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ABSTRACT

Natural rubber latex is derived from the lactiferous sap of the Hevea
brasiliensis (para rubber tree) and has been used in traditional medicine
due to its bioactive compounds. There are over 35,000 species of plants
that produce latex. Recently, NRL has shown promise in tissue engineering
for the replacement and regeneration of various tissues, such as skin,
eardrums, bones, and dental alveoli. This presents a unique opportunity to
repair or replace failing organs or tissues. This review highlights the current
development of Natural rubber latex in tissue engineering, and identifies
importance for investigation on cytotoxicity of Natural rubber latex
nanoparticles. In addition, promising results regarding the current
challenges and perspectives of Natural rubber latex-based tissue
engineering is discussed.
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1. Introduction

Latex is widely distributed among plants, with over
35,000 lactiferous plant species, containing bioactive
compounds used in folk medicine as traditional
sophisticated systems': 2. Until now, only a mere 1% of
plant species have been studied for their pharmacological
potential, meaning the majority remains an unknown realm
of medicinal systems. There is great anticipation for
discovering new therapeutic compounds from latex,
holding promising pharmacological possibilities.

Natural rubber (NR), obtained by coagulating NR latex
(NRL), is a high molecular weight polymer. Currently, over
90% of NRL comes from a single species, Hevea brasiliensis
(rubber tree)3. NR and NRL are primarily used in various
traditional industrial products such as gloves, condoms,
balloons, medical devices, and tires. Regarding NRL, its
applications have been continually expanding into tissue
engineering. Recently, several promising results have been
reported regarding the fabrication of replacement and
regenerative tissues using NRL derived from H.
brasiliensis4-8.

In particular, wound healing in cutaneous tissues, eardrum

replacement, bone regeneration, and dental alveolus
replacement offer unique approaches to repair or replace
failing organs or tissues38. Latex biomembranes (LBM)
derived from H. brasiliensis demonstrate a tendency to
serve as cost-effective alternatives to conventional
treatment methods, exhibiting structural properties and
promoting angiogenesis for tissue healing and serving as
biomaterials®.

Previous studies have been paid little attention tfo
pharmacological potential activity of NRL as nanoparticle.
The reason behind this is well explored as allergic
problems in some sensitive individuals, which cause
immediate hypersensitivity, mediated by immunoglobulin E
(IgE) antibodies to specific (high-sulfur) proteins in the
latex. On the one hand, however, the prevalence of latex
allergy in population is believed to be very low'0. In this
review we summarize the current development of NRL in
tissue engineering and regenerative medicine, and
identify importance for investigation on cytotoxicity of
NRL nanoparticles. In addition, we provide promising
research regarding the current challenges and
perspectives of NRL-based tissue engineering.
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Fig. 1. (a) Size distribution of NRL nanoparticles in water at various concentrations ranging from 1074 to 1 wt% as determined by
the polydispersity index at pH 7.4. (b) Microscopic images showing individual NRL nanoparticles (at concentrations of 1074 to 1 wt%).
(c) The top surface is covered with a thin layer (~ 20 nm thick) of proteins and phospholipids. The proteins possess both positively and

negatively charged species, resembling amino acid molecules.

(d) Zeta potential of NRL nanoparticles in water (at a concentration of 0.01 wt%) as a function of pH. Results are expressed as mean
t standard deviation (SD). (e) Cell viability measured by the WST-8 assay using MC3T3-E1 cells after incubation with NRL
nanoparticles at different concentrations for 24 hours. Data are presented as mean T standard deviation (SD). (f) Cell viability
measured by the WST-8 assay using A549 cells after incubation with NRL nanoparticles at different concentrations for 24 hours. Data
are presented as mean * standard deviation (SD). Note: * indicates p < 0.05 compared to the control group.

(Copyright 2017. Reproduced from ref. 11, 13).
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2. Structure and characteristics of NRL

nanoparticles

The primary particle size of NRL falls within the range of
100 to 300 nm'!, making it a promising nanomaterial for
applications in pharmaceuticals, tissue engineering,
regenerative medicine, and other biotechnological fields
(Figure 1a, b). Nanoparticles are typically taken up
through endocytosis. Particle sizes ranging from 20 to 200
nm are suitable for drug delivery applications based on
in vitro studies’!. Upon increasing the concentration up to
1.0 wt.%, the formation of clustered nanoparticles with a
size around 1.0 wt.% is observed. A polydispersity index
of approximately 0.5 reveals a size range of 1300-5000
nm, indicating that the nanoparticles are not
electrostatically stable due to weak ionic characteristics at
pH 7.4.

On the surface, there is a thin layer with 20 nm thick of
proteins and phospholipids. The proteins contain both
positively and negatively charged species, resembling
amino acid molecules. NRL nanoparticles possess variable
surface charges dependent on the pH of the surrounding
solution, as the amino acid residues gain or lose protons
accordingly. As a result, the net negative charge is
reaching approximately =70 mV at pH 7.4 (showed by
the dashed line). The zero-charge point is at pH 4.1
(Figure 1c, d)11.12,

The fractionated NRL have previously been characterized
the substances in latex in the largest amounts of proteins,
lipids and inorganic salts''. The fractionated NRL by ultra-
centrifuge is composed of three constituents: (1) rubber
component (94 wt.%) attributed to cis-1,4-polyisoprene;
(2) intermediate phase (5.8 wt.%) corresponding to
dissolved components in water, exhibits adsorbed proteins
together with adsorbed phospholipids on the NRL
surfaces; (3) sediment (0.2 wt.%) is non-rubber constituents
such as inorganic ions and sterol glycosides''.

The sediment contains lutoid organelles that perform
biochemical function, such as allergic reactions. The
intermediate phase is related to different biological
properties. One of the first application of the intermediate
phase in the clinical area is the prevention of liver cancer
cells by non-apoptotic cell death'2. Research on the
anticancer activity of NRL utilizing the physiological
properties of natural compounds has gained significant
attention. Regarding this, several studies have evaluated
the safety and potential adverse effects on the biological
system!3.14,  Furthermore, the underlying mechanisms
behind the interaction with living cells are being
investigated in the literature. To fully understand the
hazards associated with NRL particles, further information
regarding their potential cytotoxicity and the toxicological
mechanisms is necessary.

3. Cytotoxicity of NRL nanoparticles

Recently, Okamoto et al. demonstrated the cell
compatibility of latex on cultured human lung carcinoma
(A549) and mouse preosteoblast (MC3T3-E1) cells in vitro.
MC3T3-E1 cells showed high sensitivity to NRL
concentration, exhibiting increased metabolic activity and
dehydrogenase activity at concentrations below 10.0

Hg/mL. When the concentration exceeded 10.0 pg/mL,
NRL nanoparticles improved cell viability of MC3T3-E1
cells ranged from 130 to 150% compared to the control
(Figure 1e).

By contrast, NRL particles were found to be toxic to A549
cells, with cell viability being less than 60% at a
concentration of 100 pg/mL (Figure 1f). Administration of
NRL particles effectively inhibited the proliferation of
A549 cells within one day. The estimated half-maximal
inhibitory concentration (ICso) values at the maximum
inhibitory concentration ranged from 10 pg/mL to 10
mg,/mL, with 330 * 20 pg/mL for A549 cells and 3.97 +
0.1 mg/mL for MC3T3-E1 cells [11]. Their data
demonstrated that the addition of 1.0 mg/mL of NRL
nanoparticles to the cell culture did not induce cell death
in the tested MC3T3-E1 cells. When applying NRL
nanoparticles for anticancer drug delivery, exposure of
the NRL nanoparticles to the living tissue is anticipated4.
Ongoing experiments aim to elucidate the underlying
reasons for this observation. This behavior will be further
discussed based on the relationship with the endocytosis
process of NRL nanoparticles into the cells. This report
contributes to advancing the research on NRL
nanoparticles, which are highly promising bio-
nanoparticles with potential as anticancer agents to induce
an apoptotic cell death. The researchers may expect that
using NRL as an anticancer agent could mitigate severe
side effects on normal (healthy) human cells.

Floriano's group reported the cytotoxicity of NRL from
different clones of H. brasiliensis”. H. brasiliensis exhibits
significant genetic diversity. The RRIM 600 clone is the most
widely used clone in rubber production in Brazil. When
NRL membranes prepared without the use of ammonia in
the latex extraction process were utilized, it was
demonstrated that the proliferation of fibroblast cells
(NIH3T3) was observed after a 3-day incubation period,
suggesting the bioactive behavior of the RRIM 600 clone
towards healthy cells.

4. Potential Target Applications in Tissue
Engineering

Normal cells are optimally supported by interaction with
a soft and/or stiff matrix with various elastic modulus
ranged from 50 Pa to 2 GPa (Figure 2)'5. Compliant tissue
such as lung exhibit low stiffness (300 Pa), whereas tissues
exposed to high mechanical loading, such as bone or
skeletal muscle exhibit high stiffness with four orders of
magnitude greater (104=10¢ Pa). By contrast, the blood
and mucus exhibit very low modulus of 50 Pa'5. Natural
living tissue including cells have a genetically programed
capacity for self-repair.

Consequently, natural tissue can adapt to their
physiological  enviromment (microenvironment). The
interface between NRL-based implant and its host tissue is
especially susceptible to stress. Mismatch either
biomechanical factor can lead to interfacial deterioration
and transformation of normal cells to tumour cells become
hyper-responsive to matrix elasticity.

© 2024 European Society of Medicine 3
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Fig. 2. Cells are tuned to the materials properties of their matrix.

All cells, including those in traditionally mechanically static tissues, such as the breast or the brain, are exposed to isometric force or
tension that is generated locally at the nanoscale level by cell—cell or cell-extracellular matrix interactions and that influences cell
function through actomyosin contractility and actin dynamics. Moreover, each cell type is specifically tuned to the specific tissue in
which it resides. The brain, for instance, is infinitely softer than bone tissue. Consequently, neural cell growth, survival and differentiation
are favored by a highly compliant matrix. By contrast, osteoblast differentiation and survival occur optimally on stiffer extracellular
matrices with material properties more similar to newly formed bone. We can emphasize the critical association between tissue

phenotype and matrix rigidity.
(Copyright 2009. Reproduced from ref. 15).

4.1. BONE REGENERATION

In 2014, Floriano's group reported a new discovery where
LBM (latex biomembrane) prepared from RRIM 600 and
IAN 873 clones without the use of ammonia was
transplanted subcutaneously in rabbits, resulting in

favorable biocompatibility of the membranes from these
clones”. The membranes derived from RRIM 600 and IAN
873 clones induced greater cell proliferation, suggesting
enhanced biological activity. As seen in Figure 3, the
underlying tissue beneath the implant exhibited a normal

appearance with no signs of necrosis or ulceration. Tissue
sections showed minimal presence of inflammatory cells
and no fibrotic capsules were observed (Figure 3c).
Subsequently, Kinoshita's group reported results related to
bone repair'. This process is associated with substances
naturally present in NRL nanoparticles and stimulates not
only angiogenesis, a critical requirement for bone repair,
but also cell adhesion and formation of extracellular
matrix10.17,

\\

\\}\ )

Fig. 3. (a) Macroscopic image of the surgical site of the NRL membrane derived from clone IAN 873, tqken 1 month after surgery.

The implanted area is shown.
(b) Image showing the removed portion of the NRL membrane.

(c) Histological analysis of the surgical site, indicating the tissue composition.

(Copyright 2014. Reproduced from ref. 7).

Two bone defects (10 mm diameter) were surgically
created in the coronal region of the skulls of 30 adult male
New Zealand rabbits. The defects were treated with
guided bone regeneration (GBR) using either NRL
(prepared without the use of ammonia in the latex
extraction process) or polytetrafluoroethylene (PTFE; as
the gold standard control) membranes. Microscopic
analysis revealed that at 7 days, the defects treated with

both membranes showed new bone formation at the edges
filled with blood clots, while at 20 days, the defects were
primarily filled with fibrous connective tissue. After 60
days, the defects covered with LBM demonstrated
significantly larger areas of bone formation compared
with the other groups.

Furthermore, hypersensitivity reactions of the bone tissue

© 2024 European Society of Medicine 4



The Role of Social Sciences in Dentistry Undergraduate Courses

to LBM and PTFE membranes were investigated in an
additional 6 rabbits. The animals underwent the same
surgical procedure for a 10 mm diameter bone defect
treated with either LBM or PTFE. After 53 days, a second
surgery was performed to create a second defect, which
was then treated with the same type of membrane used in
the initial surgery. After 7 days, the animals were
euthanized, and the samples were analyzed. No
differences were observed between the LBM samples
collected from sensitized animals and non-sensitized
animals, as well as between the PTFE samples.

(A)

The morphological characteristics of the sensitized
samples collected 7 days after the placement of the
second LBM and PTFE membranes (Figure 4A) were similar
to the samples that were not sensitized beforehand.
Images highlighting the defect edges, which indicate new
bone formation characterized by cement lines, are shown
in Figure 4B'¢. Therefore, the results demonstrate that the
latex membrane exhibits performance comparable to the
PTFE membrane and that LBM induces higher levels of
bone formation. Both LBM and PTFE membranes did not
induce hypersensitivity reactions in the bone tissue.

Fig. 4. (A) Microscopic images of the 7-day samples treated with NRL after a 53-day sensitization period. The pattern is similar to
that of the non-sensitized case, with the defect filled with a thin layer of connective tissue (CT) and a blood clot (BC). At the edge of
the defect, newly formed bone (NFB) can be observed (2x, Masson's trichrome staining).

(B) The edge of the defect (40x, hematoxylin and eosin staining) showing the cement line (arrow) characterizing the newly formed

bone (NFB).
(Copyright 2014. Reproduced from ref. 16).

To match the interface between NRL nanoparticles and its
host tissue, Furuya et at. examined osteogenic
differentiation, as well as expressions of multiple MC3T3-
E1 osteoblast proteins using NRL and NRL-hydroxyapatite
(HA) nanoparticles'8. Neither NRL nor NRL-HA exhibited
toxic effects for MC3T3-E1 cells at concentrations of 0.01
to 5 mg/mL (viability in the range of 100 to 150%). The
results indicated the NRL nanoparticles as promising to be
used in bone tissue engineering. It has also been found that

for the NRL-HA composite particles, where HA (the main
mineral component of bone) was deposited on the surface
of the NRL particles, there was an improvement in their
biocompatibility, stimulating osteoblasts differentiation.
Besides, the results of the gene analysis revealed that
Okamoto’s group concluded that the NRL particles are
bio-materials that can be applied in biotechnology
engineering.

© 2024 European Society of Medicine 5
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4.2. VASCULARIZATION

In cases of larger bone defects, bone conduction alone is
not sufficient, and additional components are necessary to
achieve healing. Therefore, current efforts are focused on
the development of composite systems that combine bone
substitute materials with active molecules for bone

regeneration, aiming to improve the osteogenic capacity 9.

Bone morphogenetic proteins are among the most efficient
molecules in stimulating bone formation induction20.21,
However, for successful bone repair, early-stage
angiogenesis is also crucial, particularly in cases of larger
defect sizes.

Delivery of angiogenic factors, replenishment of
endothelial cells, and stimulation of functional vascular
network formation are critical events that occur during the
early stages of bone repair?2, Therefore, angiogenesis
precedes bone formation and determines the efficiency of
bone healing. Several clinical evidence has reported the
stimulation of wound healing, promotion of blood
circulation, and reestablishment of vascular
neovascularization in chronic wounds, such as diabetes and
pressure ulcers, treated with LBM23. According to Frade et
al.24, the presence of growth factors in latex induces
angiogenesis and promotes the repair of diabetic and
venous ulcers, leading to improved local
neovascularization and subsequently inducing re-
epithelialization.

In 2010, protein fractions (F1) extracted from natural
latex showed promising results in preclinical studies
regarding angiogenic stimulation and tissue repairé25,
Shortly after, Almedia's group presented different types
of latex obtained from Hancornia (H.) speciosa, which is
used in folk medicine for the treatment of several

Percentage of Yascularization

259

LW LA RE w DE

diseases8. Biocompatibility was evaluated through
cytotoxicity and genotoxicity tests on mouse fibroblast
cells, as well as angiogenic properties using the chicken
chorioallantoic membrane (CAM) assay model. The
physicochemical results indicated that the structure of H.
speciosa latex biomembrane is highly similar to that of H.
brasiliensis. The CAM test demonstrated the efficient
ability of H. speciosa latex in tissue neovascularization.
Histological analysis was consistent with the results
obtained from the CAM assay. Their findings indicate that
water-extracted latex obtained from H. speciosa showed
significant angiogenic activity without exerting cytotoxic
or genotoxic effects on living systems. The addition of
ammonia did not have a significant impact on the structure
of the biomembrane but resulted in decreased cell
viability and demonstrated notable genotoxic effects.

Figure 5 shows various images of CAM, and the three
groups (LW, LA, and RE) treated with latex exhibited the
formation of more and thicker blood vessels compared to
the negative control and dexamethasone groups (W and
DE). Figure 5 also demonstrates the measurement of
neovascularization obtained from CAM image analysis.
For water and ammonia-extracted H. speciosa latex, the
average percentages of neovascularization were 21.23
+ 1.62 and 20.27 £ 1.35, respectively. Regederm®
(positive control) showed a value of 20.40 * 3.21. The
negative control (water) had a value of 9.18 + 2.27, and
dexamethasone had a value of 6.65 + 2.37. H. speciosa
latex exhibited a significant increase in the formed
vascular network compared to the negative control (p <
0.05) and the inhibitor (p < 0.05). No significant
difference was observed between H. speciosa latex and
the positive control. This study contributes to the
understanding of the potential of H. speciosa latex as a
source of new plant-based medicines.

Fig. 5. Various CAM (chorioallantoic membrane) images: LW (H. speciosa in water). LA (H. speciosa in ammonia); RE (Regederm®,
positive control); W (water, negative control) and DE (dexamethasone, angiogenesis inhibitor). The angiogenesis measured from the
image analysis is also displayed for the different groups analyzed. * p<0.05

(Copyright 2014. Reproduced from ref. 8).

© 2024 European Society of Medicine 6
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4.3. CARTILAGE TISSUE COMPOSITES

Due to the challenging nature of self-healing in cartilage
injuries, cartilage regeneration has become a highly
complex topic in tissue engineering and regenerative
medicine2627, The chondrogenic potential of NRL
nanoparticles on human mesenchymal stem cells (hnMSCs)
has been reported?82?. For in vitro chondrogenesis in
hMSCs with NRL administration, the effective gene
expression was confirmed through chondrogenic gene
expression analysis. Okamoto’s group achieved the first
successful creation of a cartilage/NRL bio-composite
material through hMSC spheroid formation, demonstrating
a mechanically stable structure with a hard surface
architecture within the spheroids upon NRL nanoparticle
administration.

The viability of hMSCs under normoxic condition indicates
very sensitive to the NRL nanoparticle concentration,

(a)

accompanied with high metabolic and dehydrogenase
activity of the cells at concentration of less than 0.1 mg/mL
(Figure 6a)282%, Beyond concentration of 0.1 mg/mL, NRL
nanoparticles enhance hMSCs and viability in the range
of 130—-150% in comparison with the control within 24 h.
The estimated ICso values are 1.7 mg/mL for hMSCs in the
range of 10 ug/ml-10 mg/mlL.  With increasing
concentration up to 1.0 mg/mL, a significant vitality
reduction is not observed in comparison with the control
for the detection of living cells by WST-8 assay. Under
hypoxic condition, hMSCs exhibit no toxic effects and are
not sensitive to NRL nanoparticles at concentration up to
1.0 mg/mL  The results demonstrate  higher
biocompatibility of the NRL nanoparticles without a
significant vitality reduction for hMSCs under both
normoxic and hypoxic conditions. In hypoxia, the estimated
ICso values are 1.55 mg/mL for hMSCs in the range of 10

pg/mL—10 mg/mL.
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Fig. 6. (a) Effect of oxygen concentrations on cell viability as measured by WSTLI8 assay using hMSCs after 24 h of incubation with
NRL nanoparticles of different concentrations. Data were expressed as mean £S.D. (n=4). Note: * indicates p < 0.05 compared with
control. (b) Effect of oxygen concentrations on cell cycle distribution of hMSCs after without treatment (control), treated with NRL
nanoparticles of 32 Pg/mL and of 1.7 mg/mL (equal to ICso in normoxia for hMSCs) in Go/G1 (dark colors), S (white), and G2/M

(light colors) for 0—24 h.
(Copyright 2020. Reproduced from ref. 29).

The cell cycle has been examined with the focus on the

cellular proliferation. For better understanding of the

© 2024 European Society of Medicine 7



proliferation state the cell cycle distribution is shown in
Figure 6b. The cell proliferation is controlled by different
phases such as the Go/G1 (containing two copies of each
chromosome), S (synthesis of chromosomal DNA), G2/M
(doubled chromosomal DNA) phases. Under normoxic
condition, the hMSCs exhibits no observed notable
difference in distribution from 6 to 24 h, as compared to
that of control under the cells exposed to NRL
concentration of 0.32 mg/mL. For the cells incubated with
ICso value (1.7 mg/mL), the prolonged Go/G1 phase for
24 h incubation indicates the presence of cell death such
as apoptosis'!. In addition, the small increment of the
fraction of cells with NRL nanoparticles (1.7 mg/mlL) is
found in the G2/M phase. In hypoxia, this condition shows
some significant effect on the prolonged Go/G1 phase for
24 h incubation with NRL nanoparticles (1.7 mg/mL, which
is near ICso in hypoxia) in comparison with the cell cycle at
concentration of 0.32 mg/mL (< ICso). It is clear from these
cell cycle distributions that the almost no effect of
suppression on the proliferation for hMSCs seems to be
different due to the significant difference in cytotoxicity
accompanied by NRL concentration in the medium. Their
data show that the addition of even as much as 1.0 mg/mL
of NRL nanoparticles in cell culture did not kill tested
hMSCs. The potential application NRL nanoparticles to
biological tissue is expected when one applies NRL
nanoparticles as an additive for the regenerative
cartilage tissue.

HE staining
(a) I S
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0.1
mg/mL

©
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1.0
mg/mL

G

They have shown details of the gene expression of HIF-1q,
SOX9, aggrecan, collagen type-Il (Col-l), collagen type-I
(Col-l), and runt-related transcription factor 2 (Rux2),
which are essential for the chondrogenesis28.2?, The
expression level of SOX9, aggrecan and Col-ll are high
in the spheroid, indicating that chondrogenic
differentiation is successfully induced by the administration
of NRL nanoparticles in hypoxia.

The most widely used 3D model is a conglomerate of cell
aggregates formed under non-adhesive conditions, which
can replicate the dimensions of the microenvironment30,
Figure 7 presents an overview of the cross-section of
cartilage (spheroids) after 21 days of cultivation under
low oxygen conditions. Histological examination of these
specimens using hematoxylin and eosin (HE) staining
revealed heterogeneous spatial cell distribution
throughout all the specimens (Figure 7a—d)?9. The cartilage
cells exhibited a rounded morphology, likely due to the
low oxygen environment, in the outer regions of the
spheroids. In the central regions of the spheroids, cartilage
tissue based on type Il collagen (Col-ll) was matured
throughout all the specimens. Bright-safranin-O staining
indicated the abundant presence and uniform distribution
of glycosaminoglycans within the spheroids (Figure 7e—h).
No differences were observed in the histological
examination across all the specimens.

SO staining
(e)

®

&

Fig. 7. Representative microscopic images of internally migrated type-Il collagen and glycosaminoglycans in control and NRL-loaded
spheroids on day 21 of culture under hypoxic conditions: (a) — (d) Hematoxylin-stained cell nuclei (blue) and Hematoxylin-eosin
stained type-ll collagen (red); (e)—(h) Safranin O-stained glycosaminoglycans (red). The bar represents 100 um.

(Copyright 2020. Reproduced from ref. 29).
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The cartilage cell spheroids in phosphate-buffered saline
were subjected to atomic force microscopy (AFM)
indentation to detect the heterogeneity of stiffness2°.
Maps of adhesion and Young's modulus, with a size of 20
x 20 Pm”2, were composed of these indented regions
(Figure 8a and 9a). For spheroids (approximately 600
Mm) cultured with NRL nanoparticles at three different
concentrations (1.0, 0.32, and 1.0 mg/mL), the obtained
topographic  images  exhibited smoother surface
morphology compared to the control?9. The heterogeneity
of stiffness was also detected through AFM indentation. In
the initial stages of deformation (corresponding to the
approach curve), the composition of the surrounding
surface of the spheroids was carefully monitored. The
observed heterogeneous structure revealed significant
deformability in the unloading force curve, indicating a
substantial capacity for deformation.

The histogram of elastic modulus for spheroids (control)
cultured without NRL nanoparticles showed a distribution

ranging from 4 to 60 kPa, with an evaluated mean elastic
modulus of 6.7 kPa based on the Weibull distribution curve
(upper panel of Figure 8b). Interestingly, when comparing
the stiffness of spheroids filled with NRL at a concentration
of 0.32 mg/mL, surface heterogeneity was observed, with
the spheroids exhibiting higher elastic modulus (54.1 kPa)
and a broader distribution of elastic modulus ranging from
4 to 300 kPa (third panel of Figure 8b), indicating the
effect of NRL nanoparticle administration on hMSC
chondrogenic differentiation. This finding suggests a
significant contribution of NRL nanoparticle dispersion in
surface structures to cartilage formation. The elastic
modulus of NRL was measured to be approximately 1
MPa, which is much higher than the elastic modulus of
cartilage tissue3!. However, the modulus mismatch between
cartilage and NRL does not occur. Furthermore, spheroids
with an NRL concentration of 1.0 mg/mL showed an
overall decrease in stiffness (6.2 kPa) (lower panel of
Figure 8b).
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(a) The results of the Young's modulus mapping are represented as heatmaps for the control (no NRL nanoparticles) and

NRL-filled spheroid with NRL nanoparticle concentrations of 0.1, 0.32, and 1.0 mg/mL on day 21, covering an area of 20 x 20 pym?2.
The approach follows the Johnson-Kendall-Roberts (JKR) two-point method. The white areas indicate no data detection. (b) The
histogram illustrates the elastic modulus of chondrocyte spheroids at four different NRL concentrations (0, 0.1, 0.32, and 1.0 mg/mL).

The median (8) is fitted using the Weibull distribution function.
(Copyright 2020. Reproduced from ref. 29).

The adhesion force histogram of the spheroids is shown in
Figure 9b. Spheroids cultured without NRL nanoparticles
exhibited a broader distribution of forces compared to
NRL-loaded spheroids. The evaluated mean adhesion
forces were 545 pN and 244 pN for the control and NRL-
loaded (0.32 mg/mL) spheroids, respectively. These results
is attributed to the interaction of the spheroid's rigid
surface structures, as assumed above.

According to previous studies, it has been reported that
damage to articular cartilage, which is mechanically
inferior to fibrous cartilage, is repaired by the formation
of fibrous cartilage32. It has been reported that the
maximum pressure exerted on human articular cartilage
during rising from a chair is estimated to be around 18
MPa33, Therefore, articular cartilages are referred to as
a viscoelastic tissue and it behaves like the stiff elastic
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polymer resistant to sudden impact loading34. These
findings suggest the need for regenerative tissues of
articular cartilage to provide mechanical functionality to
withstand high pressures. However, previous studies have
not reported the differentiation of human mesenchymal
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stem cells (hAMSCs) into chondrocytes or their sustained
effects on the formation of mechanically stable cartilage
structures. NRL nanoparticles may play a potential role as
a load-bearing component in the repair of cartilage tissue.
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Fig. 9. (a) The results of the adhesion force mapping are presented as heatmaps for the control (no NRL nanoparticles) and NRL-
filled spheroid with NRL nanoparticle concentrations of 0.1, 0.32, and 1.0 mg/mL on day 21, covering an area of 20 x 20 Um?2. The
adhesive force is calculated for the unloaded stage and the loaded stage in the contraction curve, focusing on the maximum load
point. The white areas indicate no data detection. (b) The histogram illustrates the adhesion force of chondrocyte spheroids at four
different NRL concentrations (0, 0.1, 0.32, and 1.0 mg/mL). The median (68) is fitted using the Weibull distribution function.

(Copyright 2020. Reproduced from ref. 29).

5. Conclusions

NRL nanoparticles have primarily been wused in
conventional industrial products, but their target
applications are continuously expanding in the field of
tissue engineering. In this review, we discussed the
cytotoxicity of NRL nanoparticles towards normal (healthy)
cells and cancer cells. Currently, furthermore, detailed
studies have reported their ability to induce cell cycle
arrest and apoptosis profiles'!. For the knowledge of NRL
nanoparticles in tissue engineering and regenerative
medicine, Okamoto’s group has successfully fabricated
cartilage/NRL bio-composite materials through hMSC
spheroid formation for the first time. These results indicate
a promising future for the application of NRL
nanoparticles for tissue engineering. Further efforts are
required to investigate the mechanical properties of bio-
composite materials and long-term toxicity in a preclinical
environment. In tissue engineering and regenerative
medicine, the complex interplay between cell and surface
structures, as well as the underlying NRL-regulated signal
transduction and gene expression during processes such as
development, wound healing, and cancer infiltration, will
be the focus of future research.

The driving force behind NRL-based tissue engineering is
the recognized need for the three pillars of sustainability:
environmental by being bioavailable from a natural and
renewable source, social by supporting rural communities,
and economic by increasing the income of regions
dependent on bioproducts. It is time to reflect on this topic
and make the research on tissue engineering and
regenerative medicine more circular albeit the regulatory
challenges.

It is our duty to change the mindset and follow this new
trend in which environment, global health and circular
economy can be combined.
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