain-transfer (PET-RAFT) polymerization.

The PET-RAFT process is remarkably superior relative to RAFT in isolation due to
higher oxygen tolerance [111]. However, other issues remain unresolved, including the
experimental testing of oxygen tolerant species. Most of the documented experiments were
conducted in water—a factor that limits the utility of the process in the presence of organic
solvents. The initiation of vitamin polymerization in the presence of organic solvents
is critical in biological processes, given that vitamins and biological molecules comprise
organic functional groups. The constraint was partially resolved by Gormley et al. [109],
who documented successful polymerization of oxygen resistant compounds in organic
solvents, dimethyl sulfoxide (DMSO). Nonetheless, it is of note that the initiation of the
process requires a zinc tetraphenyl porphyrin (ZnTPP) catalyst. From an industrial and
commercial perspective, the additional costs linked to catalysis pale in comparison relative
to the additional benefits associated with successful PET-RAFT in organic solvents. The
findings documented by Zhang et al. [110], Tappel et al. [111], and Gormley et al. [109]
demonstrate the excellent potential of oxygen tolerant PET-RAFT and RAFT vitamin-based
photo-initiation mechanism in biological applications.
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12. Conclusions

The published literature has demonstrated the antioxidant properties of various nat-
urally occurring compounds, such as quercetin, polyphenols, vitamins, and synthetic
molecules including a-lipoic acid, N-acetyl cysteine, melatonin, gallic acid, lignin, capto-
pril, taurine, and catechin; the free radical scavenging abilities predicted the potency of
the antioxidants (hydrogen bonding within the ether O, atoms in peroxide radical) and
the location of bulky tert-butyl functional groups. The extraction of antioxidants from
agro-wastes generates high-quality phenolic antioxidants. On the downside, the benefits
are offset by low yields and negative ecological effects, as well as synthesis-related trade-
offs between functionality, chemical stability, and biocompatibility. Other constraints are
related to the chemical properties of the products—polyphenols exhibit poor membrane
permeability, rapid metabolism, and poor bioavailability and UV degradation, despite
free radical grafting [73], step growth, free radical, and enzyme-catalyzed reactions. A
vast majority of research in antioxidant materials so far has been focused on the entrap-
ment or encapsulation of low-molecular-weight and enzymatic antioxidant compounds in
polymersomes, micelles, or nanoparticles that often exhibit poor long-term stability. The
structural incorporation of antioxidant moieties in polymers or direct polymerization while
maintaining their intrinsic antioxidant properties has been attracting increasing interest
from the research community. Polymerized antioxidants can be produced through grafting
or backbone incorporation, and offer the potential advantages of protecting the antioxidant
from inactivation, delivering continuous antioxidant protection as long as the polymer
exists, as well as a relatively high mass of antioxidant payload.

Potential industrial applications of antioxidants in the food production industry
are diverse, especially in the forms of blends with bio-polyether (PEO), bio-polyester
(PLA), and commercial starch-based polymer (Mater-Bi) for photo-stabilization. The
blended products exhibit better tensile strength, photostability, and elongation at break
and modulus of elasticity. Active polymer packaging is becoming increasingly important
as an emerging technology [112] that can significantly improve the quality and stability of
food, eliminating direct addition of chemicals and the need to make significant changes in
production processes. If antioxidant polymers are brought into packaging systems, major
improvements in maintaining the stability of oxidation-sensitive food products can be
made. Antioxidant polymers have been proven to be scavengers that function by reducing
the presence of reactive oxygen species, which act as initiators of oxidation processes.
In this review, we have seen that antioxidant polymers can be specifically designed and
optimized for each specific product or application and in brief, they can be implemented
by the food industry as new emerging sustainable polymeric materials.
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Abstract: The furnish management of tissue materials is fundamental to obtain maximum quality
products with a minimum cost. The key fiber properties and fiber modification process steps have a
significant influence on the structural and functional properties of tissue paper. In this work, two
types of additives, a commercial biopolymer additive (CBA) that replaces the traditional cationic
starch and micro/nanofibrillated cellulose (CMF), were investigated. Different formulations were
prepared containing eucalyptus fibers and softwood fibers treated mechanically and enzymatically
and both pulps with these two additives incorporated independently and simultaneously with
drainage in the tissue process range. The use of these additives to reduce the percentage of softwood
fibers on tissue furnish formulations was investigated. The results indicated that a maximum of
tensile strength was obtained with a combination of both additives at the expense of softness and
water absorbency. With a reduction of softwood fibers, the incorporation of additives increased
the tensile strength and water absorbency with a slight decrease in HF softness compared with a
typical industrial furnish. Additionally, a tissue computational simulator was also used to predict the
influence of these additives on the final end-use properties. Both additives proved to be a suitable
alternative to reduce softwood fibers in the production of tissue products, enhancing softness,
strength and absorption properties.

Keywords: absorbency; commercial biopolymer additive (CBA); micro/nanofibrillated cellulose
(CMF); softness; strength; tissue paper materials

1. Introduction

In recent years, there has been great growth potential in the tissue paper market.
Factors such as the abundance of fibrous raw materials, the high demand for hygiene and
health products and the evolution of socio-economic living standards have promoted this
global growth. In addition, advances in manufacturing technologies for these materials
have made the market increasingly competitive [1]. Tissue paper materials are increasingly
used in consumer goods products such as napkins, facial tissues, paper towels, toilet pa-
pers, diapers and tissue masks. Tissue papers are produced to meet the desired properties
for a specific application in the market such as a low basis weight, softness, strength and
absorption [2]. To optimize the process, a great deal of effort been made to improve the
properties of the raw materials used in the production of these papers [1-4]. The highest
quality tissue products are produced with a blend of hardwood and softwood fiber pulps.
The production of tissue papers with 100% eucalyptus fibers generally presents a higher
softness and absorption; however, the strength is degraded during the creping and convert-
ing processes in the tissue manufacture [3,4]. Softwood fibers are introduced because these
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pulps provide strength to the papers and ensure the paper machine’s runnability [5-8].
The fibers can also be subject to modification processes such as enzymatic and mechanical
modifications. Refining is an important process in the development of functional tissue
properties; however, it is associated with a large energy consumption [9,10]. The applica-
tion of enzymes enhances not only the development of the tissue properties but also the
reduction of energy costs associated with the refining process [11,12].

In addition to the modification of fiber pulps, chemical additives are used to modify
properties or improve the production process for different materials. Different chemical
additives used in the tissue paper industry are designed and applied according to different
needs such as dry strength agents, wet strength agents, softeners and lotions [13,14].
Usually, these additives are cationic as the fibers carry negative charges and they are also
more effective in much lower concentrations than anionic polymers. Nevertheless, these
cationic additives normally adhere in excess to the paper, negatively affecting the creping
process and the product quality [14]. The addition of strength agents can ensure that
tissue products remain integrated when applied in wet conditions while the addition of
debonding agents can improve the softness and bulk of these products [15-21]. However,
reaching a balance between these two properties is a challenge because the conditions that
maximize the softness are those that minimize strength properties. This balance can be
achieved by selecting fibers, refining treatments and adding chemical polymers. Therefore,
the tissue manufacturer must balance these factors in terms of cost and effect. The tissue
paper industry provides the design, development and production of many chemical and
polymeric additives [22].

The application of innovative and versatile additives such as biopolymers and mi-
cro/nanofibrillated cellulose (CMF), replacing synthetic additives currently used, is a
sustainable strategy to be considered in order to produce high-quality tissue premium
products with innovative features. Biopolymers as additives can be new natural and green
approaches to new possibilities and advances in modifying or improving the final end-use
tissue properties [23]. The same is true for CMF as an additive that has been extensively
investigated for its application in tissue products due to its high specific surface area,
excellent mechanical properties, flexibility, biocompatibility, biodegradability and lack of
toxicity, among other properties [24-27]. The furnish formation is also affected by the CMF
incorporation as an additive. CMF decreases porosity and air permeability when added to
the tissue structures. CMF content and structural changes present a proportional behavior.
These decreases are caused by the CMF bonding with the cellulose fibers in the 3D network
structures, closing the porous structure. Furthermore, this reduction in porosity is also
correlated with the increase in the structure’s apparent density [28].

The presence of CMF can present an impact on the structure porosity because of the
increasing number of hydrogen bonds present in this nanocellulose. The increase of these
bonds is related to its increase in the surface/volume ratio due to the nanosized scale [28].
By filling the large pores created by the 3D fiber network, the CMF incorporation con-
tributes to smaller pore dimensions and a narrower distribution of the structures, providing
abundant pores with a uniform size and, consequently, a decrease in the properties of
water absorption capacity and capillarity penetration [24,25]. The flexibility of CMF can
be a filler for large pores in structures [25]. Although the mechanical properties of tissue
products are improving, CMF also brings a difficulty to the dewatering of papermaking
furnishes. The fibrillation degree influences the dewatering capacity of pulp suspensions.
The drainage time increases depending on the CMF fibrillation degree. Particles resulting
from fibrillation are more easily incorporated into the fiber network, partially closing the
pores between the fibers and consequently limiting the wet network’s ability to drain water.
This drainage difficulty is also caused by the increased water retention capacity of CMF.
However, this dewatering of pulp suspensions containing CMF can be improved with the
use of retention aids and also with cationic starch-treated CMF with colloidal silica [28].
In addition to a negative impact on dewatering, the accumulation of CMF particles in the
closed circuit of the tissue machine can increase the viscosity of the recirculating water,
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thus affecting processability. Therefore, there is a need to study the feasibility of using
CMF to reduce the fiber content. Our study [24] confirmed that the use of 1 to 8% of CMF
incorporated into tissue paper formulations, along with a reduction of hardwood and
softwood fiber content, achieves a trade-off between the final end-use tissue properties and
fiber blend costs, with drainability between 26 and 32 °SR (Schopper—-Riegler degree). In
this range of drainability, the furnish formulations are able to produce high-quality tissue
papers without difficulties in tissue paper machine runnability and efficiency [2,24].

The application of these additives leads to the optimization of strength properties
without compromising the softness and absorbency properties of these types of papers.
These strategies can allow a reduction of softwood fibers in the production of tissue paper
without affecting the strength performance and decrease the overall tissue manufacturing
cost [24,27-30]. The aim of this work was to perform a comparative study between different
tissue furnish compositions and the incorporation of two additives, a commercial tissue
biopolymer additive (CBA) as a cationic starch substitute and CMF, and their effect on the
properties of the final end-use tissue paper. For this purpose, the fiber and suspension
drainability characterizations of different investigated samples were performed. Laboratory
isotropic structures with a light basis weight of 20 g/m? were prepared and the softness,
tensile strength and absorbency properties were evaluated.

2. Materials and Methods
2.1. Materials

An industrial, never-dried, bleached eucalyptus kraft pulp and an industrial, air-dried,
bleached pinus kraft pulp were used in this work after disintegration according to ISO
5263-1. The additives used in this study were CBA and CMF. This commercial tissue
additive, CBA, is a cationic polymeric solution specially designed as a replacement for
cationic starch. CBA presents a viscosity of 500-900 cP, a pH of 2.1-4.0 and a density
of 1.030 + 0.040 g/cm? at 20 °C (data supplied by a commercial enterprise). CMF was
supplied by a research institute and obtained by mechanical (refining and homogenization)
and enzymatic (cellulase) treatments using an industrial bleached eucalyptus kraft pulp.
This sample was characterized in our previous work, which can be used for more detailed
information [24]. CMF (Figure 1) presents an intrinsic viscosity of 1577 mL/g (ISO 5351),
a carboxyl group content of 8.4 £ 0.2 mmol/100 g (TAPPI T 237 om-93), a suspension
drainability degree superior to 80 °SR (Schopper—Riegler) and 56% of particles below
1000 nm, representing 10% of particles below 200 nm [24].

Figure 1. SEM image of the CMF additive, highlighting a high magnification image (3000 x ) where it is possible to verify

the micro and nanofibrils of this sample.
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2.2. Enzymatic and Mechanical Treatments

The softwood pulp was beaten in a PFI mill at 4000 revolutions under a refining
intensity of 3.33 N/mm (ISO 5264-2) followed by an enzymatic treatment. The enzymatic
treatment was performed according to the method described by Morais et al. [12]. The
treatment was carried out at a consistency of 4% at pH 7 at 40 °C with continuous me-
chanical agitation to ensure an efficient mass transfer for 60 min and 30 mg of enzyme/g
of pulp.

2.3. Tissue Formulations

Table 1 presents the various tissue formulations (investigated samples) carried out in
this study. The different formulations were performed to study the effect of additives in the
tissue structure properties and understand their implication in the reduction of softwood
pulp usually used in this type of paper. The first formulation presents a similar combination
of eucalyptus fibers and softwood fibers typically used in tissue mills. All of the samples
presented similar drainability properties around 25 °SR, which is recommended for tissue
paper products and means that drainage and processability are in the range for the tissue
process and, consequently, processability is not negatively impacted [2].

Table 1. Tissue formulations used in the study.

Softwood Pulp with CBA CMF
Eucalyptus Pulp Mechanical and (Commercial (Micro/Nanofibrillated

Enzymatic Treatment Biopolymer Additive) Cellulose)
Formulation 1 75% 25% - -
Formulation 2 75% 25% 2% -
Formulation 3 75% 25% - 2%
Formulation 4 75% 25% 2% 2%
Formulation 5 90% 10% - -
Formulation 6 90% 10% 2% -
Formulation 7 90% 10% - 2%
Formulation 8 90% 10% 2% 2%

2.4. Preparation of Tissue Structures

The tissue structures were produced in a batch laboratory sheet former according to
the method described by Morais et al. [6,7]. An adaptation to ISO 5269-1 was used, namely,
the suppression of the pressing operation and the production of structures with a basis
weight of 20 g/m?. The tissue structures were prepared with the different formulations
described in Table 1. Finally, all samples were conditioned at 23 4+ 1 °C, with a relative
humidity of 50 & 2%, according to ISO 187.

2.5. Characterization of the Morphological, Drainability and Chemical Properties

The morphological properties of pulp fibers and formulations were evaluated auto-
matically by an image analysis using a fiber analyzer, the MorFi equipment (TECHPAP,
Grenoble, France).

In order to characterize the surfaces of the different formulations, the obtained tissue
structures were coated with gold using a Sputter Quorum Q 15 OR ES (Laughton, East
Sussex, UK) to be analyzed by scanning electron microscopy (SEM) using a Hitachi 5-2700
model (Tokyo, Japan) with an accelerating voltage of 20 kV at different magnifications.
Image]J, an image analysis software, was also used to characterize the pore properties of
the samples. The SEM images were processed and analyzed using a methodology with
defined criteria for the stabilization of the average of the measured values [31].

The chemical functional groups were analyzed using Fourier transform infrared spec-
troscopy with attenuated total reflectance (FTIR-ATR) at a wavelength of 600-4000 cm !

with a resolution of 4 cm™1.
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The drainability of pulp suspensions and formulations was evaluated by the °SR
method (ISO 5267/1). Triplicate assays were performed for both methods.

2.6. Characterization of the Tissue Properties
2.6.1. Structural Properties

The structures produced were characterized in terms of basis weight (ISO 12625-
6), thickness and bulk (ISO 12525-3). The basis weight was obtained by the quotient
between the average mass of each structure and the respective area (0.02138 m?). The
thickness was obtained using a Frank-PTI micrometer. The bulk was obtained by the
quotient between the thickness and the basis weight of the structures. Additionally, the
porosity (apparent theoretical porosity) of the structure was also calculated according to
the following equation:

Porosity (%) = 100 x (1 _ Pstructures> O

Ocellulose

where P10 Was the density of the cellulose (1.5 g/ cm?®) [12] and Pstructure Was the appar-
ent density of the structures (g/cm?).

2.6.2. Softness Properties

Softness was assessed using a Tissue Softness Analyzer, the TSA (Emtec). A two-step
measurement was used. The first was a noise measurement where the real softness (TS7)
was measured. The second step was a deformation measurement where stiffness, plasticity,
elasticity and hysteresis were measured. The handfeel (HF) parameter value was calculated
using both steps.

2.6.3. Strength Properties

Strength properties were determined according to ISO 12625-4 using the tensile index
and calculated according to the following equation:

break

Tensile Index (Nm/g) = VC\;/ (2)

where break was the breaking force (N), W was the sample width (50 mm) and G was the
sample grammage or basis weight (g/m?).

2.6.4. Absorbency Properties

The absorbency properties were determined by the methods of water absorbency
capacity per unit of mass and Klemm capillary rise.

The immersion absorption method was used to determine the water absorption
capacity per unit of mass of the samples. The assay was carried out according to an
adaptation of ISO 12625-8. The sample was immersed for 30 s. At the end of that time,
the sample was removed from the water and left to run on a support that guaranteed an
amplitude of 30° for approximately 1 min. Finally, the amount of water that the sample
was able to absorb during this time was determined. The assay was performed in triplicate
for each sample.

The Klemm capillary rise method was measured through an adaptation of ISO 8787.
The assay consisted of the water rising in the sample (50 mm wide) at a certain time.
The capillary rise was recorded at 10, 20, 30, 60, 180, 300 and 600 s. Four readings were
performed for each sample. All of the assays were performed in a controlled temperature
and humidity laboratory.

2.7. Computational Studies

SimTissue, a tissue simulator, was developed specifically for furnish management and
optimization by FibEnTech-UBI members, in the scope of Project InPaCTus. This tissue
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simulator was used to compare different end-use final tissue properties and to access them
for the different formulations to those performed experimentally [24].

A 3D fiber-based computational simulator was used to model the tissue structures
as planar random networks. This simulator is open-source software, and the code is
available on GitHub (https:/ /github.com/eduardotrincaoconceicao/voxelfiber, accessed
on April 2021). A more detailed description of this 3D simulator can be found in Conceicao
et al. and Curto et al. [32,33]. The fibers are represented by a voxel chain and modeled
according to fiber dimensions and properties such as the fiber length and width ratio,
flexibility, fiber wall thickness and lumen dimensions [34]. The structural properties were
obtained following this computational study and the resulting 3D computational structures.
The computational studies were performed using MATLAB® (R 2020a, 9.8.0.1323502,
MathWorks, Natick, MA, USA).

3. Results and Discussion
3.1. Characterization of Pulp Fibers and Tissue Formulations

In a first approach, the characterization of the raw materials used in the study was car-
ried out. The eucalyptus pulp presented a length weighted by length of 0.729 £ 0.003 mm,
a width of 19.1 & 0.0 pm, a coarseness of 6.31 £ 0.04 mg/100 m and fine elements of
38.5 £ 0.4% in length. The softwood pulp presented a length weighted by length of
1.889 £ 0.052 mm, a width of 30.1 & 0.2 um, a coarseness of 20.52 £ 3.23 mg/100 m and
fine elements of 36.6 £ 4.2% in length. In this study, only softwood pulp was subjected
to fiber modification treatments, namely, refining and enzymatic treatments, as this eu-
calyptus pulp is already an industrial pulp suitable for the production of tissue papers.
These treatments were carried out in order to improve fiber flexibility and inter-fiber bond
properties with a greater strength three-dimensional matrix [35]. Analyzing the treat-
ments separately, the refining effect was more pronounced than the enzymatic treatment.
The results indicated that refining decreased the length weighted by length by 8% and
coarseness by 30% and increased the fiber width by 7% and the fine content by 17% while
the enzymatic treatment decreased the fiber length weighted by length by 2% and the
coarseness by 18% and increased the fiber width by 23% and the fine content by 4%. The
combination of these two treatments decreased the fiber length weighted by length by
10% and the coarseness by 26% and increased the fiber width by 7% and the fine content
by 11% compared with the untreated pulp. Figure 2 presents an analysis of coarseness
as a function of the length /width ratio (slenderness ratio) for the softwood samples. The
results indicated that two groups can be considered with the fiber modification treatments
applied. In the first one, the softwood fibers without treatment (63 of length /width ratio
and 20.52 mg/100 m of coarseness) and with enzymatic treatment (61 of length/width
ratio and 16.92 mg/100 m of coarseness) presented a higher slenderness ratio and higher
coarseness. In the second group, the refined softwood fibers (54 of length/width ratio
and 15.81 mg/100 m of coarseness) and with both treatments (52 of length/width ratio
and 15.09 mg/100 m of coarseness) presented a lower slenderness ratio and lower coarse-
ness. This suggests that the first group was more susceptible to presenting better tissue
properties of softness and absorbency than the second group, which was more suscepti-
ble to presenting higher strength properties [7]. Additionally, the first group presented
°SR between 12-14 and the second group presented 55-66 °SR. The mechanical refining
and the combination of both treatments promoted a more efficient fiber fibrillation and
consequently decreased the suspension drainability.
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Figure 2. Coarseness as a function of the slenderness ratio of softwood fiber pulp (SW) with enzymatic
treatment (SW + ENZ), with refining (SW + REF) and with the combination of both fiber modification
treatments (SW + REF + ENZ).

The softwood pulp with the refining and enzymatic treatment was also assessed
through SEM images (Figure 3a). This treatment made it possible to modify the properties
of the softwood pulp, promoting inter-fiber bonds and the combination of key structural
properties such as the pore dimension and distribution. The pore properties depend
on the fiber properties and the mechanical and enzymatic processes to which they are
subjected [36]. The results indicated that these treatments had an impact on the fiber
dimension and flexibility, resulting in a structure with a surface porosity of 83 £ 1% and a
pore diameter distribution of 35% between 2 and 10 um and 65% between 10 and 27 um
(Figure 3b).
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Figure 3. SEM image of the softwood pulp with refining and enzymatic treatment with a high
magnification image (500 x) (a) and its pore diameter distribution (b).

In a second approach, the characterization of the tissue formulations was carried out.
As previously reported, this study compares two versatile additives: CBA and CMF. The
MorFi analyzer is only able to evaluate the fiber suspension properties so the presence of
the CBA does not affect its fibrous composition. The formulations with 75% eucalyptus
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pulp and 25% softwood pulp-treated and with incorporated additives presented a length
weighted by length between 0.717 and 0.729 mm, a width between 19.4 and 19.9 um,
coarseness between 7.78 and 8.27 mg/100 m and fine elements between 32.7 and 35.7%
in length. With a reduction of the softwood fibers, the formulations with 90% eucalyptus
pulp and 10% softwood pulp-treated and with incorporated additives presented a length
weighted by length between 0.719 and 0.722 mm, a width between 19.1 and 20.1 um,
coarseness between 6.77 and 7.61 mg/100 m and fine elements between 30.4 and 32.8%
in length. Additionally, these formulations presented an °SR degree between 20 and
25 °SR. Although the softwood pulp presented low drainability, its combination with
eucalyptus pulp and with different additives allowed the tissue formulations to present a
range of °SRs suitable of producing premium tissue materials [2] without compromising
the processability. Figure 4 presents the SEM image of the formulation 4 (75% eucalyptus
pulp + 25% softwood pulp-treated + 2% CBA + 2% CMF) as well as its pore diameter
distribution. The 3D structure matrix resulting from this formulation was presented as a
multi-structured material with bonding between CMF fibrils and pulp fibers. The CBA
addition also promoted a more closed structure with a surface porosity of 88 & 1% and a
pore diameter distribution of 40% between 1 and 10 pm and 60% between 10 and 22 um
(Figure 4b).
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Figure 4. SEM image of tissue formulation 4 (75% eucalyptus pulp + 25% softwood pulp-treated + 2%
CBA + 2% CMF) with a high magnification image (1000x) where is possible to verify the inter-fiber
bonding between CMF and the structure in more detail (a) and its pore diameter distribution (b).

To complement this study, the FTIR-ATR technique allowed us to chemically charac-
terize, identify and quantify the formulations with CBA and CME, evaluating the existence
of physical retentions in the structure without new chemical bonds between these additives
and the cellulose eucalyptus and softwood fiber 3D matrix. Figure 5 shows the FTIR
spectrum of formulation 1 (a typical furnish mixture at a tissue mill), formulation 2 (with
CBA incorporation) and formulation 3 (with CMF incorporation). The typical absorption
bands of hydroxyl groups between 3000 and 3500 cm ! indicative of the -OH stretching of
the intra- and inter-molecular interactions of hydrogen bonds were verified for the three
formulations. A -OH band with a higher area was observed for the structures with CBA.
The biggest differences in the FTIR spectrum were found in the bands between 2800 and
3000 cm~!. This range corresponds with the =C-H stretching in the methyl groups of
cellulose and hemicellulose. The band with the highest intensity in this range was observed
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for the formulation with CMF followed by the formulation with CBA and formulation 1.
Additionally, the bands between 2200 and 2400 cm~! correspond with the -OH asymmet-
rical stretching vibration of the carboxylic acid due to the enzymatic treatment applied
to the materials [12]. The bands between 1500 to 1700 cm~! were due to the C=O stretch
of hemicelluloses. Other characteristics of cellulose were also observed between 800 and
1500 cm ! such as the angular deformation of C-H and primary alcohol C-O bonds, the
absorption band of C-O-C bonds, the B-glycosidic bonds between glucose units, C=H
stretching, C=0 stretch vibration in the syringyl ring and carboxylate ion group vibration.
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Figure 5. FTIR-ATR spectrum of formulation 1 (blue), formulation 2 (red) and formulation 3 (green).

3.2. Characterization of the Properties of the Final End-Use Tissue
3.2.1. Structural Properties

Bulk and porosity are essential parameters for the quality of tissue products that
influence the softness and liquid absorption properties [6,7]. Figure 6a shows, for the
different tissue formulations, the behavior of the structural properties. The addition of CBA
in formulation 2 promoted a decrease in bulk and porosity by 1% and 0.1%, respectively,
compared with formulation 1. The addition of CMF (formulation 3) showed a tissue
structure with lower bulk (<4%) and porosity (<0.5%) compared with formulation 1. The
combination of these versatile additives (formulation 4) also promoted an increase of
hydrogen and inter-fiber bonds, inducing a decrease of 11% in bulk and 1% in porosity
of the tissue structures in comparison with formulation 1. This densification effect can be
observed in the cross-section of the structures, as shown in Figure 7. With the reduction
of the reinforcement fibers by 15% in the formulations, bulk and porosity were increased.
This reduction promoted an increase of 20% in bulk and 2% in porosity when comparing
formulations 1 and 5. The same trend in formulations 1-4 was observed in formulations
5-8; i.e., the combination of both additives presented a higher influence on the structural
properties followed by CMF and CBA. Formulations 6, 7 and 8 promoted a reduction
in bulk by 4, 10 and 22%, respectively, and a reduction in porosity by 0.4, 1 and 3%,
respectively, compared with the control (formulation 5). The addition of both CBA and
CMF in formulations with a softwood fiber reduction (90% eucalyptus fiber and 10%
softwood fiber) allowed the obtaining of structures with increased structural properties
compared with typical industrial structures (75% of eucalyptus fiber and 25% softwood
fiber). The results indicated that formulations 6 and 7 increased the structure bulk by 16%
and 9%, respectively, compared with formulation 1 (Figure 8). However, the combination
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of these two additives promoted a 6% reduction in bulk compared with this formulation

typically used industrially.
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Figure 6. Properties of bulk and porosity (a), softness (b), tensile index (c) and water absorption capacity per unit of gram

(d) of all tissue formulations.

Figure 7. SEM images of the cross-section of the tissue structures prepared with formulation 1 (a) and formulation 4 (b).
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Figure 8. Percentage of variation in the properties of bulk, softness HF, softness TS7, tensile index
and water absorption capacity of formulations 6, 7 and 8 compared with formulation 1 obtained with
SimTissue.

3.2.2. Softness Properties

Softness is also a characteristic that is highly appreciated by consumers, resulting in
the combination of structure flexibility, bulk and surface softness. Softness properties of the
different formulations are shown in Figure 6b. The HF (handfeel) values decreased with
the additives loaded in the paper 3D matrix. The increase in fiber flexibility, fine elements
and, consequently, the number of inter-fiber bonds promoted a more closed and compact
3D matrix with less bulk, resulting in a structure with less softness. The addition of CBA in
formulation 2 promoted a decrease in softness HF by 4% compared with formulation 1. The
addition of CMF (formulation 3) showed a tissue structure with lower softness compared
with formulation 1 with a decrease of 8%. The combination of these versatile additives
(formulation 4) also promoted a decrease of 14% in the softness HF of the tissue structure
compared with formulation 1. The reduction of the reinforcement fibers in the formulations
increased softness properties by 2% compared with formulations 1 and 5. As with bulk
properties, the same trend was also observed for softness properties. Formulations 6, 7
and 8 promoted a reduction in softness by 3%, 4% and 6%, respectively, compared with
formulation 5. Regarding Figure 8, the softness HF values decreased by 0.2%, 2% and
4% with the incorporation of CBA, CMF and the combination of both, respectively. The
production of structures with a low content of SW fibers and versatile additives promoted a
small reduction in softness, improving strength properties, as reported below, contributing
to the formation of a fibrous structure with less stiffness [37].

Softness TS7 is inversely related to softness HF values; therefore, it is influenced by
the presence of fibers in the structure surface. TS7 values increased with the addition of
additives in the structure (Figure 6b). This result indicated that the fibers in the structure
presented higher bonds, causing structure densification and rigidity. The fibers in the
z-direction were more adherent to the paper structure, reducing the number of free fibers
on the tissue surface compared with the structures without additives (Figure 7). Compared
with formulation 1, softness TS7 of the tissue structure increased by 33%, 65% and 67%
with the incorporation of CBA, CMF and both, respectively (formulations 2—4). With the
reduction of the reinforcement fibers in the formulations, this property also increased by
13% compared with formulations 1 and 5. Additionally, formulations 6, 7 and 8 promoted
an increase in softness TS7 by 2%, 12% and 18%, respectively, compared with formulation
5. Compared with formulation 1 (75:25), softness TS7 increased by 15%, 27% and 34% with
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the incorporation of CBA, CMF and both, respectively, in formulations with a softwood
fiber reduction (90:10) (Figure 8).

3.2.3. Strength Properties

The tensile index is an essential parameter not only for the product quality but also
to ensure the paper machine runnability, which depends on the fiber intrinsic strength
and the inter-fiber bonds. The results of the tensile index for each tissue formulation are
shown in Figure 6¢. The incorporation of additives promoted an increase in the tensile
index of the tissue structures. Differences in strength improvements varied with the
performance of CBA and CMF and became more noticeable with the combination of these
additives. Formulation 3 with the addition of CMF showed improvements in the tensile
index (+67% compared with formulation 1) related to formulation 2 with the addition
of CBA (+57% compared with formulation 1). Formulation 4, with the incorporation of
both additives, presented higher structure strength improvements by 77% compared with
formulation 1. This result was corroborated by the results of the literature as the addition
of CMF and chemical additives in the tissue structures improve strength properties of
these products [13,25,27]. These additives promoted an increase in the surface area of the
tissue structures due to the micro/nanofibrils and consequently formed stronger and more
stable structures through inter-fiber interaction and hydrogen bonding [27]. This fact can
also be verified by the densification of the tissue structures with the incorporation of both
additives (Figure 7b).

Reinforcement fibers play a fundamental role in strength properties; therefore, the
reduction of these fibers in formulation 5 promoted a 21% reduction of the tensile index
compared with formulation 1. Additionally, formulations 6, 7 and 8 promoted an increase
in the tensile index by 34%, 42% and 74%, respectively, compared with formulation 5. It
is important to highlight that the strength gains obtained with the addition of CMF and
CBA and the softwood reduction in the tissue structures were higher when compared with
formulation 1. Despite the structures presenting a low basis weight and no pressing, these
additives favored strength properties of these tissue structures. Additionally, as shown in
Figure 8, the tensile index increased by 5%, 12% and 37% with the incorporation of CBA,
CMF and both, respectively.

The commercial biopolymer additive used in this work was a cationic polymeric
solution that is especially intended to be a substitute for cationic starch. Generally, cationic
starch is used in the printing and writing paper industry with functions of a dry strength
additive, emulsification of sizing agents, retention and drainage. This starch improves
the formation, internal bonding, surface strength, tensile strength, writing and printing
surface and energy consumption [38]. However, in the tissue paper industry, this starch has
several inconveniences as the increase in strength properties promotes an abrupt reduction
in softness properties. A solution found in the tissue industry was to design a practically
constant biopolymer that would increase strength properties while preserving softness
properties with a reduction of softwood fiber content. Furthermore, this additive allows
the reduction of the contaminating organic load and costs as a result of reducing the use
of cationic starch [38]. Therefore, the results of this work indicated that, compared with
formulation 1, a typical industrial mixture can produce tissue structures containing 2% of
the CBA and 10% of softwood fibers with 5% tensile index increases while maintaining
the softness (Figure 8). This cationic polymeric solution also improved the inter-fiber
bonding and CMF particle retention. This retention was proven by the 38% increase in
strength properties with both additives (formulation 8) compared with formulation 1. The
incorporation of CMF alone (formulation 7) only increased strength properties by 12%
compared with formulation 1 (Figure 8).

In addition, an inverse relationship between the properties of softness and strength
can also be observed in these formulations (Figure 9); i.e., strength improvements present a
negative impact on the tissue structure softness. The formulations promoted an increase of
1.52 units of softness HF for each unit with a decreased tensile index (y = —1.52x + 89.51;
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R? = 0.89). In our previous studies, this relationship was also observed in formulations
with only eucalyptus fibers and without additives in which the softness HF increased by
2.4 units per unit of the decreased tensile index [6,7]. This can contribute to the reduction of
costs associated with the use of softwood fibers in industrial furnishes as there is a balance
between the properties of softness and strength in the tissue structures with the use of
these versatile additives.
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Figure 9. Correlation between the tensile index and softness HF of tissue formulations.

3.2.4. Absorbency Properties

Absorbency properties are essential in tissue products, mainly in paper towels and
napkin s, depending on their fibrous structure. Tissue products with a more porous 3D
matrix will present better water absorption as empty spaces for water interaction are more
available [12]. Figure 6d presents the water absorption capacity of the tissue formulations
in the study. Overall, the incorporation of CBA and CMF into the tissue formulations
decreased the water absorption properties compared with the control. This result was
also in line with the decrease in bulk and porosity properties (Figure 6a). This effect
was observed from the SEM images in Figures 4a and 7b in which the formulations with
these additives presented a less porous surface with a more compact cross-section. The
addition of CBA and CMF (formulations 2 and 3) presented a decrease of 5% and 8%
of this property, respectively, compared with formulation 1. The incorporation of both
additives presented higher absorption decreases by 11% compared with formulation 1.
The reduction of the reinforcement fibers in the formulations also increased the absorption
properties by 10% compared with the formulations 1 and 5. Additionally, formulations 6, 7
and 8 promoted a reduction in absorption by 2%, 6% and 6%, respectively, compared with
formulation 5. Compared with formulation 1, absorption increased by 8%, 4% and 4% with
the incorporation of CBA, CMF and both, respectively, in formulations with a softwood fiber
reduction (90:10) (Figure 8). In this work, we also found a good linear correlation (R? =0.78)
between the water absorption properties and the softness of the tissue structures made
from these formulations (Figure 10a). The formulations promoted an increase of 5.39 units
of softness HF for each unit of increased water absorption capacity (y = —5.39x + 29.06).
The same inverse trend observed for the softness and strength properties was also verified
for the absorbency and strength properties (Figure 10b). The tissue formulations promoted
an increase of 3.37 units of water absorption capacity for each unit of decreased tensile
index (y = —3.37x + 38.19; R? = 0.81).
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Figure 10. Correlation between the water absorption capacity and softness HF (a) and tensile index (b) of the tissue

formulations.

The capillary rise of the structures depends on the adhesion and cohesion forces of the
water molecules that ascend through the fiber walls or between the pores. Therefore, there
must be a balance between the pore dimensions to promote the capillary rise efficiency.
Inter-molecular bonds between fibers and water molecules in structures with higher pores
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