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Preface to ”Nano/Micro-Assisted 
Regenerative Medicine”

Regenerative medicine is an emerging discipline aimed at repairing and reestablishing the normal 
functions of tissues and organs damaged by aging, disease, injury, or congenital disorders. Among 
the advanced technologies currently under investigation, such as cell therapy, tissue and biomaterial 
engineering, transplantation, nano/micro-technologies, either alone or in combination with specific 
cells, such as stem cells, have opened the prospect of nano/micro-assisted regenerative medicine, 
which has the potential to transform regenerative medicine.

Regenerative medicine is constantly evolving from advances in the development of new 
nano/micro-based materials, such as particles, fibers, composites, and surfaces. This evolution is 
bolstered by the multi- and inter-disciplinary efforts of scientists in areas such as biotechnology, 
biomaterials science, chemistry, physics, stem cell biology, developmental biology, and clinical 
medicine, as well as other areas.

In this book, promising applications of nano/micro-assisted regenerative medicine in tissue 
engineering or cancer treatment applications are introduced and strategies for the further 
development of this field are described. We are confident that progress in nano/micro technologies 
will continue to fertilize the emerging field of nano/micro-assisted regenerative medicine and 
provide a wide range of new and improved therapies for degenerative diseases. It is our hope that 
this book will help researchers in the field of nano/micro-assisted regenerative medicine.

Soo-Hong Lee

Special Issue Editor
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Regenerative medicine is an emerging discipline aimed at repairing and reestablishing the normal
functions of tissues and organs damaged by aging, disease, injury, or congenital disorders. Among
the advanced technologies currently under investigation, such as cell therapy, tissue and biomaterial
engineering, transplantation, nano/microtechnologies, either alone or in combination with specific
cells, such as stem cells, have opened the prospect of nano/micro-assisted regenerative medicine,
which has the potential to transform regenerative medicine.

This special issue, entitled “Nano/Micro-Assisted Regenerative Medicine” presents two reviews
and 11 research articles highlighting recent advances in the use of nano/micro-assisted technologies in
regenerative medicine. Kang et al. describe the application of nano and microengineering techniques
for the fabrication of native tissue topographies as an alternative to silicone implants, which are
known to cause capsular contractures via adverse immune reactions [1]. Bellinghen et al. report that
temporomandibular joint regeneration can be improved by nano/micro-assisted functionalization [2].
Yun et al. show that labeling mesenchymal stem cells (MSCs) with superparamagnetic iron
oxide nanoparticles (SPIONs) via magnetic retention enhances the homing efficiency of MSCs in
olfactory-injured mice [3]. Jeong et al. describe the therapeutic effects of simvastatin-loaded porous
microspheres (SIM/PMSs) on inflamed tenocytes in vitro and collagenase-induced Achilles tendinitis
in vivo [4]. A new platform of three-dimensional (3D) graphene/arginine-glycine-aspartic acid (RGD)
peptide nanoisland composites to enhance the osteogenesis of human adipose-derived MSCs is
proposed by Kang et al. [5]. Lee et al. show that acid-degradable poly(ethylene glycol)-poly(amino
ketal) (PEG-PAK)-based micelles can be used to improve stromal cell-derived factor-1α (SDF-1α)
gene transfection efficacy and angiogenesis of human adipose-derived MSCs for the treatment
of ischemic diseases [6]. Kim et al. demonstrate that a reduced graphene oxide-coated biphasic
calcium phosphate bone graft material is effective for bone regeneration in rat calvarial defects [7].
Müller et al. demonstrate that amorphous polyphosphate nano/microparticles effectively block the
neurotoxic effects of toxic amyloid β-protein fragment 25–35 by rebalancing the β-amyloid-induced
decrease in adenosine triphosphate (ATP) levels [8]. Park et al. describe the development of in vitro
cancer microtissue arrays on a fibroblast-layered nanofibrous membrane by inkjet printing and their
applications to cancer drug screening and gradual 3D cancer studies [9]. Nagai et al. demonstrate
that cilostazol ophthalmic nanodispersions have therapeutic effects on retinal disorders caused by
diabetes mellitus in streptozotocin-induced diabetic rats [10]. Tatiparti et al. report the development
of the carbonic anhydrase-IX selective nanocarrier, human serum albumin-paclitaxel-acetazolamide
(HSA-PTX-ATZ), by copper-free ‘click’ chemistry-based synthesis for tumor hypoxia-targeted drug
delivery that can be adapted to several types of cancers [11]. The cytotoxicity of peptide liposome
incorporated citron-extract nanoparticles and turmeric extract incorporated oil-in-water nanoemulsions
on various cell types is evaluated by Zhang et al. [12] and Yoon et al. [13], respectively.

Regenerative medicine is constantly evolving from advances in the development of new
nano/micro-based materials, such as particles, fibers, composites, and surfaces. This evolution

Int. J. Mol. Sci. 2018, 19, 2187; doi:10.3390/ijms19082187 www.mdpi.com/journal/ijms1
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is bolstered by the multidisciplinary and interdisciplinary efforts of scientists in areas such as
biotechnology, biomaterials science, chemistry, physics, stem cell biology, developmental biology,
and clinical medicine, as well as other areas. In this special issue, promising applications
of nano/micro-assisted regenerative medicine in tissue engineering or cancer treatment are
introduced, and strategies for the further development of this field are described. We are
confident that progress in nano/microtechnologies will continue to fertilize the emerging field of
nano/micro-assisted regenerative medicine and provide a wide range of new and improved therapies
for the degenerative disease.
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Abstract: Intranasal delivery of mesenchymal stem cells (MSCs) to the olfactory bulb is a promising
approach for treating olfactory injury. Additionally, using the homing phenomenon of MSCs may
be clinically applicable for developing therapeutic cell carriers. Herein, using superparamagnetic
iron oxide nanoparticles (SPIONs) and a permanent magnet, we demonstrated an enhanced homing
effect in an olfactory model. Superparamagnetic iron oxide nanoparticles with rhodamine B (IRBs)
had a diameter of 5.22 ± 0.9 nm and ζ-potential of +15.2 ± 0.3 mV. IRB concentration of 15 μg/mL
was injected with SPIONs into MSCs, as cell viability significantly decreased when 20 μg/mL
was used (p ≤ 0.005) compared to in controls. The cells exhibited magnetic attraction in vitro.
SPIONs also stimulated CXCR4 (C-X-C chemokine receptor type 4) expression and CXCR4-SDF-1
(Stromal cell-derived factor 1) signaling in MSCs. After injecting magnetized MSCs, these cells
were detected in the damaged olfactory bulb one week after injury on one side, and there was
a significant increase compared to when non-magnetized MSCs were injected. Our results suggest
that SPIONs-labeled MSCs migrated to injured olfactory tissue through guidance with a permanent
magnet, resulting in better homing effects of MSCs in vivo, and that iron oxide nanoparticles can be
used for internalization, various biological applications, and regenerative studies.

Keywords: superparamagnetic iron oxide nanoparticles; CXCR4; homing; mesenchymal stem cells;
intranasal delivery; olfactory-injured mouse model

1. Introduction

Stem cell-based therapy is actively studied and used in all areas of regenerative medicine.
However, delivery of an appropriate number of intact cells to defective tissue remains difficult.
Stem cells have self-renewal capability and can differentiate into various tissues [1]. In addition, stem
cell migration to a damaged cell, known as the homing phenomenon, is an important part of stem
cell research. Human mesenchymal stem cells (MSCs) communicate with other cells in the body and
appear to ‘home’ to injured tissue in response to cellular damage signals known as homing factors [2].

Int. J. Mol. Sci. 2018, 19, 1376; doi:10.3390/ijms19051376 www.mdpi.com/journal/ijms4
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Homing may be useful in clinically applying MSCs as cell carriers for therapeutic modalities.
MSCs injected either topically or systematically have been used for cell therapy for various indications.
Bone marrow MSCs are used to alleviate clinical symptoms of incomplete bone formation and infarcted
myocardium [3,4] and been applied as immunomodulatory treatments for autoimmune diseases
including Crohn’s disease [5], multiple sclerosis [6], and rheumatoid arthritis [7]. Homing may be
clinically applied with MSCs as cellular mediators for anti-cancer therapy in tumors. Maestroni et al. [8]
showed that bone marrow MSCs significantly reduced the size and metastasis of lung cancer cells and
melanoma cells in mice. Although the olfactory epithelium can regenerate continuously, few studies
have examined restoration of the olfactory epithelium using stem cell techniques [9].

Although the precise mechanism of how MSCs select their target tissues is not completely
understood, several previous studies suggested that chemokines and their receptors (e.g., CXCR4
and SDF-1) are important factors that induce homing of MSCs. To improve the effectiveness of MSC
homing, several strategies have been developed. (1) Cultivate MSCs to have a higher migratory
capability by adjusting the cell culture conditions. Shi et al. [10] showed that MSCs with a cocktail of
cytokines in culture induced high surface expression of CXCR4, with chemotactic receptors of SDF-1α
up-regulated in ischemic tissues. (2) Improve the capability of MSCs to respond to migratory stimuli.
Several studies to modify MSCs or increase the expression of surface markers (CXCR4-SDF-1α axis)
have been conducted to improve MSC migration. (3) Stimulate the target site for MSC mobilization.
François et al. [11] applied whole body irradiation or additional local irradiation to the abdominal area
or hindlimb of mice.

Recently, a “magnetic attraction” method for stem cells was developed. Two previous studies
evaluated the magnetic attraction of stem cells to the brain. Song et al. [12] demonstrated that rats
wearing an external magnet (0.32 T) on their skull for one week contained an increased number of
stem cells labeled by superparamagnetic iron oxide (SPIO) after intravenous injection, resulting in
a 3-fold or higher increase in the infarct area under the magnet as well as a significant decrease in the
infarct size. Shen et al. [13] introduced another approach for magnetic stem cell attraction to injury
sites after traumatic brain injury via intra-carotid delivery.

SPIOs are known to induce reactive oxygen species (ROS) [14,15], and ROS increases CXCR4
expression of MSCs derived from bone marrow [16]. Huang et al. demonstrated that internalization
of SPIOs into MSCs strengthens the CXCR4-SDF-1α axis in a Transwell assay [17]. Taken together,
our results show that magnetic retention of SPIO-labeled MSCs increased the migration and homing
efficiency of MSCs with SPIO nanoparticles in vivo in mice with olfactory bulb injury (Scheme 1).

Scheme 1. Schematic illustration of mesenchymal stem cell (MSC) homing in olfactory mouse model
using a permanent magnet. Iron oxide nanoparticles internalized in MSCs guide the cells to the
defective site using an external permanent magnet.
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2. Results

2.1. Characterization of Nanoparticles

The proposed SPIO nanoparticles with rhodamine B (IRBs) were comprised of an SPIO core coated
with both oleic acid and rhodamine b, which were purchased from Ocean NanoTech (Springdale, AR,
USA) [18] (Figure 1A). The sizes of IRBs were measured by transmission electron microscopy (TEM).
A Zetasizer-ZS90 was utilized to measure the ζ-potential. TEM images showed that IRBs appeared
as uniform spheres under completely dried conditions (Figure 1B). To analyze the IRB diameter,
ImageJ software was used (NIH, Bethesda, MD, USA). After randomly sampling 255 particles, the IRB
diameter was found to be 5.22 ± 0.9 nm (Figure 1C). The ζ-potential of IRBs was slightly positive in
aqueous solution with a value of +15.2 ± 0.3 mV (Figure 1D).

Figure 1. Characterization of superparamagnetic iron oxide (SPIO) nanoparticles with rhodamine B
(IRBs). (A) Schematic illustration of IRBs used in this study. (B) Transmission electron microscope
image of mono-dispersed IRBs. (C) Histogram analysis of the diameter of IRBs in transmission electron
microscopy (TEM) images. (D) ζ-potential results of IRBs (n = 3) using Zetasizer-ZS90.

2.2. Internalization of IRBs (SPIO nanoparticles with rhodamine b) into MSCs (Mesenchymal stem cells) and
Magnetic Properties

Cellular internalization of IRBs was characterized by measuring the red fluorescence of rhodamine
B-labeled IRBs (Figure 2A). Green fluorescence indicated green fluorescent protein (GFP)-labeled MSCs.
MSC nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). MSCs in each image (Figure 2A
(a)–(d)) were treated and incubated for 0, 3, 6, and 24 h with 15 μg/mL IRBs. Significant differences
were observed in each image. With increasing incubation time, a greater number of IRBs gradually
became internalized into the MSCs as measured at 580 nm. Thus, the group treated for 24 h with IRBs
showed the largest number of IRBs in the MSCs. The ratio of IRB internalization in MSCs was measured
with a fluorescence microscope (Figure 2B). The internalization ratios were 0% at 0 h, 52% at 3 h, 71.4%
at 6 h, and 91.6% at 24 h. The results showed that as incubation time increased, the internalization
percent also increased. Therefore, for sufficient internalization, 24-h IRB incubation was selected.
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Figure 2. Cell internalization and viability analysis by IRBs. (A) Fluorescence microscopy images
confirming IRB uptake at different incubation times. Each experimental group was incubated for 24 h.
Time points of 0 h (a), 3 h (b), 6 h (c), and 24 h (d) in 15 μg/mL of IRBs (60× magnification, scale
bar: 20 μm). (B) Ratio of IRB internalization in MSCs. IRB internalization was 0% at 0 h, 52% at 3 h,
71.4% at 6 h, and 91.6% at 24 h (n = 4, *: p ≤ 0.05). (C) In vitro CCK-8 cytotoxicity analysis of IRBs in
MSCs. Results presented as cell viability (mean ± SD) versus IRB concentration. Viability results were
normalized to the control groups (n = 9, ***: p ≤ 0.005).
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The in vitro cytotoxicity of IRBs was measured by the (2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium) (CCK-8) assay (Figure 2C). Cell viability in
20 μg/mL samples was significantly decreased (p ≤ 0.005) compared to that in control samples.
The results indicated that the highest concentration was considerably cytotoxic. Thus, 15 μg/mL of
IRB was used for CXCR4 expression and further in vivo evaluation.

For magnet attraction experiments, magnetic flux and effective distances were tested.
The permanent magnet used in this study was analyzed by both COMSOL (Burlington, MA, USA)
simulation and a magnetometer. Figure 3A shows the simulation results. Magnetic flux was evaluated
from a permanent cube-shape magnet, which revealed differences in magnetic flux depending on both
the direction and distance. The maximum magnetic flux was 5087 Gauss and minimum flux was
1.626 Gauss. The result showed that the north and south magnetic fluxes changed symmetrically with
distance. However, only very weak magnetic fluxes were observed on the sides. Therefore, only the
north and south poles were evaluated by magnetometer analysis. To analyze the differences between the
polar surface and non-polar surface, magnetic flux was measured with a magnetometer (KANETEC,
Tokyo, Japan) at 1-mm intervals. The result showed that magnetic flux decreased significantly as the
distance from the magnet increased (Figure 3B). Surface magnetic flux at the north pole was 0.32 T
(3200 Gauss) and flux at the non-pole was nearly 0.03 T (264 Gauss) (Figure 3C). Thus, only the polar
surface was considered for further experiments, considering the effective distance from the surface (n = 9,
p ≤ 0.005).

Figure 3. Measurement of magnetic flux and visualization of IRB-loaded MSCs. (A) Simulation analysis
of a permanent cube-shape magnet. The dotted lines indicate the distances from the magnetic surface,
which were 5, 10, and 20 mm. Different magnetic flux values depending on distances and directions.
(B) Graph of magnetic flux versus distance. The actual values of magnetic flux from a permanent
magnet applied in this study were measured. Magnetic flux values were 3200, 235, 60, and 10 Gauss
at 0, 5, 10, and 20 mm, marked as a black dot, respectively. (C) Different surface magnetic flux was
measured depending in polar (F) and non-polar directions (S) (n = 9, ***: p ≤ 0.005). (D) IRB-loaded
MSCs floating in the cell culture media were visualized with a fluorescence microscope, showing a clear
difference between (a) MSCs without IRBs and (b) IRB-loaded MSCs (Scale bar: 25 μm).

It is important to evaluate whether MSCs hold IRBs under the floating condition because the
MSCs were injected into the bloodstream and physically dragged to the injured area via an external
magnet. To confirm that IRBs were internalized into MSCs under floating conditions, MSCs were
incubated with IRBs at 37 ◦C for 24 h and treated with trypsin for 2 min. MSCs were observed by
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fluorescence microscopy (Figure 3D). In contrast to MSCs without IRBs (Figure 3D (a)), MSCs with
IRBs clearly showed internalized IRBs even in the floating state (Figure 3D (b)).

2.3. Enhanced Migration Capacity of Magnetized MSCs with IRBs In Vitro

Figure 4A shows that MSCs with IRBs were magnetically attracted. The fluorescence intensity of
GFP-tagged MSCs was determined, and a normalized number of MSCs affected by the magnet was
analyzed with ImageJ software (Figure 4B). MSCs without IRBs and 15 μg/mL magnetized MSCs were
prepared in 6-well plates. After 24 h of incubation, fluorescence images were acquired at up to 15 mm at
1-mm intervals from the magnet (Figure 4A (a)–(b)). The cells were treated with trypsin and seeded into
6-well plates, which were attached by a magnet outside the wall. After 24 h of incubation, fluorescence
images were captured using the same steps (Figure 4A (c)–(d)). In the plate without the magnet, 34.99%
of cells without IRBs adhered in the range of 0–5 mm (front part), 33.54% adhered in 5–10 mm (middle
part), and 31.46% adhered to 10–15 mm (back part); 35.02% of magnetized MSCs adhered to the front
part, 32.68% adhered to the middle part, and 32.29% adhered to the back part. In the plate with a magnet,
34.57% of MSCs without IRBs adhered to the front part, 33.60% adhered to the middle part, and 31.82%
adhered to the back part. In contrast, 42.42% of magnetized MSCs adhered to the front part, 32.61%
adhered to the middle part, and 24.97% adhered to the back part (Figure 4B). As a result, only in the
group treated with IRBs with an external magnet, MSCs were effectively attracted to the area showing
the magnetic force because of magnetic flux. These results revealed magnetized MSC migration in vitro
using a permanent magnet.

Figure 4. Visualization and quantitative analysis of magnetic dragging of MSCs. (A) (a)–(c): MSCs
only, MSCs with a magnet, and IRB-loaded MSCs without a magnet showed no magnetic dragging.
(d): IRB-loaded MSCs clearly showed magnetic dragging. (B) Normalized cell counting of MSCs
depending on the distance from the magnet showed that only IRB-loaded MSCs were attracted by the
magnet (approximately 43% of MSCs at 0–5 mm) (n = 4, *: p ≤ 0.05).
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2.4. Enhanced Expression of CXCR4 in Magnetized MSCs with IRBs and Reactive Oxygen Species (ROS) Analysis

CXCR4 expression in cells was increased by internalizing IRBs into the cells (Figure 5A). As the
concentration of IRB increased, the amount of CXCR4 RNA was significantly increased by 10 μg/mL IRB
compared to the control, which was increased by approximately 2-fold (p ≤ 0.005) at an IRB concentration
of 15 μg/mL. This pattern confirmed the results of protein quantification obtained by western blotting.

The relationship between ROS levels in magnetized MSCs and IRBs was evaluated (Figure 5B).
ROS were measured as the normalized intensity of 2′,7′-dichlorodihydrofluorescein diacetate
(H2DCFDA) fluorescence. Immediately after IRBs were added to the MSCs, there were no differences
among IRBs concentrations. However, after 3, 6, and 24 h of incubation, ROS values increased
proportionally with IRB concentration. Changes in ROS levels were related to CXCR4 expression levels
at 24 h. At 15 μg/mL IRBs at 24 h, the levels of ROS in MSCs were significantly increased by nearly
2-fold (p ≤ 0.005) compared to in the control.

Figure 5. Expression of CXCR4 by Western blotting and measurement of reactive oxygen species
(ROS) by H2DCFDA using fluorescence intensity. (A) Different IRB concentrations induced different
expression levels of CXCR4. At a concentration of 15 μg/mL, CXCR4 RNA was increased by
approximately 2-fold (n = 8, *: p ≤ 0.05, ***: p ≤ 0.005). (B) Different IRB concentrations and IRB
incubation time induced changes in ROS levels. After 3 h, 20 μg/mL IRBs clearly generated ROS
compared to 0 μg/mL. After 24 h, 15 μg/mL induced a nearly 2-fold increase in ROS levels compared
to in the control and 20 μg/mL induced a more than 2-fold increase in ROS levels compared to in the
control. H2DCFDA and IRBs were added to each well at the same time (n = 9, *: p ≤ 0.05, ***: p ≤ 0.005).
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2.5. Enhanced Migration of Magnetized MSCs with IRBs In Vivo in Olfactory-Injured Mouse Models

Preparation of olfactory-injured mouse models and migration of magnetized MSCs with IRBs
in mice were performed (Figure S1). To prepare olfactory-inured mouse models, the scalp bone was
exposed by cutting the skin covering the skull with scissors. A 2-mm cranial window was opened on
the exposed bone. Bipolar coagulation was used with a 1-mm depth for 100 ms on only one side of the
olfactory bulb to induce olfactory injury. The result was confirmed by H&E (Hematoxylin and Eosin)
staining and immunohistochemistry (Figure S2). The 5-mm cuboidal magnet was inserted into the
scalp, and then the scalp was sutured. Injection of magnetized MSCs incubated with 15 μg/mL IRBs
for 24 h into the olfactory-injured mouse model was performed with a 50-μL Hamilton syringe via
each nostril (Supplementary Movie 1).

One week after MSC injection, the olfactory bulb was extracted to confirm the presence of stem
cells in the damaged olfactory bulb. We compared the presence of MSCs in the damaged olfactory bulb
under four different conditions: (a) control without MSC injection, (b) MSC injection without IRBs,
(c) MSC injection with IRBs, (d) MSC injection with IRBs under magnetic fields. (a) Control showed
neither GFP nor rhodamine signals in the injured area. (b) MSC injection without IRBs showed few
GFP signals in the area. Only (c) and (d) showed both GFP and rhodamine signals (Figure 6A).

To quantify the results, we counted the number of MSCs in the injured area using both GFP
signals from MSCs and rhodamine signals from IRBs in MSCs (Figure 6B). For counting by GFP, MSC
injection with IRBs under a magnetic field showed significantly higher values compared to both MSC
injection without IRBs and MSC injection with IRBs (p ≤ 0.005). (Figure 6B, Left). For counting by
rhodamine, MSC injection with IRBs under a magnetic field also showed a meaningful difference
compared to MSC injection without IRBs (p ≤ 0.05) (Figure 6B, Right). The different values between
GFP and rhodamine counting may be explained by the optical sensitivity of the microscope used.

SDF-1 RNA and protein levels showed the greatest increase at 1 day after injury but remained
higher than in the control after seven days (Figure 6C). This may explain why MSC injection with IRBs
without magnetic fields showed higher homing effects than MSCs alone (p ≤ 0.05) (Figure 6B-Left).
Increased CXCR4 levels in the MSCs via the internalization of IRBs may improve the CXCR4-SDF-1
signaling pathway at the injured area (Figure 5A).
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Figure 6. Enhanced migration of magnetized MSCs with IRBs in olfactory-injured mouse models.
Green dots—GFP-tagged MSCs, Red dots—rhodamine-tagged (IRB) MSCs. (A) (a) control: injection
without MSCs in normal mice, (b) MSC injection without IRBs, (c) magnetized MSC injection with
IRBs, (d) magnetized MSC injection with IRBs under magnetic field (scale bar: 50 μm). (B) Graphs of
MSC-GRP cell counting (left) and rhodamine cell counting (right) according to injection groups (n = 8,
*: p ≤ 0.05, ***: p ≤ 0.005). (C) Increased expression of SDF-1 in injured olfactory bulb (left) determined
by PCR and Western blotting (right) (control n = 4, experimental group n = 12).
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3. Discussion

Our study reveals methods for improving the homing ability of magnetized MSCs with
internalized IRBs in vivo. By internalizing the IRBs, the direct homing efficiency of MSCs to the
wounded olfactory bulb was improved by promoting the homing factor of the CXCR4-SDF-1 axis,
and additional MSCs were be homed to the desired site by using a magnetic field. Although IRB
internalization may affect MSC proliferation or vitality at high doses, an appropriate amount of IRB
did not inhibit the cells, but rather had a stimulatory effect, leading to increased ROS because of the
hypoxic conditions, which may help CXCR4 to increase the homing of MSCs. A sufficient number of
IRBs was internalized into the cell and responded to the magnetic field, which was useful for promoting
MSC homing in vivo. Previous studies also introduced nanoparticles to enhance homing. Magnetic
attraction of SPIO-labeled cells has been applied to enhance the delivery of stem cells to a wide range of
target tissues including the liver, muscle, joints, heart, retina, and brain [13,15,19–21]. Studies observed
increased cells in the target tissue as well as physiological improvement. Shen et al. [13] transported
human SPIO-labeled neuroprogenitor cells (hNPCs) into post-traumatic brain injury animals in the
presence of a static magnetic field. They revealed increased homing and retention of hNPCs to the
injured cortex compared to in the control group in which hNPCs were injected in the absence of a static
magnetic field. Li et al. [22] used endothelial progenitor cells loaded with SPIO as well as similar
methods and magnet strength to deliver cells following brain infarction.

SPIO was reported to have low toxicity in the human body [23]. Iron oxide nanoparticles
are also well-known to be harmless and non-cytotoxic under 100 μg/mL. Ankamwar et al. [24]
reported that the toxicity of Fe3O4 NPs coated with tetramethylammonium 11-aminoundecanoate was
concentration-dependent, showing non-toxicity over the concentration range of 0.1–10 μg/mL but
cytotoxicity at 100 μg/mL. Shen et al. [13] reported no negative effects on hNPC viability, proliferation,
and differentiation following labeling with MIRB. In this study, we found that magnetized MSCs under
15 μg/mL IRB at 24 h showed similar viability as non-labeled MSCs in vitro. Despite the presence of
a static magnetic field, MSCs-IRBs showed normal viability, proliferation, and differentiation properties
in vivo and in vitro.

Upon internalization into cells, SPIO can induce toxicity by generating ROS [14,15]. SPIO may
be degraded into iron ions within lysosomes by hydrolyzing enzymes. This free iron can react
with hydrogen peroxide and oxygen produced by the mitochondria after crossing the mitochondrial
membrane. Therefore, iron overload from SPIO exposure may result in harmful cellular consequences,
finally leading to cell death. A study demonstrated that the ROS produced by iron-nanoparticles
induced GSK-3b (Glycogen synthase kinase 3β) inhibition by activating the Akt signaling pathway,
altering actin dynamics such as cell migration [25]. Another study investigating the toxic effect of
Ferucarbotran (Resovist) revealed that MSCs showed enhanced cell proliferation with changes in the
expression of cell cycle control genes and a reduction in intracellular hydrogen peroxide [26]. One
approach for improving the homing capacity of MSCs is to culture MSCs under hypoxic conditions.
At 15 μg/mL IRB for 24 h in vitro, the thresholds of ROS in magnetized MSCs was increased by nearly
2-fold. The stimulated ROS system may help in the homing of magnetized MSCs to increase the
expression of CXCR4 on the cell surface. Therefore, this result demonstrates that adding IRB to MSCs
can increase homing without a magnetic field.

The CXCR4-SDF-1 axis is known as an important factor in bone marrow homing [27].
Overexpression of CXCR4 in MSCs by internalization of nanoparticles can increase in vivo homing
of MSCs into ischemic areas of the myocardium [28]. Insulin-like growth factor-1 treatment of rat
MSCs was revealed to increase MSC migration in response to SDF-1 via CXCR4 receptor signaling.
The SDF-1/CXCR4 axis may also contribute to the migration of MSCs into the brain and towards
glioma tissue in irradiated animals [29]. Induction of CXCR4 expression by a simple method in injured
tissue, which increased the expression of SDF-1, suggests that iron oxide nanoparticles can be used for
internalization, and iron oxide is expected to be useful for biological applications.
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Intranasal delivery of MSCs to the olfactory bulb appears to be a promising approach for the
therapy of central nervous system diseases. Recent studies reported the nasal system as a novel stem
cell delivery route to the brain [30–32]. MSCs transported into the nasal cavity have been shown to
migrate through the cribriform plate and into brain tissue via the olfactory and trigeminal pathways.
Lusine et al. demonstrated that noninvasive intranasal delivery of MSCs is a promising approach
for the therapeutic treatment of Parkinson’s disease. The olfactory system has been widely applied
as a model in studies of neural regeneration and axon rewiring [33]. Wounds to olfactory cells in
the neuroepithelium are not reversible following damage of the basal cell layer, but when spared,
regenerated basal cells lead to reconstruction of the sensory epithelium and subsequent restoration of
olfactory function [9]. Therefore, intranasal delivery of magnetized MSCs in an injured olfactory mouse
model is an effective method of demonstrating the homing phenomenon of MSCs using nanoparticles.

4. Materials and Methods

4.1. Characterization of NPs

Iron oxide nanoparticles with rhodamine B (IRBs) were obtained from Ocean Nanotech. The size
and charge properties of IRBs were measured by TEM and with a Zetasizer-ZS90 (Malvern Instruments
Ltd., Malvern, UK). IRBs were well-dispersed in an aqueous solution. For TEM analysis, after 10-min
bath sonication, 2 μL IRBs were dropped on the carbon grid three times and completely dried. IRBs
were observed by TEM (JEM-ARM 200F, JEOL, Tokyo, Japan). The diameter of IRBs was analyzed
with ImageJ software (NIH, Bethesda, MD, USA). To obtain the ζ-potential of IRBs, 20 μL IRBs and
980 μL distilled water were mixed into a folded capillary cell (Malvern Instruments) after 10-min
bath sonication.

4.2. Cell Culture

GFP-labeled MSCs derived from C57BL/6 mouse tibia bone marrow were obtained from Cyagen
Biosciences, Inc. (cat. MUBMX-01101; Santa Clara, CA, USA), cultured in low-glucose DMEM
(Hyclone, Logan, UT, USA) containing 2 ng/mL of basic fibroblast growth factor and 10% fetal bovine
serum (Gibco, Grand Island, NY, USA), and maintained at 37 ◦C in a humidified atmosphere of
5% CO2. The cell culture medium was replaced every three days, and bone marrow-derived MSCs
were collected by trypsin (0.25%, Invitrogen, Carlsbad, CA, USA) digestion. All experiments were
performed using MSCs at 3–5 passages.

4.3. Internalizing Iron Oxide Nanoparticles with Rhodamine B into MSCs

GFP-labeled MSCs were seeded onto confocal dishes (SPL Life Sciences, Gyeonggi-do, Korea)
at 1 × 105 cells per well. After 24 h incubation, the culture media was exchanged with 2 mL of fresh
media and cells were incubated for 0, 3, 6, and 24 h with 15 μg/mL IRBs. The MSCs were washed twice
using PBS, fixed in 10% formalin, and stained with DAPI. Images were captured with a fluorescence
microscope (Eclipse Ti-U, Nikon, Tokyo, Japan) and further analyzed to confirm the intracellular
localization and quantity of IRBs. To quantify the internalization ratio in MSCs, all MSCs were counted
in the fluorescence images. The number of RhB-positive cells was divided by the total number of cells.

4.4. Cytotoxicity of IRB-MSCs

MSCs were seeded into 96-well surface-treated plates at a density of 5 × 103 cells per well and
incubated at 37 ◦C and 5% CO2 for 24 h. The culture media were replaced with 100 μL of fresh media
containing different concentrations of Fe in IRBs. Cells without IRBs were measured as a control.
After 24 h of incubation, the cells were washed and incubated in cell culture media. In vitro cytotoxicity
was evaluated by using the CCK-8 (Cell Counting Kit-8). For this assay, 10 μL CCK-8 was added to
each well under light protection. After 1 h incubation, absorbance values at 450 nm were measured
with a multimode reader (Synergy HTX, BioTek, Winooski, VT, USA).

14



Int. J. Mol. Sci. 2018, 19, 1376

4.5. Magnetic Field Effects on Magnetized MSCs In Vitro

To estimate the homing effect of MSCs using IRBs, magnetic flux properties were evaluated by
both simulation (COMSOL Multiphysics software, Stockholm, Sweden) and a Tesla meter (TM-701,
KANETEC) using a 5 × 5 × 5 mm permanent regular hexahedron neodymium magnet. From the
magnet, the magnetic pole surface showing north and south was used to attract the IRBs. MSCs
on 6-well plates at a density of 1 × 105 per well were incubated for 3 h. Fluorescence images were
captured with a fluorescence microscope. MSCs were treated for 12 h with 15 μg/mL IRBs. Images
were captured to determine whether IRBs were internalized into the MSCs. Floating MSCs were
incubated with the magnet for 24 h on six-well plates at a density of 1 × 105 per well and MSCs guided
by the magnet were confirmed using a fluorescence microscope.

4.6. Analysis of Real-Time PCR

Total RNA was extracted from the magnetized MSCs in vitro to evaluate CXCR4 expression.
In an animal study, total RNA was collected using TRIzol Reagent (Invitrogen) from the sensory
epithelium of both olfactory bulbs of three mice, which were sacrificed seven days after treatment.
Total RNA was subjected to reverse transcription using SYBR® Select master mix (Applied Biosystems,
Foster City, CA, USA). Real-time RT-PCR was performed using the Applied Biosystem’s sequence
detection system 7900 to quantify SDF-1 levels. The following primers were used for sequencing:
CXCR4, forward: 5′-CAG CAT CGA CTC CTT CAT CC-3′ and reverse: 5′-GGT TCA GGC AAC AGT
GGA AG-3′ (119 base pairs), SDF-1, forward: 5′-CGC CAG AGC CAA CGT CAA GC-3′ and reverse:
5′-TTT GGG TCA ATG CAC ACT TG-3′; β-actin, forward: 5′-CGT GCG TGA CAT CCA AGA GAA-3′

and reverse: 5′-TGG ATG CCA CAG GAT TCC AT-3′. To detect the possibility of genomic DNA
amplification, no-template controls were utilized and allowed when the Ct value was at least nine
cycles greater than the template run. Duplicate measurements were performed and accepted if the
difference in Ct values between the duplicates was less than 1. Real-time PCR data were normalized to
the level of β-actin, and the relative quantity of mRNA was determined using the comparative cycle
threshold method.

4.7. Western Blotting and Fluorescence-Activated Cell Sorting

MSCs were incubated with IRBs for 2 h and then washed twice with PBS. Fresh medium was
utilized for different time periods. After collecting the cells, CXCR4 expression of MSCs was evaluated
by fluorescence-activated cell sorting and western blotting.

Cells (>105) and olfactory tissue were lysed in Laemmli buffer according to the manufacturer’s
instructions (Invitrogen) and separated on a 12% sodium dodecyl sulfate polyacrylamide gel.
Membranes were hybridized with rabbit anti-human CXCR4 at 1:1000 (sc-9046; Santa Cruz
Biotechnology, Dallas, TX, USA), with SDF-1 (ab18919; Abcam, Cambridge, UK), or anti-β-actin
(1:500; Sigma, St. Louis, MO, USA). Anti-rabbit horseradish peroxidase secondary antibody was
used at 1:1000 (Dako, Glostrup, Denmark). Deglycosylation was carried out using N-glycosidase F
according to the manufacturer’s instructions (New England Biolabs, Ipswich, MA, USA).

To analyze CXCR4 expression in different subcellular protein fractions, MSCs were incubated
with IRBs (108 μM) for 2 h. The cells were cultured for 22 h and the medium was replaced. After
cell collection, the proteins expressed in cytoplasm, membrane, and nucleus were separated with
a subcellular protein fractionation kit (Thermo Scientific, Waltham, MA, USA).

4.8. ROS Analysis

In vitro ROS analysis was conducted in 96-well surface-treated plates. MSCs were seeded at
a density of 5 × 103 cells per well and incubated at 37 ◦C and 5% CO2 for 24 h. After incubation,
the cells were washed with PBS and 100 μL of fresh media containing different Fe concentrations in
IRBs was added. Control groups did not contain added IRBs. After 24 h of incubation, MSCs were
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washed twice with PBS and incubated in fresh media and 10 μL 0.2 mM H2DCFDA PBS solution in the
dark. Fluorescence values at 485 nm excitation/528 nm emission were measured with a multimode
reader at each time point (0, 3, 6, and 24 h).

4.9. In Vivo Injection of Magnetized MSCs into Olfactory Injury Mouse Models

Twenty-four male C57BL/6 mice, including six control mice for the olfactory-injured model, were
allowed free access to water and a regular mouse diet and kept at room temperature under a standard
12-h light/dark cycle for one week of acclimatization before the experiments. The animals were five
weeks old and weighed approximately 18–25 g. Mice were anesthetized by intraperitoneal injection of
30 mg/kg tiletamine-zolazepam (Zoletil, 500 mg/vial; Virbac, Carros, France) and 10 mg/kg xylazine
(Rompun; Bayer Korea, Ansan, Korea) and sacrificed by decapitation. Animal experiments were
conducted in accordance with the guidelines of the Institutional Animal Care and Use Committee of
Yonsei University, Korea (YWC-170721-1, 27 February 2017).

4.10. Immunofluorescence Staining in Olfactory Bulb

Normal and olfactory-injured mice were sacrificed after seven days of magnetized MSC injection.
After cardiac perfusion, the skull bones were removed. Next, both olfactory bulbs were immersed in
4% paraformaldehyde (Biosesang Seongnam, Korea) in fixative for 24 h at 4 ◦C. The samples were
embedded in optimal cutting temperature compound (Leica, Wetzlar, Germany) and sectioned at
2–10 μm thickness using a cryostat (Leica CM1850 Cryostat; Leica). A standard hematoxylin and eosin
staining protocol was followed, with 1–3 min incubation in hematoxylin and 30–60 s staining with
eosin, before mounting the samples.

Immunohistochemistry for SDF-1 was performed on cryosections of the cochlea in each group.
Slide samples were incubated with appropriate primary antibodies as follows. An antibody against
SDF-1 1 (cat# ab18919; Abcam) was used. Sections were incubated with the primary antibody overnight
at 4 ◦C. After washing three times with 0.1 M PBS, the sections were incubated with an appropriate
biotin-tagged secondary antibody at room temperature for 1 h. The sections were incubated in
an avidin–biotin–peroxidase complex solution (Vector Laboratories, Inc., Burlingame, CA, USA) and
developed with a diaminobenzidine substrate kit (Vector Laboratories, Inc.) after washing three times
with 0.1 M PBS. The sections were dehydrated, mounted, and visualized with a BX50 microscope
(Olympus, Tokyo, Japan), and digital images were captured.

4.11. Statistical Analysis

Statistical analysis was performed using SPSS statistical package version 17.0 (SPSS, Inc., Chicago,
IL, USA). Descriptive results of continuous variables are expressed as the mean ± standard deviation
(SD) for normally distributed variables. Means were compared by two-way analysis of variance.
The level of statistical significance was set to 0.05.

5. Conclusions

Our study demonstrated that noninvasive intranasal delivery of magnetized MSCs with IRBs is
a promising method for treating an olfactory-injured mouse model. Using complementary methods,
we demonstrated the following: (i) migration of magnetized MSCs with IRBs under a magnetic field
in vitro; (ii) increase in CXCR4 by internalizing IRBs into MSCs; and (iii) improvement in homing
of magnetized MSCs into the injured olfactory epithelium in vivo. We are currently assessing the
long-term effects (regeneration and cytotoxicity) of magnetized MSCs in olfactory-injured mice with
different magnetic fields, nanoparticle concentrations, and nanoparticle shapes in MSCs.

Supplementary Materials: The following are available online at https://zenodo.org/record/1256264#.Ww9REVKSCJ0.
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SPIO Superparamagnetic iron oxide
IRBs SPIO nanoparticles with rhodamine b
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Abstract: Tendon rupture induces an inflammatory response characterized by release of
pro-inflammatory cytokines and impaired tendon performance. This study sought to investigate the
therapeutic effects of simvastatin-loaded porous microspheres (SIM/PMSs) on inflamed tenocytes
in vitro and collagenase-induced Achilles tendinitis in vivo. The treatment of SIM/PMSs in
lipopolysaccharide (LPS)-treated tenocytes reduced the mRNA expressions of pro-inflammatory
cytokines (Matrix metalloproteinase-3 (MMP-3), cyclooxygenase-2 (COX-2), interleukin-6 (IL-6),
and tumor necrosis factor-α (TNF-α)). In addition, the local injection of SIM/PMSs into the tendons of
collagenase-induced Achilles tendinitis rat models suppressed pro-inflammatory cytokines (MMP-3,
COX-2, IL-6, TNF-α, and MMP-13). This local treatment also upregulated anti-inflammatory cytokines
(IL-4, IL-10, and IL-13). Furthermore, treatment with SIM/PMSs also improved the alignment of
collagen fibrils and effectively prevented collagen disruption in a dose-dependent manner. Therefore,
SIM/PMSs treatment resulted in an incremental increase in the collagen content, stiffness, and tensile
strength in tendons. This study suggests that SIM/PMSs have great potential for tendon healing and
restoration in Achilles tendinitis.

Keywords: Achilles tendinitis; simvastatin; porous microspheres; anti-inflammation; tendon healing

1. Introduction

Most acute and chronic tendon injuries are the result of gradual wear and tear to the tendon
from either overuse or aging. Tendon problems develop both in athletes and in the general
population [1]. Achilles tendinitis is an inflammatory injury characterized by chronic pain and
swelling [2]. Injured tendons induce a local inflammation response, which is mediated by the
release of inflammation markers including pro-inflammatory cytokines (e.g., interleukin-1β (IL-1β),
tumor necrosis factor-α (TNF-α)), matrix metalloproteinases (MMPs; MMP-2, -3, -9, and -13, etc.) and
cyclooxygenase-2 (COX-2). Eventually, there is cell damage and/or death as well as disintegration of
the extracellular matrix (ECM) at the injured sites. Ultimately, these changes decrease the biomechanical
properties (i.e., tensile strength) of the tendon [3–6]. Given its inflammatory nature, non-steroidal
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anti-inflammatory drugs (NSAIDs) are one of the treatment approaches for Achilles tendinitis.
However, previous studies have found that the long-term use of oral NSAIDs can have adverse
side effects, such as gastrointestinal bleeding, ulceration, and perforation [7]. In contrast, the local
application of NSAIDs effectively reduced pain and swelling without many of these adverse events;
however, their long-term effects are minimal [8,9].

Statins as 3-hyroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors have
pleiotropic effects, including anti-inflammatory, antioxidant, immune-modulatory, and angiogenesis
stimulation effects [10,11]. Previous studies have found that statins inhibit the secretion of IL-6 and
TNF-α in co-cultured human vascular smooth muscle cells (SMCs) and human mononuclear cells
(MNCs) or macrophages [12,13]. Despite their positive effects, statins also have adverse effects on
muscle, including myalgias, myositis, rhabdomyolysis, and myopathies [14–16]. Eliasson et al. recently
reported that simvastatin and atorvastatin have negative effects on tendons due to the decreased
mechanical properties of tendon constructs and catabolic changes in the gene expression pattern [17].
These adverse effects mainly occur in the setting of high statin doses.

In order to overcome these adverse effects and to investigate the enhanced therapeutic effects
of Achilles tendinitis, injectable drug delivery systems have been developed for local application.
For instance, porous microspheres are suitable for the controlled and long-term delivery of drugs
and proteins [18–20]. We recently developed a porous microsphere using a simple fluidic device
and a poly(lactic-co-glycolic acid) (PLGA) polymer as the drug delivery carrier [18–21]. This PLGA
polymer is non-toxic, biocompatible, and biodegradable. It is also the Food and Drug Administration
(FDA)-approved polymer for clinical applications [22]. In this study, we prepared simvastatin-loaded
porous PLGA microspheres (SIM/PMSs). We investigated whether SIM/PMS systems showed
anti-inflammatory effects in lipopolysaccharide (LPS)-treated tenocytes in vitro as well as in vivo
anti-inflammation, tendon healing, and tissue restoration in a collagenase-induced Achilles tendinitis
rat model.

2. Results

2.1. Characterizing PMSs and SIM/PMSs in an In Vitro Drug Release Study

The size, porosity, and shape of the prepared PMSs with or without simvastatin were analyzed
using a scanning electron microscope (SEM). The prepared PMSs and two SIM/PMSs with different
drug amounts had similar morphologies (Figure 1). The PMSs and SIM/PMSs were also similar in
size, at approximately 250–300 μm in diameter. All of the PMSs and SIM/PMSs were highly porous
structures. The pores were interconnected. The average pore sizes of the PMSs, SIM (1 mM)/PMSs,
and SIM (5 mM)/PMSs were 25.37 ± 2.12 μm, 26.52 ± 3.49 μm, and 26.32 ± 2.08 μm, respectively.
The loading amounts of simvastatin per 30 mg of PMSs were 143.51 ± 6.69 μg for SIM (1 mM)/PMSs
and 730.88 ± 33.25 μg for SIM (5 mM)/PMSs. The in vitro release profiles of simvastatin from
the SIM/PMSs are shown in Figure 2a. On the first day, there was 58.54 ± 0.98 μg of simvastatin
released from SIM (1 mM)/PMSs and 184.31 ± 0.78 μg from SIM (5 mM)/PMSs. Over 28 days,
the SIM (1 mM)/PMSs and SIM (5 mM)/PMSs released 92.39 ± 1.87 μg and 383.04 ± 4.13 μg of
simvastatin, respectively.
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Figure 1. SEM images of porous microspheres (PMSs) (a,d,g), simvastatin (SIM) (1 mM)/PMSs (b,e,h),
and SIM (5 mM)/PMSs (c,f,i).

Figure 2. (a) In vitro release profiles of simvastatin from SIM (1 mM)/PMSs and SIM (5 mM)/PMSs.
(b) Cytotoxicity of simvastatin (1 mM and 5 mM), PMSs, SIM (1 mM)/PMSs, and SIM (5 mM)/PMSs at
24 h and 48 h. Error bars represent the means ± SDs (n = 5).

2.2. In Vitro Cytotoxicity

Cytotoxicities for PMSs, simvastatin (1 mM or 5 mM), SIM (1 mM)/PMSs, and SIM (5 mM)/PMSs
were measured using a CCK-8 assay kit (Dojindo Inc., Tokyo, Japan) at 24 h and 48 h. Cell viabilities in
all groups were maintained at over 96%, indicating that PMSs, simvastatin, and SIM/PMSs had no
toxic effects on tenocytes (Figure 2b).

2.3. Anti-Inflammatory Properties of SIM/PMSs in Inflamed Tenocytes

We sought to evaluate the in vitro anti-inflammatory effects of SIM/PMSs in LPS-stimulated
tenocytes. The mRNA expression levels of pro-inflammatory cytokines, such as MMP-3, COX-2, IL-6,
and TNF-α, were determined using real-time PCR on days 1 and 3 (Figure 3). The LPS-stimulated
tenocytes had the highest mRNA levels of pro-inflammatory cytokines on days 1 and 3. The PMSs
without simvastatin did not suppress the mRNA levels of pro-inflammatory cytokines as did those in
the LPS-treated group. This finding suggests that the PMSs alone have no anti-inflammatory properties.
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However, the SIM/PMSs significantly and dose-dependently decreased the mRNA levels of MMP-3,
COX-2, IL-6, and TNF-α in LPS-stimulated tenocytes compared to those in the other groups on days
1 and 3 (** p < 0.01). This decrease implies that the released simvastatin from the microspheres can
suppress inflammatory responses in LPS-stimulated tenocytes.

Figure 3. The relative mRNA expression levels of pro-inflammatory cytokines, including: (a) MMP-3,
(b) COX-2, (c) IL-6, and (d) TNF-α in lipopolysaccharide (LPS)-stimulated tenocytes that were cultured
with PMSs, SIM (1 mM)/PMSs, and SIM (5 mM)/PMSs on days 1 and 3. Error bars represent the means
± SDs (n = 5). (* p < 0.05 and ** p <0.01).

2.4. Histopathological Evaluations

We developed collagenase-induced rat models of Achilles tendinitis. We used these animal
models to confirm the in vivo suppression of tendon degeneration and anti-inflammatory responses
of SIM/PMSs. Histopathological examination with Masson’s trichrome staining was performed
to determine whether SIM/PMSs can prevent tendon disruption. As shown in Figure 4a,
normal tendons had well-aligned collagen fiber organization and no tendon disruption. In contrast,
collagenase injection led to severe collagen matrix breakdown with an absence of well-aligned collagen
fibers (Figure 4b). In PMSs treatment alone, the severe collagen matrix breakdown was still shown,
suggesting that PMSs have no preventative effects on collagen disruption (Figure 4c). However,
treatment with simvastatin and SIM/PMSs was sufficient to suppress collagen matrix disruption
(Figure 4d–f). The SIM/PMSs treated groups exhibited much more aligned collagen fiber organization
and effectively prevented collagen disruption in a dose-dependent manner compared to that of
simvastatin. This result suggests that SIM/PMSs have better tendon restoration effects than does
simvastatin (Figure 4e,f).
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Figure 4. Masson’s trichrome staining at 7 weeks after collagenase (Col (I)) injection into tendon tissues,
and at 6 weeks after treatment with PMSs, simvastatin, SIM (1 mM)/PMSs, and SIM (5 mM)/PMSs.
Groups are categorized as follows: (a) control (no treatment); (b) Col (I); (c) Col (I) + PMSs; (d) Col (I) +
simvastatin; (e) Col (I) + SIM (1 mM)/PMSs, and (f) Col (I) + SIM (5 mM)/PMSs. Scale bar: 100 μm.
Red: collagen fibers; Blue: collagen matrix breakdown.

2.5. In Vivo Tendon Restorative Effects of SIM/PMSs and Biomechanical Study

In order to further demonstrate the tendon restorative effects of SIM/PMSs, we performed
biomechanical studies, including stiffness and tensile strengths, of tendon tissues. The stiffness and
tensile strengths of the tendon tissues in the collagenase-treated group and PMSs-treated group were
much lower than were those in the control (normal) group at 6 weeks (Figure 5). Simvastatin increased
the stiffness and tensile strengths of the tendons compared to that of the collagenase-treated group and
PMSs-treated group. However, the tendon healing effects of both SIM/PMSs groups were much more
effective in a dose-dependent manner than were those of simvastatin (** p < 0.01). A hydroxyproline
assay was performed at six weeks after the drug treatments in order to determine the change in collagen
content in the Achilles tendinitis animal model. The hydroxyproline contents of the Achilles tendon in
the collagenase-treated group and PMSs-treated group were significantly lowered than were those in
the control (normal) group (Figure 6). Treatments with simvastatin and two SIM/PMSs increased the
hydroxyproline content significantly more than did treatment in the collagenase-treated group and
PMSs-treated group (** p < 0.01). The SIM/PMSs-treated groups also had much higher hydroxyproline
content in a dose-dependent manner than did the simvastatin-treated group (** p < 0.01).

Figure 5. (a) Stiffness and (b) tensile strengths of Achilles tendon tissues isolated from
collagenase-induced Achilles tendinitis rat models in each group at 6 weeks after treatments with
PMSs, simvastatin, SIM (1 mM)/PMSs, and SIM (5 mM)/PMSs. Data represent means ± SDs (n = 4).
(** p < 0.01).
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Figure 6. Hydroxyproline contents in Achilles tendon tissues from collagenase-induced Achilles
tendinitis rat models 6 weeks after treatment with PMSs, simvastatin, SIM (1 mM)/PMSs, and SIM
(5 mM)/PMSs. Data represent means ± SDs (n = 4), (** p < 0.01).

2.6. In Vivo Anti-Inflammatory Effects of SIM/PMSs

We next sought to further investigate the in vivo anti-inflammatory effects of SIM/PMSs in
collagenase-induced Achilles tendinitis rat models. The mRNA levels of pro-inflammatory cytokines
(MMP-3, COX-2, IL-6, TNF-α, and MMP-13), as well as anti-inflammatory cytokines (IL-4, IL-10,
and IL-13), were measured in whole blood samples collected from the rats in each group. Figure 7
shows that the mRNA levels of all of pro-inflammatory cytokines in the collagenase-treated group
were significantly upregulated (up to over 5-fold) compared to those in the control (normal) group.
There were no significant differences in the mRNA levels between the collagenase-treated group
and PMSs-treated group. At two weeks, the mRNA levels of pro-inflammatory cytokines in the
two SIM/PMSs-treated groups were similar or slightly higher than those in the simvastatin-treated
groups. However, at six weeks, the mRNA levels in both SIM/PMSs-treated groups were much
lower than were those in the simvastatin-treated group, in a dose-dependent manner (** p < 0.01).
The mRNA levels of anti-inflammatory cytokines (IL-4, IL-10, and IL-13) in the collagenase-treated
group (or PMSs-treated groups) were similarly maintained or slightly lower than were those in the
control (normal) group during the 6 weeks (Figure 8). In contrast, groups treated with simvastatin
(the real treated dose; 105 μg/rat), SIM (1 mM)/PMSs (the real treated dose; 2.39 μg/rat), and SIM
(5 mM)/PMSs (the real treated dose; 12.18 μg/rat) had increased mRNA levels of anti-inflammatory
cytokines. Simvastatin had much higher levels than did the two SIM/PMSs-treated groups at two
weeks. This result can be explained by the fact that the treated dose of simvastatin was much higher
than were those of the two SIM/PMSs groups. However, the two SIM/PMSs-treated groups displayed
much higher mRNA levels of anti-inflammatory cytokines in a dose-dependent manner than did the
simvastatin-treated group at 6 weeks (** p < 0.01). These data suggest that SIM/PMSs were more
effective than was simvastatin at suppressing the inflammatory responses induced by collagenase
injection into tendon tissues. This result is mostly likely because SIM/PMSs gradually released
simvastatin molecules from the microspheres over a long period of time. Simvastatin is a small
molecular weight molecule that may passively cross into the blood stream and be easily excreted
from local treatment sites. Therefore, the simvastatin group may have experienced a shorter exposure
period to the simvastatin than did the SIM/PMSs groups.
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Figure 7. The relative mRNA expression levels of pro-inflammatory cytokines, including:
(a) MMP-3; (b) COX-2, (c) IL-6, (d) TNF-α, and (e) MMP-13 in whole blood samples from a
collagenase-induced Achilles tendinitis rat model in each group. Whole blood samples were collected
from collagenase-induced Achilles tendinitis rat models in each group at 0, 1, 2, and 6 weeks after
treatments with PMSs, simvastatin, SIM (1 mM)/PMSs, and SIM (5 mM)/PMSs. Each mRNA expression
level was determined using real time-PCR analysis. Data represent means ± SDs (n = 4), (* p < 0.05 and
** p < 0.01).

Figure 8. The relative mRNA expression levels of anti-inflammatory cytokines, including: (a) IL-4,
(b) IL-10, and (c) IL-13 in whole blood samples from the collagenase-induced Achilles tendinitis rat
model in each group. Whole blood samples were collected from the rat models in each group at 0, 1,
2, and 6 weeks after treatment with PMSs, simvastatin, SIM (1 mM)/PMSs, and SIM (5 mM)/PMSs.
Each mRNA expression level was determined using real time-PCR analysis. Data represent
means ± SDs (n = 4), (* p < 0.05 and ** p < 0.01).

26



Int. J. Mol. Sci. 2018, 19, 820

3. Discussion

Achilles tendinitis occurs in both active and inactive individuals due to overuse or aging. Achilles
tendinitis is accompanied by pain, swelling, and impaired tendon function in its early stage [23].
It eventually can lead to partial or total tendon rupture. Tendon disruption and injury provokes local
inflammation responses by inducing pro-inflammatory cytokines, MMPs, and ECM disintegration [6].
Ultimately, this inflammation impairs the biomechanical properties of the tendon tissues. Prior reports
have suggested that statins, 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors,
have pleiotropic effects including anti-inflammation, anti-oxidation, and immune-modulation
effects [24,25]. Retrospective studies have reported that there are double-sided characteristics on
statin-associated tendon disorders. Simvastatin may have a protective role in tendinopathies in
patients with severe hyperlipidemia [26–28]. Treatment with statins may also enhance tendon healing
through stimulation of the COX-2/prostaglandin E2 receptor 4 (PGE2 EP4) pathway. Statins may
also enhance anterior cruciate ligament (ACL) healing through their effects on angiogenesis and
osteogenesis [29]. In contrast, other studies have suggested that several common side effects of statins
(i.e., muscle weakness and pain) actually increase the risk of tendinopathy and rupture [30,31] and
tendon complications [26,30,32]. However, previous in vivo studies showed that statin treatment
reduced the mechanical properties of tendon constructs and increased the gene expressions of MMPs
(such as MMP-1, MMP-3, and MMP-13) in the ECM of tendons [31,32]. Ultimately, there remains active
controversy regarding statins’ role as either detrimental or beneficial to tendon healing.

In this study, we developed simvastatin-loaded porous microspheres (SIM/PMSs).
These microspheres were built using a simple fluidic device consisting of a discontinuous phase
channel (homogenized gelatin and PLGA solution with or without simvastatin) and a continuous
phase channel (as previously described by our group) [18–21]. Simple fluidic devices are very useful
to control the size and porosity of the microspheres. The prepared PMSs, with or without simvastatin,
were spherical shapes approximately 250–300 μm in diameter. Their pores were interconnected and
25–30 μm in size. Hydrophobic simvastatin could be readily encapsulated within hydrophobic PLGA
porous microspheres. Initially, the SIM/PMSs allowed fast drug release given the diffusion from the
surface of highly porous microspheres. However, the release of simvastatin from the microspheres
was incomplete over the four weeks given polymer degradation. This result suggests that SIM/PMSs
are suitable for long-term drug delivery.

The in vitro anti-inflammatory effects of PMSs were investigated using tenocytes, because they
are fibroblast-like differentiated cells found throughout the tendon structure. Tenocytes synthesize
ECM and induce the assembly of early collagen fibers (as the basic units of the tendon). The in vitro
inflammatory environment was mimicked by treating LPS to the tenocytes. As previously reported,
the LPS-treated cells increased their expression of certain cytokines, including TNF-α, IL-6, and IL-1β.
These cytokines further stimulate tenocytes to induce pro- and anti-inflammatory cytokines,
including TNF-α, IL-6, IL-10, IL-1β, COX-2, and ECM-degrading enzymes, such as MMP-1, -3,
and -13 [33,34]. Previous studies have reported that statins have anti-inflammatory activities on
several cells. For example, LPS-stimulated macrophages that were exposed to statins decreased their
expression of IL-6 and TNF-α [12,35]. Statins also inhibited macrophage production of IL-6, IL-8,
MMP-1, -3, and -9 [36,37]. Consistent with the findings of previous studies, we also demonstrated
that treatment of LPS-treated tenocytes with PMSs alone does not reduce the mRNA levels of
pro-inflammatory cytokines (i.e., MMP-3, COX-2, IL-6, and TNF-α). In contrast, SIM/PMSs could
significantly decrease their mRNA levels in a dose-dependent manner. These data suggest that
SIM/PMSs suppress inflammation responses by downregulating the mRNA expression levels of
multiple pro-inflammatory cytokines in inflamed tenocytes.

Injection of collagenase type I consistently leads to tendon disruption accompanied by an
inflammatory response [38]. Therefore, collagenase injection serves as an adequate method of
developing an Achilles tendinitis model. In particular, injection of collagenase into a tendon disrupts
collagen fibers, changes the biochemical and biomechanical properties of the tendon, and more closely
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resembles the main histopathologic features and dysfunctions of human tendinopathy [38]. Therefore,
we used a collagenase-induced Achilles tendinitis rat model to study the in vivo anti-inflammatory and
tendon-healing effects of SIM/PMSs. Under histological examination with Masson’s trichrome staining,
we found that tendon treatment with collagenase led to destruction of the well-aligned collagen fiber
organization and severe collagen matrix breakdown. The PMSs did not prevent collagen matrix
disruption. In contrast, SIM/PMSs effectively decreased the collagen disruption and repaired collagen
organization in a dose-dependent manner. Although simvastatin also prevented collagen matrix
disruption, its therapeutic effect is lower than those of the two SIM/PMSs groups. Previous study
reported that an increase in the hydroxyproline content is directly correlated to early maturation
of fibroblasts, early parallel arrangement of collagen fibers, and bundle formation [39]. This group
also found that there is a close relationship between the absolute amount of collagen and mechanical
strength. In this study, the local treatment of SIM/PMSs on collagenase-treated tendon tissues had
beneficial effects on the healing tendon. SIM/PMSs enhanced the hydroxyproline content of the
treated tendon tissues more so than did collagenase. This result correlated with increased collagen
fibrin organization using Masson’s trichrome stain. The collagen content increased after SIM/PMS
treatment. Therefore, the stiffness and tensile strength of tendon tissues in the SIM/PMS-treated
groups were markedly enhanced compared to those of the other groups (including collagenase, PMSs,
and simvastatin-treated groups). These data suggest that using SIM/PMSs as a long-term simvastatin
delivery system is useful for restoration of the tendon tissues in collagenase-induced Achilles tendinitis.

Tendon injuries (i.e., ruptures or tendinopathy) typically heal in three different phases. These are
the inflammatory phase, proliferative phase or collagen-producing phase, and finally the remodeling
phase [40,41]. During this healing process, the modulation of multiple pro- and anti-inflammatory
cytokines plays an important role in improving tendon healing [42]. Excessive pro-inflammatory
cytokines provoke inflammatory reactions, thereby leading to cell damage and ECM disintegration
at injured sites [6]. In contrast, anti-inflammatory cytokines attract fibroblasts to restore the
injured tissues [43]. In order to investigate the in vivo anti-inflammatory effects of SIM/PMSs
on collagenase-induced Achilles tendinitis models, we monitored the mRNA levels of both
pro-inflammatory cytokines (MMP-3, COX-2, IL-6, TNF-α, and MMP-13) and anti-inflammatory
cytokines (IL-4, IL-10, and IL-13). We made these measurements from the blood at scheduled
time points, because an indirect assessment of inflammatory markers in the blood can support the
hypothesis of local inflammation at injured sites [44,45]. At 1, 2, and 6 weeks after collagenase
injection, the mRNA levels of the pro-inflammatory cytokines were significantly increased. In contrast,
the mRNA levels of anti-inflammatory cytokines did not increase. Compared to the collagenase-treated
group, PMSs alone did not affect the mRNA expression levels of pro-inflammatory cytokines or
anti-inflammatory cytokines, indicating that PMSs have no anti-inflammatory activity. In contrast,
treatment with simvastatin and SIM/PMSs can downregulate pro-inflammatory cytokines and
upregulate anti-inflammatory cytokines. However, the therapeutic effects of SIM/PMSs were superior
to those of simvastatin.

This study demonstrates that SIM/PMSs have many beneficial therapeutic effects, including
anti-inflammation and tendon healing effects, on a collagenase-induced Achilles tendinitis rat model.
Interestingly, treatment with SIM/PMSs as a long-term simvastatin delivery system had much
better therapeutic efficacy than did simvastatin alone. As our group has previously described,
the biodegradation of microspheres (as a long-term drug delivery system) can be tailored from a
few weeks to several months depending on the polymer compositions (such as the ratio of poly(lactic
acid) to poly(glycolic acid)). These compositions ultimately influence the drug release rates from the
drug delivery system [21]. Treatment with high doses of simvastatin alone also had positive effects on
Achilles tendinitis at first. However, its therapeutic effects are short-lived, because this small molecular
drug eventually passively diffuses into the blood stream and away from the injured sites. In order to
achieve good therapeutic effects with a small molecular drug, therefore, repeated injections would
be needed. Regardless, side effects and toxicities must be considered. Moreover, our study has some
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limitations, including the lack of mRNA expression levels for pro- and anti-inflammatory cytokines
in tissues as well as no pharmacokinetic data of simvastatin and SIM/PMSs after local treatments.
Despite these limitations, our study showed that using SIM/PMSs as a long-term delivery system will
have a great potential to suppress inflammatory responses and enhance healing and restoration of
tendon tissues.

4. Materials and Methods

4.1. Materials

PLGA (50:50; Resomer® RG505) was supplied by Boehringer Ingelheim (Ingelheim, Germany).
Poly vinyl alcohol (PVA, molecular weight: 13,000–23,000, 98% hydrolyzed), dichloromethane (DCM),
gelatin from porcine skin, simvastatin (SIM), and LPS were obtained from Sigma-Aldrich (St. Louis,
MO, USA). Cellulose-ester dialysis membrane (MWCO; 6–8 kDa) was obtained from Spectrum
Laboratories (Milpitas, CA, USA). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), phosphate-buffered saline (PBS), and penicillin-streptomycin were obtained from Gibco
(Rockville, MD, USA).

4.2. Fabrication of SIM-Loaded Porous Microspheres (SIM/PMSs)

In order to fabricate SIM/PMSs, a fluidic device method was used, as previously described [18–21].
Briefly, PLGA (2 weight % (wt %)), with or without simvastatin (1 or 5 mM), was dissolved in DCM
(7 mL). Gelatin (7.5 wt %) and PVA (2 wt %) were dissolved in deionized water (DW, 10 mL). Next,
the gelatin (3 mL) and PVA (0.5 mL) solutions were added to the PLGA solution with or without
SIM. These mixtures were emulsified with a homogenizer (Ultra-Turrax T-25 Basic, IKA, Woonsocket,
RI, USA) at 13,500 rpm for 1 min. The emulsified solution was introduced into the discontinuous
phase. Another PVA (2 wt %) solution was prepared as a continuous phase. In order to make
PMSs, the continuous phase and discontinuous phase flow rates were 0.5 mL/min and 0.05 mL/min,
respectively. The emulsion droplets were placed in warm water (45 ◦C) and gently stirred for 24 h to
remove any residual gelatin within the microspheres and DCM. The fabricated microspheres were
washed three times with warm DW, collected, and lyophilized for three days. The PMSs are designated
according to the amount of simvastatin as PMSs (no simvastatin), SIM (1 mM)/PMSs, and SIM
(5 mM)/PMSs, respectively.

4.3. Characterization of PMSs and SIM/PMSs

The morphologies of the PMSs, SIM (1 mM)/PMSs, and SIM (5 mM)/PMSs were observed using
scanning electron microscopy (SEM, S-2300, Hitachi, Tokyo, Japan). Each sample was coated with
platinum (Pt) using a sputter coater (Eiko IB, Tokyo, Japan), and examined at an accelerated voltage of
3 kV. The average pore sizes of randomly selected microspheres in each group (n = 50 pores/group)
were determined using Image J (Ver. 1.2, Bethesda, MD, USA) based on the SEM images.

In order to determine the loading amount of simvastatin within SIM (1 mM)/PMSs and SIM
(5 mM)/PMSs, 30 mg of each sample was dissolved in DCM. The loading amount of SIM was analyzed
at 250 nm using the UV/Vis spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan).

4.4. In Vitro Drug Release Study

In order to evaluate in vitro simvastatin release from the microspheres, the samples (10 mg)
in each group were dispersed in a 50 mL conical tube including 1 mL PBS solution (pH 7.4) as
the release medium. This mixture was gently shaken at a rate of 100 rpm in a shaking water
bath at 37 ◦C. At the pre-determined time intervals, the PBS was replaced with fresh PBS medium.
The amount of simvastatin that was released from the microspheres was determined at 250 nm using
the UV/Vis spectrophotometer.
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4.5. In Vitro Cytotoxicity

The cytotoxicity test of simvastatin, PMSs, and SIM/PMSs was evaluated in tenocytes.
Tenocytes (5 × 104 cells/well) were seeded in 96-well tissue culture plates containing simvastatin
(1 mM), simvastatin (5 mM), 10 mg of PMSs, SIM (1 mM)/PMSs, and SIM (5 mM)/PMSs
and maintained with DMEM supplemented with 10% FBS and 1% antibiotics. After 1 day or
2 days, the medium was aspirated and CCK-8 proliferation reagents were added. According to
the manufacturer’s instructions, the cells were further incubated for 1 h at 37 ◦C. The optical density of
the live cells was measured using a Flash Multimode Reader at 450 nm.

4.6. In Vitro Anti-Inflammatory Effects of SIM/PMSs on Inflamed Tenocytes

The in vitro anti-inflammatory effects of SIM/PMSs were tested using tenocytes that were isolated
from the Achilles tendons of Sprague Dawley (SD) rats (8-week-old males, DooYeol Biotech, Seoul,
Korea). The tenocyte isolation was performed as previously described [21]. The experimental protocol
for this isolation was approved by the Institutional Animal Care and Use Committee of the Korea
University Medical Center (KOREA-2016-0250, 29 November 2016).

In order to demonstrate the in vitro anti-inflammatory effects of SIM/PMSs on LPS-treated
tenocytes, we analyzed the mRNA levels of MMP-3, COX-2, IL-6, and TNF-α using real-time PCR.
Tenocytes (1 × 105 cells/mL/well) were carefully seeded on the PMSs (10 mg) or SIM (1 mM
or 5 mM)/PMSs in 24-well tissue culture plates. After 24 h of incubation, LPS (1 μg/mL) was
applied to the tenocytes in all groups. After three days, the cells were harvested. The total RNA
was isolated from cells in each group using an RNeasy Plus Mini Kit (Qiagen, Valencia, CA, USA)
according to the manufacturer’s instructions. The total RNA (1 μg) was reverse-transcribed into cDNA
using AccuPower RT PreMix (Bioneer, Daejeon, Korea) according to the manufacturer’s instructions.
The primers and PCR conditions used for amplification of MMP-3, COX-2, IL-6, and TNF-α are as
follows: MMP-3; (F) 5′-ACC TGT CCC TCC AGA ACC TG-3′, (R) 5′-AAC TTC ATA TGC GGC ATC
CA-3′, COX-2; (F) 5′-CAG CCA TAC TAT GCC TCG GA-3′, (R) 5′-GGA TGT CTT GCT CGT CGT
TC-3′, IL-6; (F) 5′-CCG TTT CTA CCT GGA GTT TG-3′, (R) 5′-GTT TGC CGA GTA GAC CTC AT-3′,
and TNF-α; (F) 5′-CTC CCA GAA AAG CAA GCA AC-3′, (R) 5′-CGA GCA GGA ATG AGA AGA
GG-3′. PCR amplification and detection were performed using an ABI7300 Real-Time Thermal Cycler
(Applied Biosystems, Foster, CA, USA). The relative mRNA levels of MMP-3, COX-2, IL-6, and TNF-α
were normalized to those of glyceraldehyde 3-phophate dehydrogenase (GAPDH).

4.7. Animal Models of Collagenase-Induced Achilles Tendinitis

We established an Achilles tendinitis animal model (using collagenase injection) to demonstrate
the in vivo anti-inflammatory and tendon healing effects of SIM/PMSs, as described in our previous
study [21]. The in vivo animal experiments were performed and approved by the Institutional
Animal Care and Use Committee of the Korea University Medical Center (KOREA-2016-0250,
29 November 2016). SD rats (8-week-old males, DooYeol Biotech, Seoul, Korea) were anesthetized
with isoflurane (1% w/v in 2 L oxygen). The rats received a single injection of 50 μL of collagenase
type I in the right Achilles tendon (Col I) (50 mg/mL inn PBS (pH 7.4)). Seven days after the
collagenase injection, 10 mg of the microspheres were mixed with 1 mL of 2% carboxymethyl cellulose
(CMC) solution. Randomly selected rats received an injection of 50 μL of CMC solution of the
microspheres. The real treatment dosages of simvastatin in each SIM/PMS group were 2.39 μg/rat for
SIM (1 mM)/PMSs and 12.18 μg/rat for SIM (5 mM)/PMSs. Simvastatin (105 μg/rat) was used as the
drug control, and was injected into the Achilles tendon of control animals. Six weeks after treatment
with PMSs, simvastatin, SIM (1 mM)/PMSs, and SIM (5 mM)/PMSs, the rats were euthanized for
further analysis. The rats were divided into the following six groups: (I) control (no treatment),
(II) Col (I) (collagenase treatment), (III) Col (I) + PMSs, (IV) Col (I) + simvastatin, (V) Col (I) + SIM
(1 mM)/PMSs, and (VI) Col (I) + SIM (5 mM)/PMSs.
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4.8. Histopathological Evaluations

The calcaneus-Achilles tendon specimens were harvested from the sacrificed rats and fixed in
3.7% (v/v) paraformaldehyde for histological evaluations. The specimens were then dehydrated in
ethanol and embedded in paraffin. The tissue blocks were sectioned longitudinally in the rotary
microtome (HM 355S automatic microtomes, Thermo Scientific, Waltham, MA, USA) at 5 μm thickness.
These sliced tissue samples were stained with Masson’s trichrome.

4.9. Biomechanical Test

The tendon specimens were fixed to a specially designed device, which allowed the specimen
to be oriented such that a tensile load could be applied along the axis of the tendon. The fixed
specimen device was tested on an Instron Mechanical Tester (AG-10KNX, Shimadzu, Kyoto, Japan)
at a cross-head speed of 5 mm/min. A 1 newton load cell was used to measure the loading force.
The ultimate tensile strength (defined as maximum stress or force per unit area) and stiffness (force
required per unit displacement) were also obtained.

4.10. Hydroxyproline Assay

In order to investigate the Achilles tendon healing effects of SIM/PMSs, the collagen contents
of Achilles tendon tissues in each group were demonstrated by measuring the hydroxyproline assay.
In brief, 5 mg of Achilles tendon tissue was hydrolyzed with 6 normal HCl under heating at 110 ◦C
for 12 h. The HCl was evaporated at 60 ◦C, and the hydrolyzed tissues were reconstituted in DW
(20 mL) and neutralized with NaOH to pH 7.0. Chloramine T solution (50 μL, 60 mM) was mixed with
100 μL of standard hydroxyproline or samples in a 96-well plate to initiate hydroxyproline oxidation.
After 20 min of incubation at room temperature (RT), the chloramine T was destroyed by adding 50 μL
of perchloric acid (HClO4) to each well. The absorbance was read using a Flash Multimode Reader
(Thermo Scientific, San Jose, CA, USA) at 550 nm.

4.11. In Vivo Anti-Inflammatory Effects of SIM/PMSs on Collagenase-Induced Achilles Tendinitis

The in vivo anti-inflammatory effects of SIM/PMSs on Achilles tendinitis were investigated
by analyzing the gene expressions of pro-inflammatory cytokines (MMP-3, COX-2, IL-6, TNF-α,
and MMP-13) and anti-inflammatory cytokines (IL-4, IL-10, and IL-13) using real-time PCR. The gene
expression levels of these pro- and anti-inflammatory cytokines were determined using the total RNA
extracted from the whole blood in each group. The whole blood was collected from an ear vein of a
rat in each group at weeks: 0 (no treatment), 1 (1 week after collagenase treatment, 2 (2 weeks after
collagenase treatment and 1 week after treatment of SIM or PMSs with or without SIM), and 6 (7 weeks
after collagenase treatment and 6 weeks after treatment of SIM or PMSs with or without SIM). The total
RNA was extracted from the collected whole blood samples at the pre-determined time points using a
QlAamp RNA Blood Mini Kit (Qiagen, Valencia, CA, USA). The total RNA concentration in each group
was measured using a Nanodrop spectrometer (ND-1000 spectrometer, NanoDrop Technologies Inc.,
Wilmington, DE, USA). The total RNA (1 μg) was reverse-transcribed into cDNA. The same primer
sequences for the pro-inflammatory cytokines (including MMP-3, COX-2, IL-6, and TNF-α genes) were
used as described above for the in vitro anti-inflammatory studies. The primer sequence of MMP-13
was as follows: MMP-13; (F) 5’-AAG GAG CAT GGC GAC TTC TA-3’, (R) 5’-GGT CCT TGG AGT
GGT CAA GA-3’. The primer sequences of the anti-inflammatory cytokines, including IL-4, IL-10,
and IL-13, were as follows: IL-4; (F) 5’-ACA GGA GAA GGG ACG CCA T-3’, (R) 5’-GAA GCC CTA
CAG ACG AGC TCA-3’, IL-10; (F) 5’-GGT TGC CAA GCC TTA TCG GA-3’, (R) 5’-ACC TGC TCC
ACT GCC TTG CT-3’ and IL-13; (F) 5’-AGA CCA GAC TCC CCT GTG CA-3’, (R) 5’-TGG GTC CTG
TAG ATG GCA TTG-3’. PCR amplification and detection was performed using a ABI7300 Real-Time
Thermal Cycler (Applied Biosystems) using a DyNAmoTM SYBR® Green qPCR Kit (Finnzymes, Espoo,
Finland). The relative gene expression levels of pro-inflammatory cytokines (MMP-3, COX-2, IL-6,
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TNF-α, and MMP-13) and anti-inflammatory cytokines (IL-4, IL-10, and IL-13) were normalized to
those of GAPDH.

4.12. Statistical Analysis

Data are presented as means ± standard deviations. Statistical comparisons were carried out
via one-way analysis of variance (ANOVA) using Systat software ver. 13 (SigmaPlot, IL, USA).
Differences were considered statistically significant at * p < 0.05 and ** p < 0.01.

5. Conclusions

We used a simple fluidic device to develop a long-term simvastatin delivery system using porous
microspheres. The SIM/PMSs are capable of long-term simvastatin delivery in a sustained manner.
This treatment effectively and dose-dependently decreased the mRNA levels of pro-inflammatory
cytokines in the LPS-treated tenocytes. In vivo studies demonstrated that SIM/PMSs significantly
decreased the levels of pro-inflammatory cytokines, while they markedly increased anti-inflammatory
cytokine levels. These anti-inflammatory effects of SIM/PMSs may ultimately allow improved
tendon healing and restoration by increasing the collagen content, stiffness, and the tissue’s overall
tensile strength.
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Abstract: Graphene derivatives have immense potential in stem cell research. Here, we report a
three-dimensional graphene/arginine-glycine-aspartic acid (RGD) peptide nanoisland composite
effective in guiding the osteogenesis of human adipose-derived mesenchymal stem cells (ADSCs).
Amine-modified silica nanoparticles (SiNPs) were uniformly coated onto an indium tin oxide
electrode (ITO), followed by graphene oxide (GO) encapsulation and electrochemical deposition
of gold nanoparticles. A RGD–MAP–C peptide, with a triple-branched repeating RGD sequence
and a terminal cysteine, was self-assembled onto the gold nanoparticles, generating the final
three-dimensional graphene–RGD peptide nanoisland composite. We generated substrates with
various gold nanoparticle–RGD peptide cluster densities, and found that the platform with the
maximal number of clusters was most suitable for ADSC adhesion and spreading. Remarkably,
the same platform was also highly efficient at guiding ADSC osteogenesis compared with other
substrates, based on gene expression (alkaline phosphatase (ALP), runt-related transcription factor 2),
enzyme activity (ALP), and calcium deposition. ADSCs induced to differentiate into osteoblasts
showed higher calcium accumulations after 14–21 days than when grown on typical GO-SiNP
complexes, suggesting that the platform can accelerate ADSC osteoblastic differentiation. The results
demonstrate that a three-dimensional graphene–RGD peptide nanoisland composite can efficiently
derive osteoblasts from mesenchymal stem cells.

Keywords: graphene oxide; silica nanoparticles; gold nanoparticles; RGD peptide; differentiation;
mesenchymal stem cells; adipose-derived stem cells; osteogenesis

1. Introduction

Stem cells have emerged as a promising source in the field of regenerative medicine, because
of their innate ability to produce a variety of desired cell types in the human body [1,2]. Among
stem cells, mesenchymal stem cells (MSCs) have predominated in clinical trials and commercialization,
since they are relatively easy to obtain from various sources (e.g., adipose tissue, bone marrow, dental
tissue), free from ethical issues, and most importantly, have a low risk of teratoma formation after
transplantation [3]. MSCs are also attractive because of their capability to generate various types of
cells (e.g., osteoblasts, chondrocytes, adipocytes), all of which are fundamental for the reconstruction
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and regeneration of most body components [4–6]. However, to maximize regeneration efficiency,
the characteristics of MSCs should be properly adjusted to the desired cell type through differentiation,
because their multipotency may also result in the production of unwanted cell types [7–9].

The differentiation of stem cells is conventionally controlled by soluble cues; that is, the use of
defined culture media containing multiple growth factors (e.g., bone morphogenetic proteins, insulin,
peroxisome proliferator-activated receptor γ) and biomolecules (e.g., dexamethasone, ascorbic acid,
glycerophosphate) [10–14]. However, recent findings suggest that biophysical cues, such as the
physicochemical characteristics of the underlying substrate, to which the cells attach and actively interact
with as they grow, can also play key roles in steering the transformation of MSCs into specific cell
types [15–18]. Mechanical stimulation, a biophysical cue that can affect cell behavior, is generally initiated
by cell–substrate interactions, which alter cytoskeletal dynamics and consequently affect gene expression
in the cells [12,15,19–25]. To provide favorable biophysical stimulation to stem cells, nanostructures,
micropatterns, and functional composite materials have been utilized to control stem cell behavior,
particularly differentiation, with and without the use of soluble factors [26–31]. Among such materials,
graphene and graphene oxide (GO) have recently been shown to effectively provide the necessary
physical stimulation for stem cell differentiation [32–36]. The distinct physicochemical characteristics
of graphene derivatives were found to successfully initiate several specific MSC differentiation routes,
such as adipogenesis [37], osteogenesis [38,39], and neurogenesis [40]. The multifarious surface chemistry,
controllable amphiphilicity, and unique honeycomb carbon structure were reported to affect several
cellular aspects such as spreading, growth, and morphology, as well as the absorption kinetics of proteins
and chemicals in the differentiation medium [32,33,41–44].

In addition to graphene derivatives, natural polymers such as extracellular matrix (ECM) proteins
(e.g., fibronectin, laminin, and vitronectin) and peptides are also excellent candidates for controlling
stem cell behavior [45,46]. Among the various available materials, peptides containing a repeating
arginine–glycine–aspartic acid (RGD) sequence, which is often found in ECM proteins, have been
widely applied not only to increase the uptake of materials and molecules of interest into specific
types of cells, but also to enhance cell adhesion to artificial platforms such as synthetic polymers
and metallic surfaces [47–49]. Interestingly, RGD-containing peptides immobilized onto substrates
enhanced the adhesion strength of MSCs, ultimately resulting in increased osteogenic differentiation,
as cell adhesion is a key factor guiding osteogenic lineage commitment [50,51].

In this study, we report a three-dimensional graphene/RGD peptide nanoisland composite that is
highly effective in controlling the osteogenic differentiation of human-adipose-derived mesenchymal
stem cells (ADSCs; Figure 1). ADSC differentiation was controlled by four independent factors: (i) GOs
that contribute to the absorption of several differentiation factors; (ii) RGD–MAP–C peptides that
enhance cell adhesion; (iii) nanopatterns with randomly-distributed geometry and iv) height variations
of underlying substrates that facilitate cell–GO and cell–peptide interactions (Figure 1). The physical
and chemical properties of the three-dimensional nanocomposites were first characterized by X-ray
photoelectron spectroscopy (XPS) and Raman spectroscopy. Thereafter, ADSCs were cultivated on
GO surfaces with varying numbers of nanoparticle–RGD peptides and their adhesion, spreading, and
proliferation were analyzed. Furthermore, the effects of nanoparticle–RGD peptides complexes on
ADSC osteogenesis were characterized by assaying mRNA expression and calcification levels. Finally,
to better understand the effects of nanoparticle–RGD peptides on the osteogenic differentiation of
ADSCs, a four-week time course was performed in the presence of culture medium with and without
differentiation factors.
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Figure 1. Schematic diagram of three-dimensional graphene/arginine-glycine-aspartic acid (RGD)
peptide composites for enhancement of adipose-derived mesenchymal stem cell (ADSC) osteogenesis.

2. Results

2.1. Fabrication of Silica-Nanoparticle–Graphene-Oxide Composites on an Indium Tin Oxide (ITO) Substrate

To enhance cell–substrate interactions, we hypothesized that the generation of RGD nanopattern
ripples on the graphene surface would facilitate both αvβ3 ligand–RGD peptide and GO–cell
membrane interactions, which ultimately affect stem cell behavior. There are several methods that
could be utilized to fabricate three-dimensional environments on a GO surface. Photolithography is a
representative tool suitable for the fabrication of various nano- and micro-structures with precisely
controlled geometry [52,53]. However, this technique includes laborious and time-consuming steps
such as photomask fabrication, photoresist coating, cleaning, and etching/metal deposition. Moreover,
residual photoresist on the substrates could result in unexpected toxic effects on stem cells. Hence, silica
nanoparticles (SiNPs), a material proven to be nontoxic and safe for use with most cell lines [54,55],
were used as a coating material to generate height variations on the ITO substrate prior to GO
modification. We then attached amine-functionalized SiNPs to the negatively charged GO via
electrostatic interactions. As shown in Figure 2a, GO-coated SiNPs were uniformly coated onto
the ITO substrate, and the ITO/GO substrate showed the typical wrinkle-like structure of graphene,
different from the bare ITO substrate. In addition, XPS spectra revealed that the chemical structure of
GO sheets on SiNPs were similar to those on the ITO substrate, showing C–C, C–O and C=O bonding,
which are all typically found on the GO surface (Figure 2b and Figure S1). Raman spectroscopy was
used to investigate GO oxidation. It has been reported that the G band represents the in-plane structure
(sp2-bonded carbon) while the D band indicates structural defects, such as oxidized carbon. Based
on this, the structural defects and carbon-to-oxygen ratio were analyzed. Figure 2c and Figure S2
show clear D (1350 cm−1) and G (1600 cm−1) peaks for ITO/SiNP/GOs, demonstrating the successful
absorption of GO sheets onto amine-modified SiNP surfaces. The ID/IG values of ITO/GOs and
ITO/SiNP/GOs were calculated to be 0.96 and 0.97, indicating that both GOs were highly oxidized,
with C–C and C–O/C=O/O=C–O ratios of approximately 1:1. GO sheets embedded on the surface of
SiNPs not only act as a conducting layer to enable electrochemical deposition of gold nanoparticles
(GNPs) onto the SiNPs, but also helped attract gold chloride ions, resulting in the formation of the seed
for GNP synthesis. Hence, it can be concluded that the fabricated GO-SiNP composite is a suitable
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platform for the generation of GNPs via electrochemical deposition, which could be further utilized to
control stem cell behavior.

 

Figure 2. Characterization of the basic substrates. (a) Scanning electron microscopy images of indium
tin oxide (ITO) (left), ITO/graphene oxide (GO) (middle), and ITO/GO/silica nanoparticles (SiNPs)
(right). Scale bars = 1 μm; (b) X-ray photoelectron spectroscopy (XPS) results for each substrate;
(c) Raman spectroscopy data for ITO/GO (left) and ITO/GO/SiNPs (right).

2.2. Fabrication of a 3D Graphene–RGD Peptide Nanoisland Composite for Stem Cell Cultures

Cell adhesion is controlled by transmembrane glycoproteins, including integrins, selectins,
and cadherins [56–58]. Integrins are core materials that actively regulate the anchoring of the cell
membrane to the extracellular environment, and are hugely affected by the physicochemical properties
of the underlying substrates [59,60]. A number of studies have reported that nanotopographic features
influence many key cellular activities, including cell migration, proliferation, differentiation, and even
apoptosis [61–64]. Specifically, since the size of the integrin subunits that are located in the outside of
the cell membrane (α and β chains) is around 23nm and the final N-termini of each chain is around 5nm,
the materials whose sizes are in the nanometer range could result in the changes of integrin-mediated
cell anchoring [62,65]. Consequently, this causes cytoskeletal rearrangements of cells adhered to the
nanomaterial surfaces, resulting in changes of cell signaling pathways, which ultimately affect cell
growth, spreading and differentiation. In the case of MSCs, nanopattern geometry and arrangement are
critical for both multipotency maintenance and differentiation. Dalby et al. reported that nanopatterns
with random arrangements can effectively guide MSC osteogenesis, while the same nanopatterns with
homogeneous arrangements maintain their multipotency in long-term cultures [65]. Based on this,
we generated GNPs on GO-coated SiNPs via electrochemical deposition, as shown in Figure 3a. Due to
the presence of the conducting GO layer, GNPs of 10–20 nm in diameter were successfully generated
on the non-conducting SiNPs. Interestingly, the ID/IG values of Raman spectra were calculated to be
1.01, 1.04, 1.18, and 1.2 after 0, 40, 80, and 120 s of deposition, respectively, indicating that GO oxidation
increased with increased electrochemical deposition (Figure S2). As the RGD-containing peptides
(RGD–MAP–C) contain a terminal cysteine residue, they can be easily self-assembled on the surface of
the GNPs. In addition, by varying the electrochemical deposition time, the size and density of GNPs
could be varied, resulting in different RGD–MAP–C peptide arrangements, which would ultimately
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alter the cytoskeletal dynamics of stem cells. To investigate this, ADSCs were seeded onto each platform
at different GNP densities, and therefore with different RGD–MAP–C peptide arrangements. As shown
in Figure 3b, the GO-SiNP-GNP-RGD peptide composites with the highest GNP density (deposition
time = 120 s) showed more active filopodia interaction with the underlying platform, indicating that
this substrate might effectively enhance cell adhesion and migration, improving ADSC osteogenesis.
To further study the effects of GNP-RGD peptide composites on ADSCs, the substrates were divided
into two groups: (i) GO-SiNP-GNPs and (ii) GO-SiNP-GNP-RGD peptide composites. After two
days of culture, the cytoskeletal structures and nuclei of ADSCs were visualized by phalloidin and
Hoechst 33342 staining to calculate the rates of cell spreading and growth by fluorescence microscopy
(Figure 4a,b and Figure S3). Cell growth was not affected by the presence of RGD–MAP–C peptides
(Figure 4c), while cell spreading was highly enhanced on all the substrates possessing GNP-RGD
peptide composites (Figure 4d). Cell spreading was 118, 128, and 110% higher on GNP-RGD composites
compared to GNPs only, after 40, 80, and 120 s of deposition, respectively. Cell spreading seemed
to increase with increased GNP density; however, owing to the limitations in the area in which cells
could attach and grow, the enhancement of cell spreading was saturated with medium GNP density.
Interestingly, cell spreading was not enhanced by RGD–MAP–C peptide modifications to the GO-SiNP
platform, because of the absence of GNPs, which mediate RGD–MAP–C peptide immobilization via an
Au–S bond. Accordingly, based on the cell adhesion, spreading, and proliferation results, we conclude
that GNP-RGD peptide modifications to the GO-SiNP platform positively affect ADSC adhesion,
and can thus be considered a candidate platform to control stem cell differentiation.

 

Figure 3. Scanning electron microscopy (SEM) images of ADSCs on gold-deposited substrates. (a) From
left to right, SEM images of gold deposition. Scale bars = 1 μm; (b) Pseudocolor SEM images of ADSCs
showing cell spreading. Scale bars = 3 μm.

2.3. Guiding ADSC Osteogenesis Using Graphene–RGD Peptide Nanoisland Composites

As cell adhesion and spreading were highly enhanced by GNP-RGD peptide modifications,
we next investigated whether these differences in cell behavior affected ADSC osteogenesis.
Differentiation was performed in medium containing well-known osteogenic differentiation factors
(β-glycerophosphate, ascorbic acid, and dexamethasone; Figure 5). After four weeks of differentiation,
ADSC osteogenesis levels were analyzed using several markers, including alkaline phosphatase (ALP)
enzyme activity, ALP and runt-related transcription factor 2 (RUNX2) expression, and osteogenesis
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mineralization. ALP regulates the dephosphorylation of several biomolecules and is an indicator of
pre-osteogenesis stem cells, while RUNX2 is critical for osteoblastic differentiation. Based on reverse
transcription-quantitative polymerase chain reaction (RT-qPCR) results, remarkably, the expression of
both genes was highly enhanced on GO-SiNPs with high levels of GNP-RGD peptides compared with
bare 3D GO-SiNPs and the same substrate with low and medium GNP-RGD peptide densities (263%
and 295% higher than low density of gold deposition for ALP and RUNX2, respectively (Figure 5b).
Next, to confirm the superiority of 3D GO-RGD peptide nanoisland composites with high GNP density
in ADSC osteogenic differentiation, the ALP enzyme activity and calcification levels were evaluated,
using para-nitrophenylphosphate and Alizarin Red S (ARS) as colorimetric reagents, respectively.
MSCs accumulation of calcium phosphate (hydroxyapatite mineral (Ca10(PO4)6)), an essential material
for building bone structure, is an indicator of osteogenesis. As shown in Figure 5a, all ADSCs
cultured in osteogenic medium successfully differentiated into cells displaying calcium deposits.
Three-dimensional GO-RGD peptide nanoisland composites with high GNP density showed the best
osteogenic differentiation efficiency based on ALP and ARS levels, which were 148% and 158% higher
than with bare GO-SiNP platforms (Figure 5c,d). This is consistent with a previous study reporting
that modifications to ECM-derived RGD-glycoproteins (e.g., fibronectin, vitronectin, and osteopontin)
on cell culture substrates are critical for MSC osteogenic differentiation. Hence, it is highly likely that
the increase in RGD–MAP–C peptide density in combination with the three-dimensional GO sheets
on the SiNPs synergistically enhance ADSC osteogenesis via increased cell adhesion and absorption
of differentiation factors. Based on these observations, we can logically conclude that the developed
graphene–RGD peptide nanoislands are a promising platform to guide the differentiation of stem cells
into specific lineages.

Figure 4. Fluorescence images of all substrates Fluorescence images of each substrate with (a) and
without (b) RGD peptide. Scale bars = 100 μm; (c) Number of cells on each substrate after 2 day of
incubation; (d) Spreading of proliferated cells. * Student’s t-test, p < 0.05, n = 3.
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Figure 5. Confirmation of ADSC osteogenic differentiation. (a) Alizarin Red S staining of all substrates.
Scale bars = 200 μm; (b) RT-qPCR data for alkaline phosphatase (ALP), and RUNX2; (c) The ALP
activity of each substrate; (d) Absorbance rates after Alizarin Red S (ARS) staining. * Student’s t-test,
p < 0.05, n = 3.

2.4. Time Course of ADSC Osteogenic Differentiation on Graphene–RGD Peptide Nanoislands

After confirming that the graphene–RGD peptide nanoislands with high GNP density are
highly effective in guiding ADSC osteogenesis, we next investigated whether the platform could
accelerate ADSC osteogenesis. This is important to study, because accelerated differentiation is
needed to supply osteoblasts to the patients requiring urgent orthopedic surgery. In fact, it takes
up to four weeks to generate bone cells from stem cells, and this is an obstacle in the clinical use of
stem-cell-derived osteoblasts. Osteogenic ADSC differentiation was induced using typical osteogenic
medium, and ARS staining was performed weekly to evaluate the osteoblastic differentiation of
ADSCs grown on GO-SiNP/GNPs with and without RGD–MAP–C peptides. For the first 14 days,
there was no discernable increase in osteoblast mineralization (Figure 6a). However, after two weeks of
differentiation, the difference was apparent, especially between days 14 and 21 (Figure 6 and Figure S4).
Specifically, the conversion of MSCs into osteoblasts on the GO-SiNP/GNP/RGD–MAP–C substrate
was 120% and 160% higher than on the same substrate without GNP-RGD–MAP–C composites at days
21 and 28, respectively. Interestingly, the osteoblastic mineralization of ADSCs was highly enhanced at
day 21 on the GO-SiNP/GNP/RGD–MAP–C substrate compared to on typical GO-SiNP substrates,
indicating that the platform might be useful to more rapidly generate osteoblasts from stem cells, which
could help meet timely clinical demands (Figure 6b). More studies regarding the gene expression
levels of adhesion-related proteins (e.g., integrins, vinculin, focal adhesion kinase, paxillin, and talin)
and osteogenic differentiation (e.g., osteocalcin, osteonectin, osteopontin) should be performed to
validate the aforementioned results.
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Figure 6. Time course of osteogenesis with and without RGD–MAP–C peptides. (a) ADSC differentiation
was monitored every 7 d. Scale bars = 200 μm; (b) ARS absorbance changes in the presence of gold and
different media. * Student’s t-test, p < 0.05, n = 3.

3. Discussion

In this study, we report a new platform that enables the stable long-term culture of ADSCs and
guides their osteogenic differentiation. Among the various substrates fabricated, the three-dimensional
GO-SiNP platform with high GNP-RGD peptide density, which we have termed the graphene–RGD
peptide nanoisland composite, was best at enhancing stem cell adhesion and spreading on the artificial
surface. Furthermore, this substrate was superior to other platforms, including bare GO-SiNPs and
GO-SiNPs with low and medium densities of GNP-RGD peptides, at guiding ADSC osteogenesis.
Specifically, the RNA expression levels of ALP (a pre-osteogenic marker) and RUNX2 (an osteogenic
marker) in ADSCs grown on graphene–RGD peptide nanoisland composite were 2.63- and 2.95-fold
higher than on bare 3D GO-SiNPs after four weeks of differentiation. Other osteogenic differentiation
indicators, such as ALP enzyme activity and calcium accumulation, were also highly enhanced,
1.48- and 1.58-fold higher than with bare 3D GO-SiNPs, proving the excellence of 3D graphene–RGD
peptide nanoisland composite for steering ADSC osteogenesis. Moreover, ADSCs grown on the
developed composites showed increased osteoblastic mineralization between days 14–21, 1.2-fold
higher than on bare GO-SiNPs, exhibiting the potential of the developed platform to accelerate stem
cell osteogenesis.

The 3D graphene–RGD peptide nanoisland composite shows great promise in stem cell research,
and more advanced studies based on our findings will be required to improve the platform through the
incorporation of different types of nanomaterials (e.g., polystyrene beads, glass beads) and peptides
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(cyclic RGD peptide, iRGD peptide). Other types of stem cells, such as pluripotent stem cells and
neural stem cells, could also be applied to fully investigate the potential of 3D graphene–peptide
nanoislands as a stable platform for long-term stem cell culture [66,67]. The desired cell types achieved
from various stem cell lines using 3D graphene–peptide nanoisland composites as the culture platforms
would then be usefully applied for clinical study, especially for the regeneration of damaged parts
of human organs/tissues. Taken together, we can logically conclude that the developed platform,
graphene–peptide complexes, could make remarkable contributions in the field of stem-cell-based
regenerative medicine.

4. Materials and Methods

4.1. Materials

SiNPs were purchased from NanoComposix (San Diego, CA, USA). GO was obtained from
Graphene Supermarket (Calverton, NY, USA). ADSCs and cell engineering for origin (CEFO) ADSC
growth media supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin were
obtained from CEFO Bio (Seoul, Korea). Dexamethasone, L-ascorbic acid, β-glycerophosphate,
and gold chloride trihydrate were purchased from Sigma Aldrich (St. Louis, MO, USA). RGD peptide
was purchased from Peptron (Daejeon, Korea). ITO was purchased from UID (Sejong, Korea).

4.2. Fabrication of Three-Dimensional Hybrid Structures

First, ITO was prepared by sonication in 1% Triton X-100 in distilled water (DW) and pure ethanol
for 20 min each. The ITO was spin-coated at 2000 rpm for 20 sec using 300 nm silica nanoparticles in
70% ethanol. After coating the substrates, 250 μg/mL GO solution was dropped onto the ITO and
baked in a 70 ◦C oven for 1 h, after which the substrates were washed with DW. A chamber of 0.8 cm
diameter was placed on the ITO substrates, using Polydimethylsilozane (PDMS) for cold deposition.
A 0.5 mM gold solution was electrochemically treated at an initial voltage of −1.3 at 0, 40, 80, and 120 s.
After electrical deposition, the chamber was washed with PBS, and coated with 0.05 mg/mL RGD
peptide overnight at 4 ◦C.

4.3. Substrate Characterization

The silica-coated substrates were characterized by a variety of analytical techniques, including
scanning electron microscopy (SEM, SIGMA, Carl Zeiss, Oberkochen, Germany), XPS (K-alpha+,
Waltham, MA, USA; Thermo Fisher Scientific, Waltham, MA, USA.), and Raman spectroscopy.

4.4. Cell Proliferation and Spreading Analysis

ADSCs (6000 cells/cm2) were cultured on the 3D hybrid substrates in growth medium for 2 day.
Before staining, cells were fixed in neutral buffered formalin (Sigma Aldrich) and permeabilized
with 0.1% Triton X-100 for 5 min. After staining with Alexa Fluor 568 phalloidin (Life Technology,
Carlsbad, CA, USA) and Hoechst 33342 (Thermo Scientific, Waltham, MA, U.S.A), cells were imaged
by fluorescence microscopy. Cell proliferation and spreading were analyzed using ImageJ software.

4.5. Osteogenesis of ADSCs

The osteogenic differentiation medium contained 50 μM L-ascorbic acid, 10 mM β-glycerophosphate,
and 100 nM dexamethasone. ADSCs were seeded in chambers, and the medium was changed every
2 days for 4 weeks. After the induction of osteogenesis, differentiation was confirmed by assaying calcium
deposition with ARS. Cells were stained with ARS for 20 min, washed with DW, and imaged on an optical
microscope. Subsequently, 10% cetylpyridinium chloride in 10 mM sodium phosphate was added, and the
solution was incubated at 25 ◦C for 15 min. ARS extraction was measured at 562 nm on a microplate
reader. In the case of alkaline phosphatase (ALP) analysis, ALP activity was measured based on the
conversion of p-nitrophenyl phosphate (pNPP) into p-nitrophenol. First, the cell lysates achieved and
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were added in to 96 well plate with reaction reagent (pNPP). The plates were then incubated at 25 ◦C for
15 min while protecting the plates from light. Finally, the reaction was terminated with the addition of
3 M NaOH, followed by reading the absorbance at 405 nm using the plate reader.

4.6. Osteogenic Marker Expression Analysis

Total RNA was extracted from osteogenic cells using an RNeasy Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions, and cDNA was synthesized from 1 μg of total RNA with
SuperScript II Reverse Transcriptase (Invitrogen, Carlsbad, CA, U.S.A). RT-qPCR was performed with
SYBR Premix Ex Taq (Takara, Shiga, Japan) in a StepOnePlus RT-PCR system.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/3/
669/s1.
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Abstract: Adipose-derived stem cells (ADSCs) have the potential to treat ischemic diseases. In general,
ADSCs facilitate angiogenesis by secreting various pro-angiogenic growth factors. However,
transplanted ADSCs have a low therapeutic efficacy in ischemic tissues due to their poor engraftment
and low viability. Stromal cell-derived factor-1α (SDF-1α) improves the survival rate of stem cells
transplanted into ischemic regions. In this study, we developed acid-degradable poly(ethylene
glycol)-poly(amino ketal) (PEG-PAK)-based micelles for efficient intracellular delivery of SDF-1α

plasmid DNA. The SDF-1α gene was successfully delivered into human ADSCs (hADSCs) using
PEG-PAK micelles. Transfection of SDF-1α increased SDF-1α, vascular endothelial growth factor,
and basic fibroblast growth factor gene expression and decreased apoptotic activity in hADSCs
cultured under hypoxic conditions in comparison with conventional gene transfection using
polyethylenimine. SDF-1α-transfected hADSCs also showed significantly increased SDF-1α and
VEGF expression together with reduced apoptotic activity at 4 weeks after transplantation into mouse
ischemic hindlimbs. Consequently, these cells improved angiogenesis in ischemic hindlimb regions.
These PEG-PAK micelles may lead to the development of a novel therapeutic modality for ischemic
diseases based on an acid-degradable polymer specialized for gene delivery.

Keywords: angiogenesis; bioreducible polymer; gene therapy; hADSCs; SDF-1α

1. Introduction

Adipose-derived stem cells (ADSCs) have the potential to treat ischemic diseases. These cells
facilitate angiogenesis by secreting various pro-angiogenic growth factors such as vascular endothelial
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growth factor (VEGF) and fibroblast growth factor (FGF) [1]. Moreover, ADSCs can be easily
obtained from adipose tissues [1]. However, ADSCs transplanted into ischemic region have a low
therapeutic efficacy due to their poor engraftment and low viability [2]. To improve the therapeutic
efficacy, the survival of ADSCs must be enhanced, which would increase the secretion of paracrine
pro-angiogenic factors.

Ischemic tissues secrete various cytokines, chemokines, proteins, and growth factors [3]. Among
these, stromal cell-derived factor-1α (SDF-1α) induces the recruitment and migration of stem cells [3].
SDF-1α can enhance cell survival by inactivating the cell death molecular pathway and increasing the
transcription of cell survival genes [4,5]. Moreover, SDF-1α improves the survival rate of transplanted
mesenchymal stem cells (MSCs) [6,7]. Cationic polymer-based nanoparticles have been researched for
gene delivery [8]. Polyethylenimine (PEI), a polycation with a high cationic charge density, is a highly
efficient gene delivery vector [8]. Cationic polymers can condense negatively charged nucleic acids
and protect them from nuclease-induced degradation [9]. However, high-molecular-weight PEI is
associated with problems such as non-biodegradability and high cytotoxicity [10]. To overcome these
problems and increase the efficiency of gene delivery, biodegradable and nontoxic polymers that can
efficiently release nucleic acids in response to cellular stimuli are required [11].

In this study, poly(ethylene glycol)-poly(amino ketal) (PEG-PAK), an acid-degradable cationic
polymer whose backbone contains ketal linkages, was used to deliver SDF-1α plasmid DNA
(pDNA) into human adipose-derived stem cells (hADSCs). PEG-PAK micelles efficiently delivered
SDF-1α pDNA into the cytoplasm of hADSCs in comparison with conventional gene carriers and
exhibited significantly reduced cytotoxicity. When transplanted into the ischemic hindlimbs of
mice, SDF-1α-transfected hADSCs demonstrated improved viability and therapeutic angiogenesis.
These PEG-PAK micelles may lead to the development of a novel therapeutic modality for ischemic
diseases based on an acid-degradable polymer specialized for gene delivery.

2. Results

2.1. Characterization and Gene Transfection Efficiency of PEG-PAK Micelles

Acid-degradable poly(amino ketal) (PAK) was synthesized for efficient DNA delivery (Figure 1A).
Before acid hydrolysis, pDNA/PEG-PAK micelles were spherical (Figure 1B, left). After 8h of acid
hydrolysis, the structure of pDNA/PEG-PAK micelles was loosened and disrupted (Figure 1B, right).
Intracellular dissociation of pDNA from pDNA/PEG-PAK micelles was confirmed by confocal laser
scanning microscopy. A high level of pDNA (green dots) dissociated from PEG-PAK micelles (red dots)
was found in the cytosol and perinuclear region (Figure 1B). The gene transfection efficiency of SDF-1α

pDNA/PEG-PAK micelles was evaluated by incubating them with hADSCs for 48 h under hypoxic
conditions. SDF-1α mRNA expression was measured and quantified (Figure 1C,D). mRNA expression
of SDF-1α was significantly higher in the SDF-1α-PEG-PAK group than in the other groups.

2.2. Decreased Apoptosis and Enhanced Secretion of Pro-Angiogenic Factors in hADSCs Overexpressing SDF-1α

The anti-apoptotic effect of SDF-1α overexpression using PEG-PAK micelles was investigated
in hADSCs cultured under hypoxic conditions. Expression of the anti-apoptotic gene Bcl-2 and the
pro-apoptotic gene p53 was quantified by reverse transcription-polymerase chain reaction (RT-PCR)
(Figure 2A,B). Bcl-2 and p53 expression was increased and decreased, respectively, in hADSCs
transfected with SDF-1α pDNA/PEG-PAK micelles. The total amount of DNA was higher in these cells
than in the other groups (Figure 2C). Moreover, hADSCs transfected with SDF-1α pDNA/PEG-PAK
micelles secreted higher levels of SDF-1α, VEGF, and FGF2 than cells in the other groups (Figure 2D–F).
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Figure 1. (A) Scheme of the synthesis of acid-degradable PEG-PAK; (B) Transmission electron
microscopy images of SDF-1α/PEG-PAK micelles before and after acid hydrolysis (pH 5.0 for 8 h
at 37 ◦C, scale bars indicate 200 nm) and confocal laser scanning microscopy images showing the
intracellular colocalization of Alexa Fluor 488-labeled SDF-1α pDNA (green) and Cy3-labeled PEG-PAK
(red) in hADSCs (blue indicates nuclei stained with DRAQ5, scale bar indicates 10 μm); (C) RT-PCR
analysis and (D) quantification of SDF-1α expression in hADSCs transfected with SDF-1α using
various methods under hypoxic culture conditions (* p < 0.05 compared with SDF-1α-PEG-PAK group).
PEG-PAK: poly(ethylene glycol)-poly(amino ketal); SDF-1α: stromal cell-derived factor-1α; RT-PCR:
reverse transcription-polymerase chain reaction; hADSCs: human adipose-derived stem cells; GFP:
green fluorescence protein.

Figure 2. Apoptotic activity and pro-angiogenic growth factor secretion in hADSCs transfected with
SDF-1α using PEG-PAK micelles. (A) RT-PCR analysis of the anti-apoptotic factor Bcl-2 and the
pro-apoptotic factor p53 and (B) quantification of their expression in hADSCs transfected with SDF-1α

using various methods. (C) Total amount of DNA in each group showing relative cell viability. Relative
levels of (D) SDF-1α, (E) VEGF, and (F) FGF2 secretion by hADSCs transfected with SDF-1α using
various methods. Secretion was quantified via enzyme-linked immunosorbent assays. (*,# p < 0.05
compared with SDF-1α-PEG-PAK group). VEGF: vascular endothelial growth factor; FGF2: basic
fibroblast growth factor.
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2.3. Effect of hADSCs Transfected with SDF-1α pDNA/PEG-PAK Micelles in Ischemic Limbs

The therapeutic efficacy of hADSCs transfected with SDF-1α pDNA/PEG-PAK micelles was
evaluated in a mouse hindlimb ischemia model. After induction of ischemia, the mice were treated
with hADSCs or those transfected with SDF-1α pDNA/PEG-PAK micelles (PEG-PAK + hADSC),
SDF-1α pDNA/PEI polyplexes (PEI + hADSC), or naked SDF-1α pDNA (naked). Mice with ischemic
injury were also injected with phosphate-buffered saline (PBS) as a control (no treatment). SDF-1α

expression in ischemic limbs was significantly increased in the PEG-PAK + hADSC group at 21 days
after treatment (Figure 3A). Consistently, VEGF expression was also increased in this group (Figure 3B).

Cell survival in ischemic limbs was investigated by double immunofluorescence staining of
caspase-3 and human nuclear antigen (HNA) (Figure 3C). There were fewer caspase-3-positive cells
(apoptotic cells in the ischemic limb) and HNA/caspase-3 double-positive cells (apoptotic hADSCs) in
the PEG-PAK + hADSC group than in the other groups (Figure 3C–E). Moreover, mRNA expression of
human Bcl-2 and p53 was higher and lower, respectively, in the PEG-PAK + hADSC group than in the
PEI + hADSC, hADSC, and naked groups (Figure 3F). Similarly, mRNA expression of mouse Bcl-2 and
p53 expression was higher and lower, respectively, in the PEG-PAK + hADSC group than in the other
groups (Figure 3F).

Figure 3. Western blot analysis and quantification of (A) SDF-1α and (B) VEGF expression in the mouse
hindlimb ischemia model 3 days after the various treatments; (C) Immunofluorescence staining of
caspase-3 (green) and HNA (red) in ischemic limb tissues retrieved 3 days after treatment (blue indicates
nuclei stained with 4′,6-diamidino-2-phenylindole (DAPI), scale bar = 100 μm). Percentages of (D)
caspase-3-positive cells (apoptotic cells) among DAPI-positive cells (total cells) and (E) HNA/caspase-3
double-positive cells (apoptotic hADSCs) among HNA-positive cells (hADSCs) in the ischemic region
(* p < 0.05 compared with PEG-PAK + hADSC group); (F) RT-PCR analysis of human and mouse Bcl-2
(anti-apoptotic factor) and p53 (pro-apoptotic factor) in ischemic limbs.
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2.4. In Vivo Pro-Angiogenic Effect of hADSCs Transfected with SDF-1α pDNA/PEG-PAK Micelles

Fibrotic tissue formation in ischemic hindlimb regions was reduced in the PEG-PAK + hADSC
group (Figure 4). Moreover, blood perfusion in ischemic limbs was significantly higher in the PEG-PAK
+ hADSC group than in the other groups (Figure 4B,C). Furthermore, limb salvage was observed in 60%
of mice in the PEG-PAK + hADSC group (Figure 4D). The density of CD31-positive microvessels was
significantly higher in the PEG-PAK + hADSC group than in the other groups at 21 days after treatment
(Figure 5A,C). Moreover, the density of smooth muscle (SM)-α actin-positive vessels was significantly
higher in the PEG-PAK + hADSC group than in the other groups (Figure 5B,D). Transplantation of
hADSCs transfected with SDF-1α pDNA/PEG-PAK micelles increased expression of the proteoglycan
NG2, a marker of pericytes, in ischemic limbs, which was related to the stabilization of microvessels
(Figure 5E,H). Expression of intercellular adhesion molecule (ICAM) and vascular cell adhesion
molecule (VCAM) was also increased in the PEG-PAK + hADSC group (Figure 5E,H). This indicates
that the number of activated endothelial cells was increased, which may promote the recruitment of
endothelial progenitor cells (EPCs) into ischemic regions. Indeed, CD34 expression in ischemic limbs
was higher in the PEG-PAK + hADSC group than in the other groups, providing strong evidence that
the recruitment of EPCs into ischemic regions was increased (Figure 6).

Figure 4. (A) Hematoxylin and eosin staining of hindlimb tissues obtained 21 days after ischemic injury
(scale bars indicate 100 μm). (B) Representative laser Doppler perfusion imaging analysis performed
at 21 days after treatment. (C) Blood perfusion of ischemic limbs relative to that of normal limbs at
0, 7, 14, and 21 days after treatment (* p < 0.01 compared with other groups). (D) Percentage of mice
displaying limb salvage at 21 days after treatment.
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Figure 5. Representative immunohistochemical images of microvessels positive for (A) CD31 (red) and
(B) smooth muscle (SM) α-actin (red) retrieved from hindlimb tissues 21 days after treatment (blue
indicates nuclei stained with DAPI, scale bars indicate 100 μm). Quantification of microvessels positive
for (C) CD31 and (D) SM α-actin in hindlimb tissues (* p < 0.05 compared with PEG-PAK + hADSC
group); (E) Western blot analysis and quantification of (F) ICAM, (G) VCAM, and (H) NG2 expression
in hindlimb tissues at 21 days after treatment. ICAM: intercellular adhesion molecule; VCAM: vascular
cell adhesion molecule.

Figure 6. Western blot analysis and quantification of CD34 expression in ischemic hindlimb tissues at 7
and 21 days after treatment (* p < 0.05 compared with PEG-PAK + hADSC group).
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3. Discussion

One of the major obstacles in stem cell-based therapy is the poor engraftment and low viability
of transplanted stem cells, leading to a low therapeutic efficacy [2,12,13]. Various attempts have
been made to overcome this problem [14–17]. Gene modifications, including overexpression of the
serine/threonine protein kinase Akt, the proto-oncogene with serine/threonine-protein kinase activity
Pim-1, or heme oxygenase-1, have been used to improve the survival of transplanted cells [18–20].
Along with these anti-apoptotic genes, expression of the well-known pro-angiogenic factor SDF-1α
also improves the survival of transplanted stem cells such as MSCs and EPCs [6,21]. Therefore,
we hypothesized that transfection of SDF-1α would enhance the survival and therapeutic efficacy of
hADSCs. As expected, SDF-1α transfection decreased apoptotic activity in hADSCs cultured under
hypoxic conditions (Figure 2) and transplanted into ischemic regions (Figure 3). Moreover, VEGF
secretion was enhanced in SDF-1α-transfected hADSCs (Figures 2 and 3). This result shows that SDF-1α
released from transplanted hADSCs transfected with SDF-1α pDNA/PEG-PAK micelles stimulated
VEGF secretion [6,22]. Along with the improved survival of transplanted hADSCs, their enhanced
secretion of pro-angiogenic factors might help to decrease ischemic damage and improve angiogenesis
(Figure 4).

Recruitment of EPCs by SDF-1α-transfected hADSCs enhanced the angiogenic efficacy.
EPC recruitment into ischemic regions, as represented by CD34 expression in ischemic limbs,
was enhanced at 7 and 21 days following transplantation of SDF-1α-transfected hADSCs (Figure 6).
SDF-1α release in ischemic limbs was increased by transplantation of hADSCs and was further
amplified by transplantation of SDF-1α-transfected hADSCs (Figure 3). In addition, transplantation
of SDF-1α-transfected hADSCs increased expression of ICAM and VCAM in ischemic tissues
(Figure 5E–H). SDF-1a is a major chemoattractant for EPCs [23], and local release of SDF-1α
increases homing of these cells [24]. ICAM and VCAM also contribute to EPC homing [25,26].
These results suggest that the increases in SDF-1α, ICAM, and VCAM expression upon transplantation
of SDF-1α-transfected hADSCs led to the recruitment of EPCs, which facilitated angiogenesis in
ischemic regions.

In summary, we have developed an acid-degradable non-viral carrier for efficient intracellular
delivery. PEG-PAK micelles successfully delivered SDF-1α pDNA into hADSCs. SDF-1α-transfected
hADSCs demonstrated increased SDF-1α, VEGF, and FGF2 expression and decreased apoptotic activity
when cultured under hypoxic conditions. Similarly, SDF-1α-transfected hADSCs exhibited enhanced
SDF-1α and VEGF expression and decreased apoptotic activity when transplanted into ischemic
tissues. Finally, the enhanced viability of hADSCs increased the angiogenic efficacy in ischemic tissues.
This study may offer a clever strategy to treat ischemic diseases using an acid-degradable polymer
specialized for gene delivery.

4. Materials and Methods

4.1. Materials

Acryloyl chloride (C3H3ClO, Ward Hill, MA, USA) was obtained from Alfa Aesar.
N,N′-bis(2-aminoethyl)-1,3-propanediamine, ethyl trifluoroacetate(C4H5F3O2), 25 kDa branched
polyethylenimine (B-PEI), trimethylamine(C3H9N), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazoliumbromide
(MTT), and sodium hydroxide were prepared from Sigma Aldrich (St. Louis, MO, USA). PD-10
desalting columns were purchased from GE Healthcare (Piscataway, NJ, USA). Alexa Fluor 488 nucleic
acid-labeling kit were purchased from Invitrogen (Eugene, OR, USA).
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4.2. Synthesis of Acid-Degradable (PEG-PAK)

4.2.1. Synthesis of Acid-Degradable Ketal Crosslinker (Compound 2)

Compound 1 was prepared as previously reported [27]. Compound 1 (0.83 g, 5.14 mmol, 1 equiv)
in 20 mL of dioxane was mixed with 2.60 g of triethylamine (25.70 mmol, 5 equiv) on ice. Then acryloyl
chloride (1.86 g, 20.56 mmol, 4 equiv) in 20 mL of dioxane was added dropwise to the mixture with
continuous stirring. After the mixture was stirred for 30 min, the crude product was extracted with
ethyl acetate and then purified by silica gel chromatography using a gradient from hexane to 1/1
hexane/ethyl acetate to obtain the yellow product (0.48 g, 1.79 mmol, 35% yield).

4.2.2. Synthesis of Compound 3

N,N′-bis(2-aminoethyl)-1,3-propanediamine (2.00 g, 12.48 mmol, 1 equiv) and triethylamine
(3.79 g, 37.44 mmol, 3 equiv) were dissolved in 100 mL of methanol. Ethyl trifluoroacetate
(4.43 g, 31.20 mmol, 2.5 equiv), which selectively protects primary amine groups in
N,N′-bis(2-aminoethyl)-1,3-propanediamine, was added to the mixture and stirred for 24 h at room
temperature. After the reaction solvent was evaporated, the mixture was purified by silica gel
chromatography using an eluent gradient from ethyl acetate to methanol to yield the product as
a white solid (3.12 g, 8.86 mmol, 71% yield).

4.2.3. Synthesis of Acid-Degradable PEG-PAK

PAK was synthesized by reacting compound 3 (0.47 g, 1.33 mmol, 1 equiv) with acid degradable
ketal crosslinker (compound 2, 0.36 g, 1.33 mmol, 1 equiv) in 10 mL of dimethylformamide (DMF)
via Michael addition conjugation. Afterwards, the mixtures were stirred for 6 days at 80 ◦C, and the
polymer was precipitated into anhydrous diethyl ether and dried under vacuum. The precipitated
polymer was dissolved in 10 mL of 1:9 methanol/6 N NaOH solution and stirred for 6 h to deprotect
trifluoroacetate groups. The crude polymer was purified by dialysis (MW cutoff = 6 kDa) against DI
water at 4 ◦C. Then, the polymer was dissolved in deionized (DI) water and amine-reactive 2 kDa
PEG-NHS (Laysan Bio, Arab, AL, USA) was added to solution for pegylation. After the pegylation,
the polymer was purified by a PD-10 desalting column (MW cutoff = 5 kDa), followed by flash dialysis
against DI water (MW cutoff = 6 kDa). The final product was obtained as a powder with a hint of
yellow color after lyophilization (0.18 g). Figure 1A shows a summary of the total synthetic process.

4.3. Transmission Electron Microscopy (TEM)

One microgram of SDF-1α pDNA was complexed with 20 μL of PEG-PAK in DI water
(N/P ratio = 100). Two microliters of mixture solution was dropped on a carbon-coated copper TEM
grid and air dried for 10 min at room temperature. To observe size and morphological changes of the
polyplexes upon acidic condition, 18 μL of SDF-1α pDNA/PEG-PAK polyplex solution was mixed
with 36 μL of pH 5.0 buffer and further incubated for 8 h at 37 ◦C. Then 2 μL of polyplex solution
was deposited on a TEM grid and dried. TEM images were acquired using a FEI Tecnai G2 Spirit
microscope (FEI Company, Hillsboro, OR, USA) operated at 120 kV.

4.4. hADSCs Culture

hADSCs were purchased (Lonza, Basel, Switzerland) and cultured in Dulbecco’s Modified
Eagle Medium (Gibco BRL, Gaithersburg, MD, USA) supplemented with 100 units/mL of penicillin
(Gibco BRL), 10% (v/v) fetal bovine serum (FBS, Gibco BRL), and 100 μg/mL of streptomycin
(Gibco BRL). All experiments were performed using hADSCs within five passages. To induce hypoxic
condition in vitro, hADSCs were cultured under 1% oxygen and serum-free medium, as previously
described [28].
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4.5. In Vitro SDF-1α Transfection

hADSCs were seeded at a density of 3 × 105 cells/well 24 h prior to transfection. SDF-1α pDNA
PEG-PAK polyplexes were prepared by mixing 8 μg (=600 pmol) of SDF-1α pDNA dissolved in 300 μL
of DI water with a desired amount of PEG-PAK polymer in 300 μL of DI water to obtain the N/P ratio
of 100. SDF-1α pDNA/PEI polyplexes at the N/P ratio of 10 were prepared as a control. After 30 min of
incubation at room temperature, the culture medium in the dish was replaced with 5.4 mL of FBS-free
Dulbecco Modified Eagle Medium (DMEM). Then 600 μL of polplex solution (or naked SDF-1α pDNA)
was added to the cells to obtain a final concentration of 100 nM. After 4 h of incubation, the medium in
the dish was replaced with fresh medium containing 10% FBS, followed by further incubation for 48 h.

4.6. Confocal Laser Scanning Microscopy

For fluorescence labeling of pDNA/PEG-PAK polyplexes, the desired amount of PEG-PAK
(N/P = 100) was mixed with 5 μg of Alexa Fluor 488-labeled DNA in DI water (final volume of 500 μL).
After 30 min of incubation, the polyplexes were labeled with amine-reactive Cy3 dye by following
the manufacturer’s instructions. Labeled pDNA/ PEG-PAK polyplexes were purified by a PD-10
size exclusion column. hADSCs were seeded at a density of 2 × 104 cells/well in a Falcon 8-well
culture slide, 15 h prior to the incubation with the fluorescently labeled polyplexes. After the medium
was replaced with 250 μL of fresh DMEM, 50 μL of polyplex solution containing 0.5 μg of Alexa
Fluor 488-labeled DNA was incubated with the cells in a well. After 8 h of incubation, the cells were
washed with PBS, followed by fixation with 2% paraformaldehyde for 30 min at 4 ◦C. Then the nuclei
of the cells were counter-stained with 1 μM DRAQ5 solution in PBS. The intracellular localization
and disassembly of pDNA/PEG-PAK polyplexes in hADSCs were observed under a confocal laser
scanning microscope (Olympus Fluoview 500, Olympus America, Melville, NY, USA) using a 60×
water immersion Plan-Apochromat objective lens. Fluorescence images of Alexa Fluor 488-labeled
pDNA (green) were acquired using a 488 nm excitation light from a multiple argon laser. A krypton
laser with 568 nm excitation was used to scan the images of the Cy3-labeled PEG-PAK (red). Images of
DRAQ5-stained nuclei (blue) were acquired using a 633 nm helium-neon laser. Images were scanned
at mid z-axis point of the cells to differentiate the fluorescence from the polyplexes adsorbed on the
cell surface.

4.7. Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

hADSCs were homogenized and lysed in TRIzol reagent. Total ribonucleic acid (RNA) was
extracted from hADSCs 5 days after hypoxic culture using chloroform. After the extracted RNA
was precipitated with 80% (v/v) isopropanol, the RNA pellet was washed with 75% (v/v) ethanol,
air-dried, and dissolved in 0.1% (v/v) diethyl pyrocarbonate-treated water. RNA concentration was
determined by measuring the absorbance at 260 nm using a spectrophotometer. Reverse transcription
was performed using 5 μg of pure total RNA and SuperScriptTM II reverse transcriptase, followed by
PCR amplification of the synthesized complementary deoxyribonucleic acid. The deoxyribonucleic
acid concentration of all the samples in the different experimental sets was measured with a NanoDrop
ND-1000 (NanoDrop Technologies, Rockland, Denmark). PCR consisted of 35 cycles of denaturing
(94 ◦C, 30 s), annealing (58 ◦C, 45 s), and extension (72 ◦C, 45 s), with a final extension at 72 ◦C for
10 min. PCR was followed by electrophoresis on a 2% (w/v) agarose gel and visualization by ethidium
bromide staining. PCR products were analyzed using a gel documentation system (Gel Doc 1000,
Bio-Rad, Hercules, CA, USA). β-actin served as an internal control.

4.8. Western Blot Analysis

The retrieved samples were lysed in ice-cold lysis buffer (15 mM Tris·HCl (pH 8.0), 0.25 M
sucrose, 15 mM NaCl, 1.5 mM MgCl2, 2.5 mM ethylenediaminetetraacetic acid (EDTA), 1 mM ethylene
glycol tetraacetic acid (EGTA), 1 mM DTT, 2 mM NaPPi, 1 μg/mL pepstatin A, 2.5 μg/mL aprotinin,
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5 μg/mL leupeptin, 0.5 mM phenylmethylsulfonyl fluoride, 0.125 mM Na3VO4, 25 mM NaF, and 10 μM
lactacystin). After protein concentration was determined using a bicinchoninic acid assay (BCA) kit,
equal protein concentration from each sample as mixed with Laemmli sample buffer, loaded, and
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 10% (v/v)
resolving gel. Proteins separated by SDS-PAGE were applied to an Immobilon-P membrane (Millipore
Corp., Billerica, MA, USA) and then probed with antibody against SDF-1α (Abcam, Cambridge, UK) for
1 hour at room temperature. The membranes were incubated with horseradish peroxidase-conjugated
secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 1 hour at room temperature.
The blots were developed using an enhanced chemiluminescence detection system (Amersham
Bioscience, Piscataway, NJ, USA). Luminescence was recorded on X-ray film (Fuji super RX, Fujifilm
Medical Systems, Tokyo, Japan), and bands were detected using a densitometer (Model GS-690, BioRad,
Hercules, CA, USA).

4.9. Enzyme-Linked Immunosorbent Assay (ELISA)

Concentrations of angiogenic growth factors in conditioned media obtained from hADSCs cultures
were determined using ELISA kits for human SDF-1α, VEGF, and FGF2 (R&D Systems, Minneapolis,
MN, USA) according to the manufacturer’s protocol.

4.10. Model of Mouse Hindlimb Ischemia

Hindlimb ischemia was induced in mice as previously described [29]. Four-week old female
athymic mice (20–25 g body weight, Bar Harbor, ME, USA) were anesthetized with xylazine (10 mg/kg)
and ketamine (100 mg/kg). The femoral artery and its branches were ligated via skin incision using
a 6-0 silk suture (Ethicon, Somerville, NJ, USA), along with the external iliac artery and all upstream
arteries. The femoral artery was then excised from its proximal origin as a branch of the external
iliac artery to the distal point whereupon it bifurcates into the saphenous and popliteal arteries.
The use and care of all animals in this study were approved by the Institutional Animal Care and Use
Committee of Washington University in St. Louis Medical School (No. 20110260, 6 February 2011) and
Sungkyunkwan University (No. SKKUIACUC-17-5-3-3, 3 May 2017).

4.11. Transplantation of SDF-1α Transfected hADSC into Ischemic Mouse Hindlimbs

After arterial dissection, mice were randomly divided into six groups (n = 8 for each group).
Naked SDF-1α pDNA, hADSC, SDF-1 pDNA/PEI transfected hADSCs, or SDF-1 pDNA/PEG-PAK
transfected hADSC (3 × 106 cells/limb) were intramuscularly injected into the gracilis muscle of the
medial thigh.

4.12. Histology and Laser Doppler Imaging Analysis

Ischemic limb muscles retrieved 21 days post-treatment were fixed with a formaldehyde solution,
dehydrated with a graded ethanol series, and embedded in paraffin. Next, 4-μm sections obtained
from the specimens were stained with hematoxylin and eosin (H&E) to examine muscle degeneration
and tissue inflammation. Laser Doppler imaging analysis (LDPI) was performed as described
previously [29]. A laser Doppler perfusion imager (Moor Instruments, Devon, UK) was used for
serial noninvasive physiological evaluation of neovascularization. Mice were monitored by serial
scanning of surface blood flow in hindlimbs on days 0, 7, 14, and 21 after treatment. Digital color-coded
images were scanned and analyzed to quantify a blood flow in ischemic regions from the knee joint to
the toe. Mean values of perfusion were subsequently calculated.

4.13. Immunohistochemistry

Ischemic limb muscles harvested 21 days post-treatment were embedded in optimal cutting
temperature compound (O.C.T. compound, TISSUE-TEK® 4583, Sakura Finetek USA Inc., Torrance,
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CA, USA), followed by freezing and slicing into 10 μm-thick sections at −22 ◦C. After all the samples
were completely sectioned, ten slides were selected out of the beginning, middle, and end part of each
sample. Immunofluorescent staining with anti-human nuclear antigen (HNA) (Chemicon, Temecula,
CA, USA) was conducted to detect transplanted human cells from the sections. Immunofluorescent
staining with caspase-3 (Abcam, Cambridge, UK) was used to detect apoptotic cells. For the detection
of capillaries and arterioles in ischemic regions, sections were immunofluorescently stained with
anti-CD31 (PECAM, Abcam) and anti-smooth muscle (SM) α-actin (Abcam), respectively, followed by
being examined using a fluorescent microscope (Nikon TE2000, Tokyo, Japan). Twenty different
images per slide were randomly acquired from three different samples and analyzed at ×200
magnification. CD31-positive vessels with single-layered round morphology and SM α-actin-positive
vessels with multiple-layered round morphology were counted, respectively. Fluorescent vessels with
round morphology were counted and calculated as vessel number per mm2. Rhodamine- (red) or
FITC- (green) conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove,
PA) were used to visualize the stained vessels. Cellular nuclei were counter-stained with DAPI
(Vector Laboratories, Burlingame, CA).

4.14. Statistical Analysis

GraphPad Prism 7 Software (GraphPad Prism 7, GraphPad Software, San Diego, CA, USA) was
used for performing statistical analysis. Triplicate data were analyzed using with one-way analysis
of variance (ANOVA) with a Bonferroni test for comparing more than two groups in all experiments
(Figures 1–6). A p-value of <0.05 was considered to be significant. Data are presented as mean with
standard deviation for all the measurements.
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Abstract: This study was conducted to evaluate the effect of biphasic calcium phosphate (BCP) coated
with reduced graphene oxide (rGO) as bone graft materials on bone regeneration. The rGO-coated
BCP bone graft material was fabricatied by mixing rGO and BCP at various concentrations.
The surface charge of rGO-coated BCP was measured to be −14.43 mV, which formed a static
electrostatic interaction. Cell viabilities were significantly diminished at higher concentrations of
≥100 μg/mL. The calvarial defects of 48 rats were implanted rGO-coated BCPs at a weight ratio of
2:1000 (rGO2), 4:1000 (rGO4), and 10:1000 (rGO10), repectively. BCP was used as a control group.
The micro-CT and histological analysis were performed to evaluate new bone formation at 2 and
8 weeks after surgery. The results showed that the new bone volume (mm3) was significantly higher
in the experimental groups than in the control group. Histological analysis showed that new bone
areas (%) were significantly higher in the rGO2 and rGO10 than in the control, and significantly
higher in rGO4 than in the rGO2 and rGO10. Conclusively, the rGO-coated BCP was found to be
effective on osteogenesis and the concentration of the composite was an important factor.

Keywords: reduced graphene oxide; biphasic calcium phosphate; bone regeneration;
concentration; rat

1. Introduction

Graft materials for alveolar bone augmentation can be classified based on the source of the bone
as: autogenous, allogeneic, xenogeneic, or alloplastic bone grafts [1]. Autogenous bone grafts are
the recognized gold standard, as they encourage osteogenesis and minimize cellular and humoral
immune reactions [2]. However, the availability of autogenous bone is limited and harvesting requires
additional surgery [3]. Allogeneic bone grafts are not limited with respect to the amount of bone
harvested and do not require second surgery, but they do present the risk of disease transmission and
raise ethical issues [4]. Xenogeneic bone grafts are easily obtained and manufactured, but they pose
infection risks and have low osteoinductive capacities [5]. On the other hand, alloplastic bone grafts,
like xenogeneic bone grafts, are readily available but raise concerns about inflammatory reactions and
have poor osteoinductive potentials [6].
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Alloplastic bone grafts are derived from non-living materials and are manufactured industrially.
These grafts are composed of hydroxyapatite (HA) or β-tricalcium phosphate (β-TCP) [7]. Biphasic
calcium phosphate (BCP, a mixture of hydroxyapatite and β-tricalcium phosphate) is used widely
to control resorption rate and provide space maintenance [8]. Alloplastic bone can be manufactured
without restriction and poses no risks of infection or immune response, but its osteoinductive potential
is poor [6]. As a result, many studies have been conducted to enhance the bone regeneration
performance of alloplastic grafts [9–14]. Bone morphogenetic protein-2 and -3 (BMP-2 and -3),
β-glycerophosphate, and ascorbate are known osteogenic differentiation-inducing agents [10,11].

Nowdays, graphene is being studied as a means of enhancing bone regeneration [15,16]. At the
atomic level, graphene is a flat monolayer of carbon atoms tightly packed into a two-dimensional (2D)
honeycomb lattice [17]. Graphene has unique mechanical, electrical, thermal, and optical properties,
and thus, has applications in many fields, such as, electronics, semiconductors, energy production,
polymer science, and biotechnology [18]. The potential of graphene and its derivatives to enhance
stem cell differentiation is of particular interest. To enhance stem cell differentiation, graphene and
its derivatives function as planar culture platforms to differentiate stem cells towards osteogenic,
neurogenic, myogenic, and chondrogenic lineages [19–24]. There are three types of graphene: pristine
graphene, graphene oxide (GO), and reduced graphene oxide (rGO). Pristine graphene is a thin layer of
pure carbon produced mainly by chemical vapor deposition (CVD), by the exfoliation of graphite [25].
GO is a hydrophilic oxidized form of graphene, and as its name implies, contains oxygen-containing
groups [26]. rGO is obtained from reduction of GO, which removes oxygen-containing groups [27].
Of the three different forms of graphene, rGO has been focused on more so as a biomaterial
that enhances cellular behaviors, because rGO is biocompatible and has some reactive functional
groups [27–29]. Furthermore, the toxicity of GO can be minimized by controlling GO reduction [28].
In one in vitro study, graphene was found to enhance the adherence and growth of mesenchymal
stem cells and osteoblasts [30], and in an animal study, rGO hydroxyapatite nanocomposites enhanced
osteogenesis, though the particle size of hydroxyapatite used was considerably smaller than that
typical of clinical bone graft materials [31].

Accordingly, using a combination of graphene and alloplastic bone graft in dental clinics was
considered to enhance bone regeneration. In the present study, a biphasic calcium phosphate bone
graft material was mixed in different ratios with rGO and these materials were evaluated to investigate
the effects of rGO on bone regeneration.

2. Results

2.1. In Vitro Results

2.1.1. Characterizations of Reduced Graphene Oxide (rGO)-Coated Biphasic Calcium Phosphate (BCP)
Bone Graft Materials

The surface morphology of a BCP microparticle (Bio-C) and of a rGO-coated BCP bone graft
material are shown in Figure 1. A field emission scanning electron microscope (FE-SEM, Hitachi
S-4700, Hitachi, Tokyo, Japan) showed rGO-coated BCP microparticles had an irregular granule-like
shape with diameters of several microns, and were partly covered by an interconnected network of
rGO nanoplatelets (Figure 1D).
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Figure 1. Field emission scanning electron microscope (FE-SEM) images of biphasic calcium phosphate
(BCP) microparticles (magnification: 30× (A); 500× (B)) and reduced graphene oxide (rGO)-coated
BCP bone graft materials (magnification: 30× (C); 500× (D)). Arrows indicate the rGO nanoplatelets.

The ζ potential analysis showed that BCP microparticles in deionized water (pH 7.0) were charged
at about +2.17 mV, whereas rGO nanoplatelets were charged at about −34.5 mV (Figure 2). The surface
charge of rGO-coated BCP was be around −14.43 mV. These results indicate that rGO-coated BCP
bone graft material was probably formed by electrostatic interactions between BCP microparticles and
rGO nanoplatelets.

Figure 2. The surface charge of BCP, RGO, and rGO-coated BCP by the ζ potential analysis.

The Raman spectra of rGO-coated BCP and BCP are presented in Figure 3. In the Raman spectrum
of rGO-coated BCP, characteristic bands of rGO nanoplatelets, corresponding to the D and G bands
of rGO nanoplatelets, were observed at ~1350 and ~1600 cm−1, respectively. On the other hand, no
notable peak was observed in the Raman spectrum of BCP microparticles [32,33].
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Figure 3. The Raman spectrum of rGO-coated BCP were observed at 1350 and 1600 cm−1,
corresponding to the D and G bands of rGO nanoplatelets.

2.1.2. Cytotoxicity of rGO Nanoplatelets

The viabilities of MC3T3-E1 osteoblasts decreased on increasing rGO nanoplatelet concentration
(Figure 4). Cell viabilities were slightly affected at concentrations <62.5 μg/mL, but were significantly
(p < 0.05) diminished at higher concentrations (≥100 μg/mL). At an rGO nanoplatelet concentration of
500 μg/mL, MC3T3-E1 osteoblast viability fell to ~40% of non-treated controls.

Figure 4. The viability of MC3T3-E1 osteoblasts according to increasing rGO nanoplatelet concentration
(μg/mL).

2.2. In Vivo Results

2.2.1. Clinical Findings

Forty-eight male Sprague–Dawley rats survived the experimental procedure, and all 48 defects
were harvested without problem. During the treatment period after surgery, no collagen membrane
was exposed or lost, and no other abnormal findings, such as infection or inflammation, were observed.

2.2.2. Micro-Computed Tomography (Micro-CT) Findings

Total volumes of new bone within regions of interest (ROIs) were measured using the micro-CT
scanner at 8 weeks after surgery. Micro-CT images showed the bone graft material was well positioned
in defects (Figure 5). No macroscopic difference was observed between the control and experimental
groups. New bone volumes, determined by micro-CT, are summarized in Table 1 and Figure 6.
At 8 weeks after surgery, mean (±SD) new bone volumes (mm3) in the control, rGO2, rGO4, and
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rGO10 groups was 2.59 ± 1.10, 7.43 ± 1.40, 7.65 ± 1.39, and 5.43 ± 1.12, respectively, and new bone
volumes in the experimental groups were significantly different (p < 0.001). Furthermore, new bone
volume was significantly greater in the three experimental groups than in the control group at week 8
(p < 0.05). The rGO4 group exhibited the greatest amount of new bone volume, and the control group
the least. The three experimental groups tended to have significantly greater new bone volume values
than the control group.

 

Figure 5. Micro-computed tomographic images. (A) Control group; (B) rGO2 group; (C) rGO4 group;
(D) rGO10 group.

Table 1. New bone volumes within regions of interest (n = 6; mm3).

Group Mean ± SD Median

Control 2.59 ± 1.10 2.40
rGO2 7.43 ± 1.40 7.08
rGO4 7.65 ± 1.39 7.51

rGO10 5.43 ± 1.12 5.77

Figure 6. Scatter plot and median values (the crosses) of new bone volumes (mm3) (** p < 0.01,
*** p < 0.001).
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2.2.3. Histologic Findings

No abnormal findings, such as inflammation, were noted in any group. In the three experimental
groups, bone graft materials were well positioned in calvarial defect sites, presumably due to the
presence of the collagen membrane.

At 2 weeks after surgery (Figure 7), the early phase of new bone formation was observed around
existing bone in calvarial defects in the control and experimental groups, but most of the new bone
tissues were immature. In the control group, large quantities of fibrous and connective tissues were
observed without inflammation in entire calvarial defect sites. Whereas in the rGO4 group, a large
quantity of new bone formation from existing bone around the bone graft material was observed.
As compared with the control group, the bone formation in the three rGO groups was enhanced.

At 8 weeks after surgery (Figure 8), new bone formation and calcification were observed in the
control and experimental groups. In most specimens, new bone formation was observed around
existing bone and surrounded bone graft materials. At 8 weeks, in the rGO4 group, a large quantity
of new bone from existing old bone surrounded bone graft materials. As compared with the control
group, all three rGO groups showed obviously more new bone formation at 8 weeks after surgery.

Figure 7. Histological view of hematoxylin and eosin (H&E) stained specimens obtained at 2 weeks after
surgery. Black box is the area of interest. (A–C) Control group; (D–F) rGO2 group; (G–I) rGO4 group;
(J–L) rGO10 group; OB: old bone, NB: new bone, GM: bone graft material (Original magnifications:
12.5× (A,D,G,J), 40× (B,E,H,K), 100× (C,F,I,L)).
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Figure 8. Histological view of Masson’s trichrome stained sections at 8 weeks after surgery. Black box
is the area of interest. (A–C) Control group; (D–F) rGO2 group; (G–I) rGO4 group; (J–L) rGO10 group;
OB: old bone, NB: new bone, GM: bone graft material (Original magnifications: 12.5× (A,D,G,J), 40×
(B,E,H,K), 100× (C,F,I,L)).

2.2.4. Histometric Findings

Histometric measurements are summarized in Table 2 and Figures 9 and 10. Differences in new
bone area percentages (%) were significant between groups (p < 0.001).

At 2 weeks, mean (± SD) new bone area percentages (%) in the control, rGO2, rGO4, and rGO10
groups were 0.81 ± 0.64, 3.67 ± 1.13, 5.08 ± 1.02, and 1.90 ± 0.95, respectively. The rGO4 group had
the highest new bone area percentage (%), and the control group showed the lowest. New bone area
percentages were significantly higher in the experimental groups than in the control group at 2 weeks
(p < 0.05).

At 8 weeks, mean (±SD) new bone area percentages (%) in the control, rGO2, rGO4, and rGO10
groups were 1.88 ± 0.93, 5.66 ± 1.71, 6.11 ± 1.83, and 2.34 ± 0.79, respectively. New bone area
percentages were significantly higher in the rGO2 and rGO10 experimental groups than in the control
group, and significantly higher in rGO4 group than in the rGO2 and rGO10 groups (p < 0.05).
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Table 2. New bone area percentages within the areas of interest (n = 6; %).

Week Group Mean ± SD Median

2

Control 0.81 ± 0.64 0.57
rGO2 3.67 ± 1.13 3.52
rGO4 5.08 ± 1.02 4.86
rGO10 1.90 ± 0.95 1.64

8

Control 1.88 ± 0.93 1.83
rGO2 5.66 ± 1.71 4.90
rGO4 6.11 ± 1.83 5.87
rGO10 2.34 ± 0.79 2.31

Figure 9. Scatter plot and medians (crosses) of new bone area percentages (%) at 2 weeks after surgery
(* p < 0.05, *** p < 0.001).

Figure 10. Scatter plot and medians (crosses) of new bone area percentages (%) at 8 weeks after surgery
(*** p < 0.001).
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3. Discussion

Graphene is composed of a single layer of carbon atoms that are tightly bonded in a hexagonal
honeycomb lattice, which is the basic building block of all graphitic materials [17]. Graphene is used
in many different biomedical fields, such as, drug delivery, gene delivery, biosensing, phototherapy for
cancer, and bioimaging [34–39]. Graphene and its derivates allow the attachment of stem cells and
stimulate their growth and their differentiation to the osteogenic lineage [40]. According to Kalbacova,
graphene enhances the adherence and growth of mesenchymal stem cells and osteoblasts, but is
not cytotoxic to these cells, and also has the potential to differentiate mesenchymal stem cells to the
osteoblastic lineage [30]. Shin et al. [41] reported that rGO hydroxyapatite nanocomposites function as
effective bone fillers that stimulate the osteogenesis of preosteoblasts.

In this study, BCP was coated at different levels with rGO, and this was confirmed by FE-SEM.
In FE-SEM images, BCP was partially covered and interconnected by an rGO network. Previous studies
have reported that osteoblasts adhered well to and proliferated on rGO- or graphene-hydroxyapatite
hybrid materials, which suggests that these materials induce the three dimensional (3D) adhesion of
osteoblast cells and maintain cell viability by providing a microenvironment similar to that found
in vivo [42]. ζ potential analysis was used to determine surface potentials, and the results obtained
suggested that rGO-coated BCP composite had a stable surface and a surface charge of −14.43 mV,
which indicated rGO-coated BCP bone graft material was formed by electrostatic interactions between
BCP and rGO. In the Raman spectrum of the rGO-coated materials, the intensity ratio of the D
and G bands (ID/IG) is commonly used to characterize graphene and its derivatives [43]. The G
band is attributed to the in-plane stretching vibration of graphene, while the D band represents
structural defects in sp2-bonded carbon domains [44,45]. Therefore, the ID/IG value of rGO is
larger than 1. As shown in Figure 3, the ID/IG value of rGO-coated BCP composite was larger
than 1 (~1.05), indicating that the rGO nanoplatelets were successfully prepared, and the structure
of rGO nanoplatelets were maintained in the rGO-coated BCP. Therefore, considering the FE-SEM
images (Figure 1) together with Raman spectra (Figure 3), it is indicated that the rGO-coated BCP
was successfully prepared. The influence of rGO on cell growth is largely dependent on its size,
structure, and concentration [46–49]. In the present study, the cytotoxicity of rGO was evaluated
using a cell counting kit-8 (CCK-8) assay, which is based on mitochondrial activity. According to a
previous study, the cytotoxicity of rGO involves the generation of an oxidative stress response [46].
rGO has been reported to exhibit dose-dependent cytotoxicity but showed no apparent cytotoxicity
at low concentration [47,48]. In the present study, cell viability was significantly decreased at rGO
concentrations >100 μg/mL, but was maintained above 80% at concentrations <62.5 μg/mL. These
results suggest rGO has no harmful effects and is non-cytotoxic at concentrations <62.5 μg/mL.

At 8 weeks after surgery, total volumes of new bone (mm3) were measured by micro-CT, and it
showed that the rGO-coated BCP groups exhibited significantly more new bone formation than the
control group. The rGO4 group involved the use of a rGO and BCP 4:1000 mixture and it showed the
greatest total volume of new bone. Micro-CT and histometric analysis showed that the rGO4 group
showed the highest new bone area percentage, and somewhat surprisingly the rGO10 group had a
lower new bone area percentage than the rGO2 group. These results suggest as the percentage of rGO
is increased, bone regeneration ability is enhanced, but when the rGO percentage exceeds a certain
threshold level, rGO cytotoxicity decreases osteoblast viability.

The physical and chemical characteristics of graphene are presumably responsible for its
enhancement of osteogenic differentiation. In particular, the wrinkles and ripples present on graphene
surfaces may affect osteogenic differentiation [40,50], as these features assist cell anchorage and
increase cytoskeletal tension [50,51]. In addition, graphene can adsorb proteins (β-glycerophosphate)
and biomolecules (dexamethasone) and these could promote cell differentiation [38].

In this study, we found that rGO-coated BCP bone graft material accelerated new bone formation.
We suggest further studies be undertaken to determine the optimal concentration of rGO.
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4. Materials and Methods

4.1. In Vitro Study

4.1.1. Preparation of rGO Nanoplatelets

GO was prepared from flake graphite using the modified Hummers and Offeman method
(Figure 11) [41,52]. A small amount of graphite flakes (Grade 1721, Asbury Carbon, Asbury, NJ,
USA) was placed into a glass beaker and heated for 10 s in a microwave oven. Separately, H2SO4

(50 mM) was added to a flask, which was then placed in a cold water bath (0 ◦C) with stirring.
Microwave treated graphite flakes (2 g) were then slowly added to this flask, and this was followed
by slowly adding 6 g KMnO4 powder. This mixture was then heated for 2 h at 35 ◦C with stirring.
Deionized water was then slowly added to the mixture, which was maintained at a temperature of
<70 ◦C. To eliminate the KMnO4, H2O2 (30 wt %) was then added gradually. At this stage the color
of the mixture changed from a dark brown to a brilliant yellow. The mixture was filtered several
times and diluted with deionized water to completely remove acid until its pH reached 6. GO was
obtained by drying the resulting suspension for 12 h. To prepare rGO nanoplatelets, the prepared
GO suspension (1 g in 1 L deionized water) was sonicated for 2 h, and then 10 mL hydrazine hydrate
(N2H4·H2O) was added to the GO suspension. The reaction was conducted at 100 ◦C for 24 h, and
the suspension obtained was filtered several times and washed with ethanol–water solutions. rGO
nanoplatelets were prepared by drying under vacuum conditions at 80 ◦C for 12 h [52].

Figure 11. Schematic images of the process used to produce reduced graphene oxide (rGO).

4.1.2. Preparation of rGO-coated BCP Bone Graft Material

The BCP microparticles (MP; Bio-C, Cowellmedi, Seoul) used in this study were a mixture of HA
and β-TCP (3:7 by weight). To prepare rGO-coated BCP graft material, as-prepared rGO in deionized
water was sonicated for 2 h, and then mixed with BCP suspended in deionized water at rGO to
BCP weight ratios of 2:1000, 4:1000, or 10:1000. The rGO-coated BCP graft material was obtained by
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vigorously mixing colloidal dispersions of rGO nanoplatelets and BCP microparticles for 10 min and
slow air-drying at room temperature overnight.

4.1.3. Characterizations of the rGO-Coated BCP Bone Graft Materials

The morphologies of rGO-coated BCPs were studied using a FE-SEM (Hitachi S-4700, Hitachi,
Tokyo, Japan) at an accelerating voltage of 5 kV. The surface potentials of the rGO-coated BCPs were
obtained using a Zetasizer (Malvern Instruments, Nano ZS, Worcestershire, UK). The Raman spectra of
rGO-coated BCP, rGO nanoplatelets, and BCP were obtained by a Raman spectrometer (Micro Raman
PL Mapping System, Dongwoo Optron Co., Kwangju, Korea) with excitation a 514.5 nm using an
Ar-ion laser at a radiant power of 5 mW.

4.1.4. Cytotoxicity of rGO Nanoplatelets

A murine preosteoblastic cell line (MC3T3-E1 cells from C57BL/6 mouse calvaria) was purchased
from the American Type Culture Collection (CRL-2593™; ATCC, Rockville, MD, USA). This cell-line
is an established osteoblast model and has been widely used to investigate osteogenesis and bone
formation [53,54]. Cells were maintained in complete α-minimum essential medium supplemented
with 10% fetal bovine serum and 1% antibiotic antimycotic solution (all from Sigma-Aldrich, St Louis,
MO, USA) in a humid 5% CO2 atmosphere at 37 ◦C. The cytotoxic effects of rGO nanoplatelets
on MC3T3-E1 cells were assessed using a cell counting kit-8 (CCK-8) (Dojindo, Kumamoto, Japan),
according to the manufacturer’s instructions. Numbers of viable cells were found to be directly
proportional to the metabolic reaction products obtained in the CCK-8 assay. Briefly, the MC3T3-E1
cells were seeded at a density of 5 × 104 cells/mL on 24-well plates and incubated for 24 h. The rGO
nanoplatelets were then added at concentrations from 0 to 500 μg/mL, and the cells were further
cultured for 24 h. Subsequently, the cells were incubated with a CCK-8 solution for the last 2 h of the
culture period (24 h) at 37 ◦C in the dark. Absorbances were measured at 450 nm using an ELISA
reader (SpectraMax 340, Molecular Device Co., Sunnyvale, CA, USA).

4.2. In Vivo Study

4.2.1. Experimental Animals and Design

Forty-eight 12- to 13-week-old male Sprague–Dawley rats (250–300 g) were used in this study.
Before starting, rats were allowed and a minimum adaption period of 7 days. During all procedures,
rats were housed in plastic cages (maximum of 3 rats per cage) under controlled conditions (25 ± 1 ◦C
and RH 55 ± 7%). All animals had access to a rodent diet and water ad libitum. The experimental
protocol was approved beforehand by the Pusan National University Institutional Animal Care and
Use Committee (PNU-2016-1407, 7 January 2016) and performed at the Laboratory Animal Resource
Center of Pusan National University.

The animals were divided into four groups depending on bone graft material used.

1. Control group (n = 12)
: only BCP;

2. rGO2 group (n = 12)
: a mixture of rGO and BCP at a ratio of 2:1000 (Concentration of rGO: 28 μg/mL);

3. rGO4 group (n = 12)
: a mixture of rGO and BCP at a ratio of 4:1000 (Concentration of rGO: 56 μg/mL);

4. rGO10 group (n = 12)
: a mixture of rGO and BCP at a ratio of 10:1000 (Concentration of rGO: 140 μg/mL).
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4.2.2. Surgical Procedures

All surgical procedures were performed under general anesthesia. A mixture of tiletamine-zolazepam
(Zoletil 50, Virbac, Carros, France) and xylazine (Rompun, Bayer Korea, Seoul) at 6:4 was anesthetized
by intramuscular injection into animals. 0.2 mL of anesthetic per rat was used [55]. Surgical sites on rat
crania were shaved and disinfected with alcohol and povidone-iodine (Betadine, Korea Pharma Co.,
Seoul, Korea). Local anesthesia was performed using 2% lidocaine containing 1:100,000 epinephrine
(Yu-Han Co., Gunpo, Korea) at surgical sites.

A 15-mm incision was made at midline and the skin and periosteum were dissected to expose
parietal bones. An 8-mm diameter bone defect was then formed in the middle of calvaria using a
trephine bur (external diameter 8 mm, 3i Implant Innovation, Palm Beach Garden, FL, USA) under
saline irrigation. In the control group, 0.03 ± 0.002 g of Bio-C was placed on the calvarial defect
using a micro spoon (Karl Hammacher GmbH Co., Cologne, Germany), and in the three experimental
groups, the same amount of rGO-coated BCP was placed in the same manner. After completing
the bone grafting, a collagen membrane (GCM2030, GENOSS, Suwon, Korea) was cut into square
shape (10 mm × 10 mm) and used to cover the defect (Figure 12). Periosteum at the incision site was
sutured using a 4-0 absorbable suture (Vicryl, Ethicon, Somerville, NJ, USA) and skin was sutured
with 4-0 black silk.

 

Figure 12. Surgical procedures. (A) A defect was formed in the middle of calvaria using a trephine bur;
(B) Bone graft material was placed; (C) A collagen membrane was placed on the defect.

Animals were allowed to recover for 2 or 8 weeks after surgery. In the three experimental groups,
animals were sacrificed by CO2 inhalation at 2 or 8 weeks after surgery. To collect specimens, skin
was removed, and defect sites were harvested with surrounding bone. Collected specimens were
immediately immersed in neutral buffered formalin (Sigma-Aldrich) for 2 weeks and prepared for
micro-computed tomographic (micro-CT) and histomorphometric analyses.

4.2.3. Micro-Computed Tomography Analysis

Harvested calvaria were scanned using a micro-CT scanner (Skyscan-1173, version 1.6, Bruker-CT
Co., Kontich, Belgium) at 8 weeks after surgery (Figure 13). Harvested calvaria were wrapped in
film (Parafilm M, Bemis Co., Neenah, WI, USA) to prevent evaporation of fixative solution during
scans. Scanning was performed at 130 kV, 60 μA, at a pixel resolution of 7.10 μm using a bromine filter
(0.25 mm). The Nrecon reconstruction program (version 1.6.10.1, Bruker-CT Co., Kontich, Belgium)
was used to reconstruct images. Identical parameters were used for all specimens. A cylindrical region
of interest (ROI; 8 mm diameter; the same size as the original defect) was established, and total volume
of new bone volume (NBV; mm3), that is, the volume occupied by new bone within the region of
interest, was measured.
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Figure 13. Micro-computed tomographic (CT) images of regions of interest. (A) Reconstructed image;
(B) Color image (yellow and green-bone graft material and orange and purple-new bone); (C) Total
bone (bone graft material and new bone) image; (D) Bone graft material image.

4.2.4. Histologic and Histometric Analysis

Specimens were decalcified in 10% ethylenediaminetetraacetic acid (EDTA) solution (pH 8.0)
for 2 weeks at 4 ◦C. After dehydration, specimens were embedded in paraffin, and sectioned
longitudinally at 4 μm through the largest defect diameter using a microtome. Slides were stained with
hematoxylin-eosin and Masson’s trichrome stain for histologic and histometric analyses to observe
newly regenerated bone tissues, and photographed under an optical microscope (BX51, OLYMPUS,
Tokyo, Japan) connected to a computer. Captured images were analyzed using an image analysis
program (i-solution ver. 8.1, IMT, Vancouver, BC, Canada). For histologic and histometric analyses,
specimen images were observed at magnifications of 12.5×, 40×, and 100×. Histologic and histometric
analyses were performed by the same blinded investigator. Total area of new bone was defined as the
area occupied by new bone within a defect (Figure 14), and new bone area (%) (NBA %) was defined
as the area occupied by new bone expressed as a percentage of total defect area.

Figure 14. Schematic illustration of the histometric analysis.

73



Int. J. Mol. Sci. 2017, 18, 1725

4.2.5. Statistical Analysis

Results are expressed as means, standard deviations, and medians. The analysis was conducted
using the statistical software package R ver. 3.1.3 (The R Foundation, Vienna, Austria). To compare
group micro-CT and histomorphometric results, we used the non-parametric analysis devised by
Brunner & Langer. The statistical significance was accepted for p values of <0.05.

5. Conclusions

The in vitro results obtained in the present study indicate that reduced graphene oxide-coated
biphasic calcium phosphate is a safe and stable bone graft material. The reduced graphene oxide-coated
biphasic calcium phosphate enhanced bone regeneration better than biphasic calcium phosphate
alone. In addition, new bone formation appeared to be influenced by the concentration of reduced
graphene oxide in the composite. We suggest further studies be undertaken to determine the optimum
concentration of reduced graphene oxide in the composite.
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Abstract: Morbus Alzheimer neuropathology is characterized by an impaired energy homeostasis
of brain tissue. We present an approach towards a potential therapy of Alzheimer disease based on
the high-energy polymer inorganic polyphosphate (polyP), which physiologically occurs both in the
extracellular and in the intracellular space. Rat pheochromocytoma (PC) 12 cells, as well as rat primary
cortical neurons were exposed to the Alzheimer peptide Aβ25-35. They were incubated in vitro with
polyphosphate (polyP); ortho-phosphate was used as a control. The polymer remained as Na+ salt;
or complexed in a stoichiometric ratio to Ca2+ (Na-polyP[Ca2+]); or was processed as amorphous
Ca-polyP microparticles (Ca-polyP-MP). Ortho-phosphate was fabricated as crystalline Ca-phosphate
nanoparticles (Ca-phosphate-NP). We show that the pre-incubation of PC12 cells and primary cortical
neurons with polyP protects the cells against the neurotoxic effect of the Alzheimer peptide Aβ25-35.
The strongest effect was observed with amorphous polyP microparticles (Ca-polyP-MP). The effect of
the soluble sodium salt; Na-polyP (Na-polyP[Ca2+]) was lower; while crystalline orthophosphate
nanoparticles (Ca-phosphate-NP) were ineffective. Ca-polyP-MP microparticles and Na-polyP[Ca2+]
were found to markedly enhance the intracellular ATP level. Pre-incubation of Aβ25-35 during
aggregate formation, with the polyP preparation before exposure of the cells, had a small effect on
neurotoxicity. We conclude that recovery of the compromised energy status in neuronal cells by
administration of nontoxic biodegradable Ca-salts of polyP reverse the β-amyloid-induced decrease of
adenosine triphosphate (ATP) level. This study contributes to a new routes for a potential therapeutic
intervention in Alzheimer’s disease pathophysiology.

Keywords: β-amyloid; calcium polyphosphate; microparticles; neurotoxic effect; adenosine
triphosphate level; PC12 cells; primary rat cortex neurons
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1. Introduction

Alzheimer’s disease (AD), a neurodegenerative disorder characterized by deposition of amyloid-β
(Aβ) peptides in the brain, leads to progressive memory loss and dementia [1,2]. The two proteins,
amyloid β-protein and Tau, are characteristic signatures of AD [3]. Amyloid β-protein is a small
peptide fragment generated through cleavage from the amyloid precursor protein (APP) [4]. Due to the
fact that the etiologic agent(s) and the metabolic targets for AD have not been identified unequivocally,
no causative cure can be offered. Five agents have been accepted with sufficient safety and efficacy to
allow marketing approval: four cholinesterase inhibitors [5] and memantine [6]. We could demonstrate
that memantine prevents neuronal apoptosis due to modulation of the NMDA (N-methyl-D-aspartate)
receptor [7,8].

In general neurons and glial cells consume high levels of ATP in the brain. Since no energy storage
system is available in the central nervous system, there is a high demand for a continuous adenosine
triphosphate (ATP) supply that must be guaranteed to maintain energy homeostasis [9,10]. In our
previous studies, we reported that the level of inorganic polyphosphate (polyP) in the brain of rats
decrease with age [11,12]. Especially the latter finding is interesting since it might imply that the
reduced polyP concentration in the brain of older specimens (rats) might have an etiological role or
represent a predisposition for Alzheimer’s disease. polyP, consisting of up to 1000 phosphoanhydride
bond-linked phosphate monomers, has been detected in all prokaryotic and eukaryotic organisms;
the concentration in mammalian tissues is approximately 50 μM, equivalent to 5 mg/g of tissue [13].
Intracellularly, polyP is present in the cytosol and in 100–200 nm sized acidocalcisomes, and is secreted
into the extracellular space by platelets, astrocytes, and bacteria [14]. During hydrolysis of polyP by
the enzyme alkaline phosphatase energy-rich anhydride bonds are cleaved that are proposed to give
rise to metabolic energy ADP and/or ATP [15,16].

Recently, it has been published that polyP accelerates the fibril formation of both bacterial and
human proteins [16,17]. Furthermore, experiments showed that the intracellular level of polyP might
confer to a protection against cell death, including the β-amyloid peptide induced Ca2+-dependent
apoptosis [18]. Now, we used rat pheochromocytoma cells [PC12 cells], as well as primary
cortical neurons, to study the effect of the soluble Na+ salt of polyP (Na-polyP) and of amorphous
microparticles fabricated from the Ca2+ salt of polyP (Ca-polyP-MP) to determine the neuroprotective
potency of these two polymer preparations. As an inducer of amyloid β-protein-related cell
toxicity, we applied a fragment of the amyloid β-protein, displaying amyloidogenic ability, primarily
Aβ25-35 [19,20]. In a previous study, we reported that the Aβ peptide should stay in distilled water
in a stock solution (900 μM) for five days (5 day) to develop full toxicity [21,22]. In the present
study, we added Aβ25-35 at the clinical relevant dose of 5 μM (see: [23]) to PC12 cells. This Aβ25-35
peptide was found to reduce the cell survival during a 6 h incubation period. Concurrently, the ATP
level of the cells dropped in the presence of Aβ25-35 by more than 50%. Both this toxic effect and
the drop of the ATP pool size could be partially reversed by Na-polyP and almost completely by
Ca-polyP-MP. We conclude that polyP rebalances of the β-amyloid-induced decrease in ATP level and
in turn abrogate the neurotoxic effect displayed by Aβ25-35.

2. Results

2.1. Fabrication and Morphology of the Particles

In previous studies, it had been suspected that polyP microparticles are taken up by
endocytosis [15,16], while the soluble polyP interacts with cell-surface receptors, followed by a
signal-transduction pathway [24]. Therefore, the studies, summarized here had to be performed
in parallel with both soluble (Na-polyP[Ca2+]) and particulate (Ca-phosphate-NP, Ca-polyP-MP)
phosphate samples.

The particles were fabricated using a previously developed precipitation method from CaCl2 and
an aqueous polyphosphate solution at an approximate weight ratio of 2:1 [15]. Under these weight
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conditions, polyP was found to form microspheres. This procedure was applied both for Na-polyP,
with a chain length of ~40 Pi units, and tri-sodium (ortho)-phosphate. The CaCl2 solution was added
dropwise to the respective phosphate solution. Na-polyP[Ca2+] was prepared as described under
“Materials and Methods”.

The fabricated particles, both Ca-phosphate-NP and Ca-polyP-MP, had a powder like consistency
(Figure 1A,B). At a higher magnification they appear as homogeneous grains (Figure 1C,E). At the
nanoscale, the Ca-phosphate-NP show a largely homogeneous morphology with a diameter of the
particles of 35 ± 8 nm (n = 20) (Figure 1D). In contrast, the spherical Ca-polyP-MP showed an average
size of 170 ± 87 nm (Figure 1F).

 

Figure 1. Micrographs of Ca-phosphate nanoparticles (Ca-phosphate-NP) and of Ca-polyP
microparticles (Ca-polyP-MP); (A,B) optical microscopy; (C–F) Scanning electron microscopy (SEM)
(A,C,D) The Ca-phosphate-NP appear as homogeneous material and as spherical particles of
a size around 35 nm at high magnification; (B,E,F) The Ca-polyP-MP particles are a likewise
homogenous powder at lower magnification and spherical particles at high power scanning electron
microscopy (SEM).

2.2. Characterization by Fourier Transform Infrared and X-ray Diffraction

The Fourier Transform Infrared (FTIR) spectra of the Ca-phosphate-NP (Figure 2A) and the
Ca-polyP-MP (Figure 2C) show characteristic differences. The Ca-phosphate-NP exhibit a spectrum
indicative for carbonated apatite [25]. The spectrum comprises the typical ν4 bending vibrations of
PO4

3− at 557 and 600 cm−1, the ν1 symmetric PO4
3− stretching at 960 cm−1 (to be published), as well

as the ν3 asymmetric stretching at 1018 cm−1. The occurrence of the latter band is also proven to
be a marker for ortho-phosphate [26]. Additionally, bands originating from carbonate are visible
at 877 cm−1 (ν2 bending vibration) and 1415 cm−1 as well as 1455 cm−1 (ν3 asymmetric stretching
vibration; double band). The occurrence of these CO3

2− bands is characteristic for type B apatite [27,28].
In contrast, the spectrum of the Ca-polyP-MP (Figure 2C) only shows the characteristic signals for
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polyP, as described before [15]. These can be ascribed with 1245 cm−1 for νas (PO2)−, 1104 cm−1 for
νas (PO3)2−, 997 cm−1 for νsym (PO3)2−, 905 cm−1 for νas (P-O-P) and 735 cm−1 for νsym (P–O–P).
Vibrations indicative for carbonate are not present.

The X-Ray Diffraction (XRD) pattern for Ca-phosphate-NP shows that the mineral is crystalline
(Figure 2B). This must be deduced from the recorded pattern between 20◦ and 57◦; there, sharp
reflections are seen with the maximum peak at 26.4◦. In contrast, the XRD pattern for Ca-polyP-MP
indicates that this material is amorphous (Figure 2D).

Figure 2. Characterization of the (A,B) Ca-phosphate-NP and (C,D) Ca-polyP-MP particles.
The analyses were performed by (A,C) Fourier Transform Infrared (FTIR) and (B,D) X-Ray
Diffraction (XRD).

2.3. Cell viability after Exposure to Phosphate or polyP Preparations

PC12 cells were exposed to three different phosphate preparations (concentration 30 μg/mL), first
against Na-polyP[Ca2+], then against Ca-phosphate-NP, and finally against Ca-polyP-MP (Figure 3).
In the controls, no phosphate sample was added. The incubation in the 48-well plates was for 72 h;
the seeding concentration was 2 × 104 cells/mL. At the end of the incubation period, the cells were
harvested and subjected to the 3-[4,5-dimethyl thiazole-2-yl]-2,5-diphenyl tetrazolium (MTT) assay;
the amount of formazan crystals was quantitated as described under “Materials and Methods”. As seen
the viability, measured on the basis of the enzymatic reaction, was found to be for all three preparations
not significantly different if compared to the control (without phosphate or polyP); Figure 3. In more
detailed viability tests the different phosphate and polyP samples were tested in the concentration
range of 3 to 100 μg/mL. In none of the assays the viability in the controls was significantly different
than those in the test series (to be published).
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Figure 3. Viability of PC12 cells seeded into 48-well plates for a period of 72 h. Cell viability
was determined using the MTT (3-[4,5-dimethyl thiazole-2-yl]-2,5-diphenyl tetrazolium) assay.
The concentrations of Na-polyP[Ca2+], Ca-phosphate-NP and Ca-polyP-MP in the assays were identical
(30 μg/mL); the controls did not contain additional phosphate or polyP. Data represent mean ± SD of
ten independent experiments; no significant differences are calculated (p > 0.05).

2.4. Induced Toxicity by the Amyloid β-Protein Peptide (Time-Dependent Pre-Incubation of Aβ25-35 in Water)

In order to assess at which conditions Aβ25-35 should be used for the toxicity/protection
assays using PC12 cells one series of experiments were performed with Na-polyP[Ca2+] and Aβ25-35.
The peptide had been pre-incubated for a different period of time (0 to 24 h). The Aβ25-35 peptide
was dissolved in distilled water (900 μM). Then, the peptide was added either immediately to the cells
or was pre-incubated for 6 to 24 h in water and then added to the PC12 cells; the final concentration
of the Aβ25-35 peptide was 5 μM. The concentration of cells was adjusted to 8 × 104 cells/mL.
Subsequently, the cells were incubated for 12 h followed by the determination of the viability, using
the MTT assay system. The results (Figure 4) show that the Aβ25-35 peptide, pre-incubated for 6 h or
longer, caused a significant reduction of the PC12 cell number (measured on the basis of the viability
of the cells in the assay), by approximately 50–60%. In order to assess the toxic effect of Aβ25-35,
in dependence of the period of pre-incubation, the PC12 cells were exposed to Aβ25-35 peptide, which
had been pre-incubated with 30 μg/mL of Na-polyP[Ca2+] for 0 to 24 h. In this series only the values
for the 6 h pre-incubation period showed a significant difference between the polyP-untreated and
polyP-pretreated fragment. The results show that the Aβ25-35, fragment pre-incubated with polyP, is
about 15% more toxic (Figure 4). At the present state of knowledge, we attribute this increase in the
toxicity to a transient stabilization/conformational change due to the binding of polyP to the peptide
of the amyloid β-protein, as outlined before [17]. This intensifying effect (toxicity) of Na-polyP[Ca2+]
on the cell growth/viability could not been detected with Ca-phosphate-NP, or Ca-polyP-MP, under
otherwise identical conditions.

In a preliminary series of experiments we did not find any change of the degree of toxicity
of amyloid β-protein after incubation of the peptide with polyP nanoparticles. Aβ25-35 had been
incubated with the nanoparticles for 30 min followed by a centrifugation step (100,000 g/30 min); then
the supernatant was tested for toxicity (to be published).
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Figure 4. Viability of PC12 cells incubated with the amyloid β-protein fragment Aβ25-35 that had
been pre-incubated with Na-polyP[Ca2+]. The peptide had been pre-incubated in distilled water for
6 to 24 h, or was immediately used after solubilization. During the pre-incubation period Aβ25-35
remained untreated or was treated with 30 μg/mL of Na-polyP[Ca2+] (minus/plus Na-polyP[Ca2+]),
as described under “Materials and Methods”. After that, the respective peptide sample was added to
the cell culture (8 × 104 PC12 cells/mL) at a concentration of 5 μM and incubated for 12 h. Then the
viability of the cells was determined by the MTT assay; the cell survival rate was calculated and is
given as % to the corresponding control culture. Data (±SD) have been based on ten independent
experiments; (*) the significance has been calculated (p < 0.05).

2.5. Protection against Aβ25-35-Caused Toxicity by polyP

Based on the preceding results, we determined the (potential) cytoprotective effect of polyP, by
using an Aβ25-35 sample that had been pre-incubated for 6 h in aqueous solution. In parallel, the PC12
cells were pre-incubated with 30 μg/mL of the phosphate/polyP samples (either Na-polyP[Ca2+],
Ca-phosphate-NP, or Ca-polyP-MP) for 24 h. Then, the phosphate-pre-incubated cells assays were
mixed with Aβ25-35 (5 μM Aβ25-35 (final concentration)). In the controls to these experiments,
the cells were only exposed to the toxic peptide.

The results with PC12 cells (8 × 104 cells/mL) show that in the assays with 5 μM Aβ25-35,
the phosphate (Ca-phosphate-NP) pre-treated cells did not show any significant increase in cell
survival compared to the control. However, the cells that had been pre-incubated with Na-polyP[Ca2+]
or Ca-polyP-MP show a significant resistance against the toxic effect of Aβ25-35 (Figure 5A). Striking is
the effect of Ca-polyP-MP on cells during the pre-incubation period. Those cells reached the same
survival rate, when compared to cells that are not incubated with the fragment Aβ25-35.

In order to support and express the cytoprotective effect of the Ca-polyP-MP towards the peptide
the PC12 cells remained either untreated or were pre-treated with 30 μg/mL of Na-polyP[Ca2+],
Ca-phosphate-NP or Ca-polyP-MP (24 h) Then, the cells were treated with 5 μM Aβ25-35 for 6 h
followed by staining with Calcein AM. The fluorescence images from the untreated (Figure 6A) and
Ca-phosphate-NP-treated cells (Figure 6C) exhibit only relatively few cells, while the cultures treated
with Na-polyP[Ca2+] (Figure 6B) and especially those incubated with Ca-polyP-MP (Figure 6D) display
markedly more cells in the microscopic view-frame.
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Figure 5. Protective effect of polyP against the toxic effect displayed by the fragment of the amyloid
β-protein; the experiments were performed with (A) PC12 cells or with (B) primary rat cortex neurons.
The cells remained either untreated, or were pre-incubated with 30 μg/mL of the phosphate/polyP
samples (either Na-polyP[Ca2+], Ca-phosphate-NP, or Ca-polyP-MP) for 24 h. Then the cells, at a
concentration of 8 × 104 cells/mL, were incubated with the 6 h pre-incubated Aβ25-35 fragment.
After a following period of 12 h the viability of the cells in the respective assays was determined with
the MTT assay. From those values, the cell survival rate was calculated and the values are given in
% of the respective controls (without phosphate/polyP and Aβ25-35). Data ± SD (ten independent
experiments) are give; the significance (*) is calculated p < 0.05.

 

Figure 6. Frequency of cells in a microscopic view-frame pre-treated with phosphate/polyP (24 h)
and treated with Aβ25-35 (6 h). The PC12 cell cultures remained untreated (A) or were pre-treated
with 30 μg/mL of Na-polyP[Ca2+] (B); Ca-phosphate-NP (C); or Ca-polyP-MP (D). After staining with
Calcein AM the cells were inspected by fluorescence microscopy.

The results of these experiments were corroborated with primary rat cortex neurons (Figure 5B).
Also those neurons (8 × 104 cells/mL), pre-incubated with 30 μg/mL of Na-polyP[Ca2+] or
Ca-polyP-MP for 24 h, showed a significant higher survival rate after exposure to Aβ25-35, when
compared to the non-treated controls (not pre-treated). While cells, which remained untreated or had
been pre-treated with 30 μg/mL of Ca-phosphate-NP showed a survival rate towards the toxic effect of
Aβ25-35 of only ~50%, this value increased to 69% (for Na-polyP[Ca2+]) or even 92% (Ca-polyP-MP).

In preliminary studies we found that a co-addition of phosphate nanoparticles to the Aβ25-35
only marginally, and not significantly, elicit a cytoprotective effect seen for the polyP nanoparticles, if
added during a pre-incubation period (to be published).
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Furthermore, it is well established that among the different peptides of the amyloid β-protein,
besides of the Aβ25-35 peptide, also the Aβ1-42 form is toxic to neuronal cells in vitro [29,30].
Exposure primary rat cortex neurons with 5 μM of Aβ1-42 for 24 h resulted in a strong reduction of the
number of viable cells to 35.7%, as compared to the untreated controls. However, if neurons that had
been pre-incubated for 24 h with 30 μg/mL of Na-polyP[Ca2+], were applied and exposed to Aβ1-42
the number of viable cells increased to 82.7% (when compared to the controls).

2.6. Modulation of the Intracellular ATP Pool in Cells in the Absence or Presence of Aβ25-35 and
Phosphate/polyP

The PC12 cells (8 × 104 cells/mL) were incubated in the absence or presence of Aβ25-35
and then used for the determination of the intracellular ATP pool. In the absence of the peptide
and also the absence of the phosphate samples (control), the ATP measures 2.27 ± 0.28 pmol of
(intracellular) ATP (103 cells). The addition of Na-polyP[Ca2+] significantly increased the level by 34%,
while Ca-phosphate-NP caused no effect (an insignificant drop by 6%). However, if the cells were
supplemented with Ca-polyP-MP, a significant increase of the pool by 91% is measured (Figure 7).

Figure 7. Change of the intracellular ATP pool in PC12 cells in dependence on the exposure to
phosphate/polyP and/or Aβ25-35. In the first series the cells were exposed only to phosphate/polyP
and not to Aβ25-35; open bar. In the Aβ25-35 test series (closed bars) the cells were treated with 5 μM of
the peptide and remained either untreated (control) or were exposed to 30 μg/mL of Na-polyP[Ca2+],
Ca-phosphate-NP, or Ca-polyP-MP, as indicated. The values came from five parallel assays; the means
as well as the standard deviations are given. The significant differences between the values (control
[minus phosphate/polyP]) and the test samples (Na-polyP[Ca2+] and Ca-polyP-MP) are indicated
(*) p < 0.01.

If the cells were incubated for 24 h in the presence of 5 μM Aβ25-35 the ATP pool dropped to
0.87 ± 0.09 pmol (103 cells). If the cultures were treated together with the peptide and 30 μg/mL of
Ca-phosphate-NP no significant change was measured. However, if they were treated with polyP and
together with the peptide a significant increase was seen; with Na-polyP[Ca2+] the level increases to
1.26 ± 0.02 pmol (103 cells), and with Ca-polyP-MP to 1.94 ± 0.21 pmol (103 cells); Figure 7.
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3. Discussion

One of the hallmarks of AD is the presence of two specific structures in the brain the senile
plaques and the neurofibrillary tangles, which are correlated and accompanied with neuron death [31].
While Aβ25-35 is one main component of the senile plaques it is the Tau protein, in its phosphorylated
form, which is the main component of the neurofibrillary tangles [32]. In the extracellular space,
an abnormal deposition of wrongly processed and aggregated amyloid β-protein/peptides and Tau
proteins occurs [33]. Recent studies revealed that during AD pathogenesis misformation/misfolding
of Tau protein proceeds downstream of amyloid β-protein accumulation [34]. The misfolded amyloid
β-protein/peptides has been implicated as a major component involved in initiation of apoptotic
neuronal cell death [21,35,36]. In turn, efforts have been undertaken to develop new potential
therapeutics that prevent neuronal death through the prevention of misfolding of amyloid β-protein
and Tau, as well as of the subsequent apoptotic process [37]. Flupirtine [38] and memantine [8] have
been elaborated by us as modulators of the NMDA receptor and consequently as neuroprotective
agents, a finding that has later been confirmed by others [39,40]. Memantine has even been proposed
to be applied in human as both mild and moderate-to-severe AD.

It has been demonstrated that heat shock protein(s) can reduce the neurotoxic activity of Tau [41]
and amyloid β-protein/peptides [42]. Those heat shock protein(s) require energy for the folding
process, usually in form of ATP [43]. They function not only intracellularly, but also extracellularly [44].
ATP is surely present also in the extracellular space but there it is prone to hydrolytic dephosphorylation
through the enzyme alkaline phosphatase (ALP; [45]). The extracellular polyP has recently been
proposed to act as “metabolic fuel” [15,16,46], and could provide a further depot for biochemically
useful energy. This inorganic polymer has also been identified in the central nervous system at
concentrations between 25 and 120 μM (~5 μg/mL, with respect to phosphate) [13,47]. Since for many
years, polyP has been proven to function as a modulator of the transient receptor potential cation
channel A/1 (TRPA1) and of the transient receptor potential cation channel subfamily M/8 (TRPM8),
it has been suggested that polyP is involved in neuronal signaling [14]. Furthermore, experiments
suggested that short and medium size polyP (chain length up to 100 phosphate units) does not activate
apoptotic cascade in neurons and astrocytes [48]. Soluble polyP has been suggested to interact with
the P2Y purinoceptor 1 through which it leads to an activation of the phospholipase C, resulting in a
release of inositol 3 phosphate and an elevation of Ca2+ level in the cytosol [48]. On the other side,
the Ca-polyP nanoparticles/microparticles are most likely taken up by the cells via endocytosis [16].

It is well established that mitochondrial dysfunction in AD is associated not only with enhanced
oxidative stress, but also with reduced ATP generation [49]. Based on our resent finding showing
that amorphous Ca-polyP induces ATP synthesis in bone-like cells [46], we raised now the question if
brain-like cells, PC12 cells neuron-related cells and/or primary rat cortex neurons, can be protected
against the toxic effect elicited by Aβ25-35 through the upregulation of the ATP pool. In our
approach, we applied three phosphate formulations, Na-polyP, complexed to Ca2+ (Na-polyP[Ca2+]),
orthophosphate nanoparticles (Ca-phosphate-NP), and finally Ca-polyP microparticles (Ca-polyP-MP).
While Na-polyP[Ca2+] is highly soluble and acts by binding to a cell-surface receptor, the two particle
preparations, Ca-phosphate-NP and Ca-polyP-MP, are less soluble. Ca-polyP-MP will be taken up
into the cells by endocytosis [15,16]. It is important to stress that, under the conditions applied,
the orthophosphate particles are crystalline, while the polyP particles are amorphous. In general,
minerals in the amorphous state are functionally more active that crystalline mineral deposits, due
to their higher solubility, and in turn their more efficient signaling potential [50–52]. The applied
Ca-polyP-MP, similar to those that are physiologically present in the acidocalcisomes [14], are also
prone to hydrolytic attack to the intra- as well as the extracellular ALP [46,53]. It should be mentioned
that Ca-polyP has lost its Na+-chelating propensity and consequently the adverse functions of this
polymers on cells [54].

The three phosphate formulations, at the concentration used (30 μg/mL), did not cause any
significant effect on viability of PC12 cells. If the cells were exposed to the Aβ25-35 fragment an about
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50% reduction of cell survival was measured after 6 h incubation. This Aβ25-35-mediated cell toxicity
was significantly reduced by Na-polyP[Ca2+] by 20% if the polymer was added to the cells 24 h prior
to the addition of the fragment of the amyloid β-protein. No toxic effect was measured if the cells
were exposed to Aβ25-35 after pre-incubation with Ca-polyP-MP for 24 h. The cytoprotective effect of
Ca-polyP-MP against Aβ25-35 exposure was confirmed with primary embryonic rat cortex neurons.
Furthermore, we used also the Aβ peptide Aβ1-42 and confirmed the effects, seen with Aβ25-35.
The degree of toxicity displayed by Aβ25-35 was dependent on the time of pre-incubation in aqueous
solution, as described before [21,22]. The maximum of toxicity was reached already during the first
6 h; longer pre-incubation phases did not change the degree of neurotoxicity. During this time of
dissolution, the fragment of the amyloid β-protein underwent spontaneous aggregation [55].

In a preceding study, it has been reported that exposure of mammalian cells, in that study
SaOS-2 cells have been used [46], to amorphous Ca2+-polyP nanoparticles with a globular size of
~100 nm causes a ~2.5-fold increase of the intracellular ATP level, and an even ~10-fold rise in the
extracellular ATP concentration. The determinations, presented here, show that PC12 cells respond to
a 24 h-incubation with Ca-polyP-MP with a doubling of the intracellular ATP pool. All of the other
phosphate formulations did not cause any significant alteration.

The reaction/signal transduction chain through which polyP, if extracellularly applied, changes
the intracellular metabolism, is not yet known. From studies with isolated mitochondria, it is known
that the permeability of mitochondrial membranes is altered in response to polyP [56]. At physiological
concentrations, polyP can regulate calcium concentration by mitochondrial permeability transition
pore opening, suggesting a potential regulatory role during apoptosis. As mentioned above, polyP is
assumed to bind to P2Y purinoceptor 1, resulting in a modulation of the intracellular Ca2+ level. In our
previous studies, we found that microparticles prepared from Ca-polyP are most likely taken up by the
cells via endocytosis [16,46]. In addition, unpublished studies revealed that the polyP microparticles
undergo an intracellular sequential disintegration [16,57]. During this process, polyP is surely released
and undergoes enzymatic cleavage by the intracellular ALP. In analogy with the recent findings that
extracellular polyP is prone to hydrolytic degradation by the ALP [11], resulting in an upregulation
of the intracellular, as well as the extracellular ATP [46,58], we propose that also intracellularly, this
inorganic polymer can function in the same reaction chain and transfers the metabolic energy stored in
its energy-rich phosphoanhydride bonds to adenosine monophosphate (AMP) or ADP; the additional
enzyme required for this process, the adenylate kinase, also exists in this compartment [59].

4. Materials and Methods

4.1. Materials

Sodium polyphosphate (Na-polyP of an average chain of 40 phosphate units) was obtained from
Chemische Fabrik Budenheim (Budenheim; Germany).

4.2. Phosphate/Polyphosphate Sample Fabrication

The polyP particles were prepared as described before [15]. In brief, Na-polyP (2 g) was dissolved
in 100 mL of distilled water; the resulting pH value was increased from pH 3.4 to 10 with 2 N
NaOH. Then 60 mL of a CaCl2 solution (5.6 g CaCl2·2H2O; #C3306 Sigma, Taufkirchen; München,
Germany) were added dropwise to the polyP solution. After stirring for 12 h the particles formed
were collected by filtration through Nalgene Filter Units (pore size 0.45 μm; Cole-Parmer, Kehl/Rhein;
Wertheim-Mondfel, Germany). Then the particles were washed twice with ethanol to remove the
unbound Ca2+. Finally, the amorphous microparticles, “Ca-polyP-MP”, were dried at 60 ◦C overnight.

The particles formed from sodium orthophosphate (tri-sodium phosphate; Sigma #342483) were
prepared in the same way. Two g of tri-sodium phosphate were dissolved in 100 mL of water; the pH
value was adjusted to pH 10; then 60 mL of the CaCl2 solution (containing 5 g CaCl2) were added.
The resulting crystalline particles, Ca-phosphate-NP, were processed as described above.
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4.3. Fourier Transformed Infrared Spectroscopy and X-ray Diffraction

Fourier transformed infrared (FTIR) spectroscopy was performed with a Varian 660-IR
spectrometer with Golden Gate ATR auxiliary (Agilent, Darmstadt, Germany). X-ray diffraction (XRD)
of the dried powder samples was conducted in a Philips PW1820 diffractometer with monochromatic
Cu-Kα radiation (λ = 1.5418 Å, 40 kV, 30 mA, 5 s, Δθ = 0.02) [60].

4.4. Microscopy

Scanning electron microscopy (SEM) was conducted with a HITACHI SU8000 electron microscope
(Hitachi High-Technologies Europe, Krefeld, Germany). Light microscopy was performed with a
VHX-600 Digital Microscope from KEYENCE (Neu-Isenburg, Germany).

4.5. PC12 Cells

Rat pheochromocytoma cells (PC12 cells) were obtained from Sigma (#88022401) and cultivated
in RPMI 1640 medium (Sigma) and heat-inactivated horse serum (10%)/heat-inactivated fetal bovine
serum (5%), together with gentamicin; incubation was performed in a humidified atmosphere of air
(95%) and CO2 (5%). The cells were plated at a density 4 × 103 cells in 96-well (working volume
200 μL)- or 4 × 104 cells in 6-well (2 mL) plate for the indicated periods of time.

Three different phosphate preparations were added to the culture: (i) Na-polyP complexed
in a stoichiometric ratio to Ca2+ (molar ratio of 2 (with respect to the phosphate monomer);
abbreviated as Na-polyP[Ca2+]), as described in [54]; (ii) Ca-phosphate-NP; and, (iii) Ca-polyP-MP
(40 phosphoanhydride bond-linked phosphate units). The concentrations are given with the respective
experiments and were usually 30 μg/mL.

For microscopic visualization the cells were stained with 5 μM Calcein AM (Sigma). Then they
were inspected by fluorescence microcopy at an excitation wavelength of 494 nm and an emission of
540 nm.

4.6. Cell Viability Assays

The toxicity of the phosphate preparations was determined after an incubation period of the
PC12 cells in medium/serum for 72 h. The cells were seeded into 48-well plates at an initial
density 2 × 104 cells/mL. Then, the viability of the cells was determined with the 3-[4,5-dimethyl
thiazole-2-yl]-2,5-diphenyl tetrazolium (MTT; #M2128, Sigma) assay. The cells were detached (by
carefully pipetting up and down with a 10 mL pipette) and a 2 mL cell suspension was aspirated
and subsequently incubated with fresh medium containing 200 μL of MTT for 4 h in the dark.
Subsequently, the remaining MTT dye was removed and 200 μL of dimethyl sulfoxide (DMSO)
was added to solubilize the formazan crystals. Finally, the optical densities (OD) at 570 nm were
measured using an enzyme-linked immunosorbent assay (ELISA) reader/spectrophotometer [61].
Cell viability was expressed as a percentage of the untreated control (without phosphate/polyP).
Ten parallel experiments were performed.

4.7. Aβ-Induced Cell Toxicity

Previously, we found that the Aβ25-35 sample, should be pre-incubated in a stock solution
(900 μM in distilled water) for five days to develop the full toxicity [21]. In the present study,
we performed a time kinetics to assess the toxicity elicited by Aβ25-35 (#A4559, Sigma) by
pre-incubating the Aβ25-35 stock solution in distilled water for a period between 6 and 24 h in
the absence or presence of polyP. The polymer, Na-polyP[Ca2+], was added at a concentration of
30 μg/mL. Subsequently, the corresponding volume of the sample was taken and added to PC12 cells
(2 × 104 cells/mL) to reach a final concentration of 5 μM in the cell assays. The cells were incubated for
12 h. After termination, the viability of the cells in the culture was determined by the MTT assay (see
above). From those results, the cell survival rate in % of the controls (without Aβ25-35), was calculated.
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For testing the toxicity of the Aβ25-35 peptide, the stock solution was diluted to a final
concentration in the toxicity assays of 5 μM [21,22]. Prior to the addition of Aβ25-35 the cells
were pre-incubated for 24 h in medium/serum at a final concentrations of 30 μg/mL with
Na-polyP[Ca2+], Ca-phosphate-NP or Ca-polyP-MP; the controls were incubated in parallel and
did not contain any phosphate sample. Then, the medium was removed and the Aβ25-35 sample
was added. Incubation was performed for 12 h; finally, the viability of the cells was determined
with MTT. Cell viability is given in percent of the untreated control (without Aβ25-35 and without
phosphate/polyP).

In one series of experiments, the Aβ1-42 fragment (#A9810, Sigma) had been used in parallel to the
toxicity studies. Again, a stock solution (900 μM in distilled water) had been prepared. After keeping
for 24 h, aliquots had been taken and added to primary rat cortex neurons to reach a final concentration
of 5 μM. After incubation for 24 h, in the absence or presence of 30 μg/mL Na-polyP[Ca2+] the cell
number was determined.

4.8. Primary Culture of Cortical Neurons

Primary rat cortex neurons isolated from 18-day old rat embryos were obtained from
GIBCO/Thermo Fisher Scientific (Langenselbold, Wiesbaden, Germany). They were cultivated in
Neurobasal Medium (from GIBCO/Thermo Fisher Scientific), as described in [38,62]. Five days old
cultures were used for the studies. The experiments were performed in 96-well/or 6-well plates.

The assay regimen with Aβ25-35 as well as the pre-incubation protocol of the cells with the
phosphate samples was the same as for PC12 cells.

Cell toxicity was determined after 12 h with the MTT assay [63].

4.9. Determination of the ATP Level in PC12 Cells

PC12 cells were cultivated in 12-well plates until they reached about 75% of confluency
(8 × 104 cells/mL). Then, the cells were continued to be incubated for 24 h in the absence of any polyP,
or the presence of the three phosphate samples in the absence of presence of Aβ25-35. Finally, ATP
was extracted from the cells [64–66], and the ATP concentration was determined by using the
ATP luminescence kit (NO. LL-100-1, Kinshiro, Toyo Ink; Fukuoka, Japan), as described in [46].
After establishing a standard curve for given ATP concentrations, the absolute amount of ATP was
extrapolated and is given as pmol/103 viable cells. In parallel assays, the number of viable cells were
determined by the MTT cell viability assay [67].

Prior to the ATP determination the cells were pre-incubated for 24 h with 30 μg/mL of
Na-polyP[Ca2+], Ca-phosphate-NP or Ca-polyP-MP; again, the controls were incubated in parallel and
they did not contain any phosphate sample.

4.10. Statistical Analysis

After verifying that the respective values follow a standard normal Gaussian distribution and
that the variances of the respective groups are equal, the results were statistically evaluated using the
independent two-sample Student’s t-test [68].

5. Conclusions

The described experiments in the present study indicate that the physiologically occurring polyP
microparticles/nanoparticles, prepared from Ca-polyP, can effectively block the toxic effect elicited
by the toxic peptide fragment Aβ25-35; see scheme in Figure 8. This inhibition is attributed to an
elevation of intracellular ATP level, which has been described to be one factor for neuronal cell death
in AD, or in AD-model systems. Surely further studies are required to elucidate if the observed effect
of the polyP microparticles/nanoparticles to increase the ATP level intracellularly and can also be
extended to the extracellular ATP pool [58]. Also, in this extracellular compartment ATP, or equivalent
metabolic energy, is required for the heat shock protein-mediated folding of proteins in general and
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of the amyloid precursor protein and/or it derivatives [69]. There, in the extracellular space, ADP
(or perhaps also ATP) could feed, e.g., the chaperone clusterin with its ADP binding motif [70], with
energy prevent misfolding of the amyloid precursor protein. Intracellularly, the polyP microparticles
are enzymatically hydrolyzed via the ALP.

Figure 8. As outlined, polyP microparticles that can be taken up by the cells, or formed there
intracellularly, are prone to the alkaline phosphatase (ALP). In analogy to the acidocalcisomes, polyP
microparticles are also formed intracellularly, and can subsequently be released by the cells. It is
sketched that the (proposed) pathways of ATP generate both intra- and extracellularly Gibbs free
energy that is released during the hydrolysis of the anhydride bond in polyP into both compartments.
This process can occur both extracellularly [58] and intracellularly. Those adenosine nucleotides
provide the energy for the extracellular chaperones which might prevent misfolding of amyloid
plaques (abbreviated as Aβ). AK: adenylate kinase; AMP: adenosine monophosphate; ADP: adenosine
diphosphate; ATP: adenosine triphosphate; ER: endoplasmic reticulum.

The data reported in this contribution might help to develop new routes for a therapeutic
intervention in AD pathophysiology. Methods have been worked out to deliver drugs, encapsulated
into nanoparticles/microparticles, which can cross the blood-brain barrier [71,72]. Through this route,
the delivery of the potential polyP compound across the blood-brain barrier appears to be promising,
since this structural barrier undergoes dysfunction during the AD progression, facilitating particle
transport [73,74]. This conclusion is also strengthened by a previous report [17], showing that polyP
is not only stabilizing the structure of the amyloid β-protein but also might have a beneficial effect
on the progression of the Alzheimer’s disease in patients. However, future in vitro studies must be
performed to determine, if cells pretreated with the peptide of the amyloid β-protein and are in the
process to undergo apoptosis can be rescued by soluble or particulate polyP. In case such a rescuing
effect cannot be found, polyP still remains a candidate molecule for prevention. But even then, polyP
might be possible to lower the amyloid β-protein/fragments load in patients; recent studies suggest
that peptides of the amyloid β-protein act as seeding molecules and start an amyloid β-protein seeding
cascade [75].
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AD Alzheimer’s disease
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Aβ25-35 amyloid β-protein fragment 25-35
ADP adenosine diphosphate
AMP adenosine monophosphate
ATP adenosine triphosphate
Ca-polyP-MP Ca-polyP microparticles
DMSO dimethyl sulfoxide
ELISA enzyme-linked immunosorbent assay
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Na-polyP[Ca2+] Na+ salt of polyP complexed in a stoichiometric ratio to Ca2+

PC12 cells Pheochromocytoma cells
polyP Polyphosphate
SEM Scanning electron microscopy
TRPA1 Transient receptor potential cation channel A/1
TRPM8 Cation channel subfamily M/8

References

1. Selkoe, D.J. The molecular pathology of Alzheimer’s disease. Neuron 1991, 6, 487–498. [CrossRef]
2. Alzheimer, A. Über eine eigenartige Erkrankung der Hirnrinde. Allg. Zschr. Psychiatr. Psych. Gerichtl. Med.

1907, 64, 146–148.
3. Wolf, A.; Bauer, B.; Hartz, A.M. ABC transporters and the Alzheimer’s disease enigma. Front. Psychiatry

2012, 3, 54. [CrossRef] [PubMed]
4. Hardy, J.; Selkoe, D.J. The amyloid hypothesis of Alzheimer’s disease: Progress and problems on the road to

therapeutics. Science 2002, 297, 353–356. [CrossRef] [PubMed]
5. Chase, T.N. High-dose cholinesterase inhibitor treatment of Alzheimer’s disease. Alzheimers. Dement. 2015,

11, S466–S467. [CrossRef]
6. Informed Health Online. Alzheimer’s Disease: Does Memantine Help? Available online: https://www.ncbi.

nlm.nih.gov/pubmedhealth/PMH0072540/ (accessed on 2 August 2016).
7. Rytik, P.G.; Eremin, V.F.; Kvacheva, Z.B.; Poleschuk, N.N.; Popov, A.S.; Schröder, H.C.; Weiler, B.E.;

Bachmann, M.; Müller, W.E.G. Susceptibility of human astrocytes to human immunodeficiency virus infection
in vitro; Anti-HIV activity of memantine. AIDS Res. Hum. Retrov. 1991, 7, 89–95.

8. Müller, W.E.G.; Schröder, H.C.; Ushijima, H.; Dapper, J.; Bormann, J. Gp120 of HIV-1 induces apoptosis in rat
cortical cell cultures: Prevention by memantine. Eur. J. Pharmacol. 1992, 226, 209–214. [CrossRef]

9. Khatri, N.; Man, H.Y. Synaptic activity and bioenergy homeostasis: Implications in brain trauma and
neurodegenerative diseases. Front. Neurol. 2013, 4, 199. [CrossRef] [PubMed]

10. Li, Y.P.; Yang, G.J.; Jin, L.; Yang, H.M.; Chen, J.; Chai, G.S.; Wang, L. Erythropoietin attenuates Alzheimer-like
memory impairments and pathological changes induced by amyloid β42 in mice. Brain Res. 2015,
1618, 159–167. [CrossRef] [PubMed]

11. Lorenz, B.; Schröder, H.C. Mammalian intestinal alkaline phosphatase acts as highly active
exopolyphosphatase. Biochim. Biophys. Acta 2001, 1547, 254–261. [CrossRef]

12. Lorenz, B.; Münkner, J.; Oliveira, M.P.; Kuusksalu, A.; Leitão, J.M.; Müller, W.E.G.; Schröder, H.C. Changes in
metabolism of inorganic polyphosphate in rat tissues and human cells during development and apoptosis.
Biochim. Biophys. Acta 1997, 1335, 51–60. [CrossRef]

91



Int. J. Mol. Sci. 2017, 18, 2154

13. Morrissey, J.H.; Choi, S.H.; Smith, S.A. Polyphosphate, An ancient molecule that links platelets, coagulation,
and inflammation. Blood 2012, 119, 5972–5979. [CrossRef] [PubMed]

14. Holmström, K.M.; Marina, N.; Baev, A.Y.; Wood, N.W.; Gourine, A.V.; Abramov, A.Y. Signalling properties of
inorganic polyphosphate in the mammalian brain. Nat. Commun. 2013, 4, 1362. [CrossRef] [PubMed]

15. Müller, W.E.G.; Tolba, E.; Schröder, H.C.; Wang, X.H. Polyphosphate: A morphogenetically active implant
material serving as metabolic fuel for bone regeneration. Macromol. Biosci. 2015, 15, 1182–1197. [CrossRef]
[PubMed]

16. Wang, X.H.; Schröder, H.C.; Müller, W.E.G. Polyphosphate as a metabolic fuel in Metazoa: A foundational
breakthrough invention for biomedical applications. Biotechnol. J. 2016, 11, 11–30. [CrossRef] [PubMed]

17. Cremers, C.M.; Knoefler, D.; Gates, S.; Martin, N.; Dahl, J.U.; Lempart, J.; Xie, L.; Chapman, M.R.; Galvan, V.;
Southworth, D.R.; et al. Polyphosphate: A Conserved modifier of amyloidogenic processes. Mol. Cell 2016,
63, 768–780. [CrossRef] [PubMed]

18. Abramov, A.Y.; Fraley, C.; Diao, C.T.; Winkfein, R.; Colicos, M.A.; Duchen, M.R.; French, R.J.; Pavlov, E.
Targeted polyphosphatase expression alters mitochondrial metabolism and inhibits calcium-dependent cell
death. Proc. Natl. Acad. Sci. USA 2007, 104, 18091–18096. [CrossRef] [PubMed]

19. Masilamoni, J.G.; Jesudason, E.P.; Jesudoss, K.S.; Murali, J.; Paul, S.F.D.; Yayakumar, R. Role of fibrillar
Aβ25-35 in the inflammation induced rat model with respect to oxidative vulnerability. Free Rad. Res. 2005,
6, 603–612. [CrossRef] [PubMed]

20. Tsai, H.H.; Lee, J.B.; Shih, Y.C.; Wan, L.; Shieh, F.K.; Chen, C.Y. Location and conformation of amyloid
β(25-35) peptide and its sequence-shuffled peptides within membranes: Implications for aggregation and
toxicity in PC12 cells. ChemMedChem 2014, 9, 1002–1011. [CrossRef] [PubMed]

21. Zeng, Z.; Xu, J.; Zheng, W. Artemisinin protects PC12 cells against β-amyloid-induced apoptosis through
activation of the ERK1/2 signaling pathway. Redox Biol. 2017, 12, 625–633. [CrossRef] [PubMed]
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Abstract: We previously prepared ophthalmic formulations containing cilostazol (CLZ) nanoparticles
by bead mill methods (CLZnano), and found that instillation of CLZnano into rat eyes supplies
CLZ into the retina. In this study, we investigated changes in the electroretinograms (ERG)
of streptozotocin-induced diabetic rats (STZ rats), a model of diabetes mellitus. In addition,
we demonstrated that dispersions containing CLZ nanoparticles attenuate changes in the ERG
of STZ rats. The instillation of CLZnano had no effect on body weight or plasma glucose and
insulin levels. Furthermore, no corneal toxicity was observed in the in vivo study using STZ rats.
The a-wave and b-wave levels in addition to oscillatory potentials (OP) amplitude decreased in STZ
rats two weeks after the injection of streptozotocin, with the instillation of CLZnano attenuating these
decreases. In addition, the level of vascular endothelial growth factor (VEGF) in the retinas of STZ
rats was 9.26-fold higher than in in normal rats, with this increase also prevented by the instillation
of CLZnano Thus, we have found that a-wave and b-wave levels in addition to OP amplitude are
decreased in rats following the injection of excessive streptozotocin. Furthermore, the retinal disorders
associated with diabetes mellitus are attenuated by the instillation of CLZnano. These findings provide
significant information that can be used to design further studies aimed at developing anti-diabetic
retinopathy drugs.

Keywords: nanoparticle; cilostazol; diabetic retinopathy; electroretinogram; streptozotocin-induced
diabetic rat

1. Introduction

Diabetes mellitus is a chronic disease that affects a large proportion of people worldwide. Diabetic
retinopathy (DR) is one of the more common complications associated with diabetes mellitus [1–3].
DR is characterized by a progressive alteration in retinal microvasculature [1], which leads to capillary
closure and areas of non-perfusion. This eventually results in retinal hypoxia. The non-perfused tissues
enhance the production of vascular endothelial growth factor (VEGF) from the retina and causes a
subsequent loss of vision and pathologic neovascularization [1]. Previous studies indicate that the
changes in electroretinograms (ERG) were observed in the patients with diabetes, even when they
have no symptoms of retinopathy [4–6]. Moreover, recent studies have found that microstructural
changes in the intracranial optic nerve can be observed in the eye of early experimental diabetes before
substantial morphological alterations [7–9]. In the clinical setting, the development of therapies for
retinal dysfunction caused by diabetes mellitus is expected.
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Cilostazol (CLZ) has antiplatelet, antithrombotic, and vasodilatory properties [10]. The main
pharmacological effect of CLZ is to increase the level of intracellular cyclic AMP through the inhibition
of phosphodiesterase 3A [10,11]. CLZ appears to have a favorable effect in preventing the progression
of carotid atherosclerosis and intracranial arterial stenosis [12,13]. Hotta et al. [14] reported that
treatment with CLZ leads to a vasodilatory effect on retinal arterioles and improved blood supply in
animal models of diabetes. Therefore, the reduction in the vascular resistance and increased blood
supply to the retina by CLZ may be useful for the treatment of DR.

In developing CLZ as a therapy for DR, it is important to design an ophthalmic formulation
that can deliver the drug to the posterior segment. Recently, it has been reported that the
formulation containing nanoparticles significantly improved the ability of drugs with regard to
corneal penetration [15–20]. Furthermore, the formulation may lead an alternative strategy for
enhancing ocular drug penetration [21–23]. We have also prepared the dispersions containing solid
nanoparticles, which can provide high-quantity dispersions containing drug nanoparticles by a simple
procedure [24–30]. Moreover, our previous reports show that dispersions containing CLZ nanoparticles
prepared by a bead mill method supply CLZ into the retina through instillation, which can suppress
retinal vasoconstriction in 1 × 10−5 M endothelin (ET-1)-injected rats (15 μL) [31].

In this study, we investigated changes in ERG of streptozotocin-induced diabetic rat (STZ rat),
which is a model of diabetes mellitus. In addition, we studied whether dispersions containing CLZ
nanoparticles can attenuate the changes in ERG of STZ rats.

2. Results

2.1. Changes in Retinal Function in STZ Rats

Figure 1 shows the changes in body weight, plasma glucose and insulin levels in STZ rats.
The body weight of STZ rats was significantly lower than that of normal rats, while insulin levels
were below the level of detection in STZ rat plasma. In addition, glucose levels were enhanced by the
injection of streptozotocin, with the plasma glucose levels in STZ rats two weeks after the injection
of streptozotocin being 2.8-fold higher than in normal rats. Figure 2 shows the changes in ERG of
STZ rats. The levels of a-wave, b-wave, and oscillatory potentials (OPs) amplitude in STZ rats were
lower than in normal rats. These retinal disorders were observed at 2–6 weeks after the injection
of streptozotocin.
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Figure 1. (A) Body weight; (B) plasma glucose; and (C) insulin levels in rats at two, four, and six weeks
after the injection of streptozotocin. Samples were collected at 10:00 a.m. Open columns: normal rat;
closed columns: streptozotocin-induced diabetic rats (STZ rats) with n = 6–8. N.D.: not detectable.
* p < 0.05, vs. normal rat for each category.
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Figure 2. Typical traces of (A) electroretinograms (ERG); (B) a-wave; (C) b-wave; and (D) oscillatory
potential (OP) amplitude in rat retina at two, four, and six weeks after the injection of streptozotocin.
Dark-adapted ERG responses were measured at 2:00 p.m. and stimulus flashes were used from
−2.92 log cds/m2. n = 6–8. * p < 0.05, vs. normal rat for each category.

2.2. Preventive Effect of CLZnano Instillation on Retinal Disorders in STZ Rats

Table 1 shows the changes in body weight in addition to plasma glucose and insulin levels in STZ
rats instilled with or without CLZnano. The instillation of CLZnano had no effect on body weight or on
plasma glucose and insulin levels. Figure 3 shows the changes in CLZ levels in the blood and retina of
STZ rats after the instillation of CLZnano. A low concentration of CLZ was found in the blood of rats
after CLZnano instillation, while CLZ was also detected in the left eye of instilled rats. On the other
hand, the CLZ content in the right eye of rats instilled with CLZnano was significantly higher than in
the left eye. Figure 4A–D show the effect of CLZnano instillation on ERG of STZ rats. The instillation
of CLZnano attenuated the decrease in the a-wave and b-wave levels, as well as in OP amplitude.
Figure 4E shows the changes in VEGF in the retina of STZ rats instilled with CLZnano. The VEGF levels
were enhanced by the injection of streptozotocin, with the VEGF levels in STZ rats being 9.26-fold
that in normal rats (3.66 ± 0.48, means ± S.E., n = 6). The instillation of CLZnano also prevented the
increase in VEGF levels in STZ rats. Figure 5 shows histopathological alterations in the retina of STZ
rats detected using a hematoxylin and eosin (H.E.) staining method. The distance between cells was
increased in the inner plexiform layer, as well as the outer- and inner-nuclear layer (neural layer) in
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retinas of STZ rats, while the distance in neural layer was normalized by the instillation of CLZnano

(Figure 5). The distance between cells in the neural layer in STZ rats instilled with CLZnano was similar
to that in normal rats (normal rat 74.1 ± 5.67 μm, STZ rat 116.2 ± 9.90 μm, CLZnano-instilled STZ rat
81.8 ± 7.57 μm, n = 5).
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Figure 3. Cilostazol (CLZ) levels in the (A) blood and (B) retina of rats following the instillation of
CLZnano. The streptozotocin was injected on two consecutive days (100 mg/kg × 2, i.p.), after that
the instillation of 1% CLZnano in the right eye of STZ rats were started for two weeks (twice a day,
9:00 a.m. and 7:00 p.m.). The blood and retina were collected at 0–5 h after the last-instillation of
CLZnano (9:00 a.m.–2:00 p.m.); n = 7; * p < 0.05, vs. vehicle for each category.
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Table 1. Body weight and plasma glucose and insulin levels in STZ rats after the instillation of
ophthalmic formulations containing cilostazol nanoparticles (CLZnano).

Treatment Body Weight (g) Glucose (mg/dL) Insulin (ng/dL)

Vehicle 301.1 ± 8.68 273.2 ± 30.7 N.D.
CLZnano 299.5 ± 9.10 269.7 ± 29.8 N.D.

One percent CLZnano was instilled into the right eyes of STZ rats twice a day (9:00 a.m. and 7:00 p.m.) for two
weeks. The samples were collected 1 h after the instillation (10:00 a.m.), n = 7, and N.D.: not detectable.

 

Figure 5. Hematoxylin and eosin (H.E.) staining of retina in normal and STZ rats. The streptozotocin
was injected on two consecutive days (100 mg/kg × 2, i.p.), after that the instillation of 1% CLZnano in
the right eye of STZ rats were started for two weeks (twice a day, 9:00 a.m. and 7:00 p.m.). Bars indicate
50 μm. Open arrows: retinal ganglion cells; Normal: normal rat; Vehicle: vehicle-instilled STZ rats;
CLZnano: CLZnano-instilled STZ rats; and closed arrows: outer granule layer.

2.3. Corneal Stimulation by CLZnano Instillation

Figure 6 shows the effect of CLZnano instillation on the viability of HCE-T cells. The viability of
non-treated human corneal epithelial cell line (HCE cells, the cells’ viability without anything added,
including both CLZ and vehicle) did not differ for 0–120 s, and there were no significant differences
in viability between vehicle- and CLZnano-treated cells. In addition, the corneal stimulation was also
evaluated using an STZ rat instilled with CLZnano for six weeks. Neither the vehicle nor CLZnano

induced corneal epithelium damage (in vivo study).

Figure 6. Corneal toxicity of CLZnano in a human corneal epithelial cell line (HCE-T cells). HCE-T
cells in 96-well microplates were treated with vehicle or CLZnano for 0–120 s and the cell viability was
calculated using Tetra-Color One. Vehicle: vehicle-treated HCE-T cells; CLZnano: CLZnano-treated
HCE-T cells, n = 9.
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3. Discussion

We previously designed novel ophthalmic formulations containing CLZ nanoparticles (CLZnano),
and found that CLZnano instillation can deliver CLZ into the retina [31]. In this study, we demonstrate
the therapeutic effects of CLZnano on retinal disorders caused by diabetes mellitus in STZ rats.

In both patient and animal models of diabetes, there is a loss of retinal neurons early in the disease
progression [32], with this neuronal dysfunction being reflected in alterations in the ERG [33,34].
Moreover, patients with diabetes show altered visually-evoked potentials or ERG even when there
is no observed retinopathy [4–6]. First, we investigated the changes in retinal function in rats after
the injection of streptozotocin by measuring ERG. We show that the a-wave and b-wave levels in
addition to the OP amplitude are decreased in rats two weeks after the injection of streptozotocin
(Figure 2). There are some previous reports related to measuring the ERG of STZ rats. Li et al. [35]
reported that the a-wave and b-wave amplitudes in STZ rats decreased two weeks after the injection
of 60 mg/kg streptozotocin. On the other hand, Kohzaki et al. [36] showed that a-wave and b-wave
responses were not significantly reduced while OPs were significantly reduced at eight weeks after
the injection of 50 mg/kg streptozotocin. Thus, the onset of retinal dysfunction in STZ rats differs
depending on the amount of streptozotocin injected and the data suggest that the difference is caused
by the severity of diabetes mellitus via the injection of streptozotocin. In this study, plasma insulin was
undetectable, while the plasma glucose levels in rats fasted for 12 h was high (STZ rat at two weeks
after streptozotocin, 267.6 mg/dL). These results show that the severity of diabetes mellitus in our STZ
rats was higher than in previous reports [35,36]. Early changes in ERG may determine the severity of
diabetes mellitus via a high-dose injection of streptozotocin (100 mg/kg × 2). It is known that a-waves
reflect the function of photoreceptors, b-waves reflect bipolar cell and Müller cell function and OPs are
dependent on the hemodynamics in the central retinal artery. Taken together, our findings suggest
that the retinas in STZ rats are injured and the retinal dysfunction arose at about two weeks after the
injection of streptozotocin.

In treating the posterior segments, it is important to improve the effectiveness of ocular drugs
by enhancing their bioavailability [37]. We previously designed a novel ophthalmic formulation
called CLZnano and reported that the state of the CLZnano does not affect the antimicrobial activity
of benzalkonium chloride against Escherichia coli. In addition, the instillation of the CLZnano can
deliver CLZ in a therapeutic range into the retina [31] where it suppresses retinal vasoconstriction in
1 × 10−5 M ET-1-injected rats (15 μL) [31]. The CLZnano may lead to their new usage as therapies in
the ophthalmologic field. Therefore, we demonstrated the therapeutic effect of CLZnano instillation on
retinal dysfunction in STZ rats. The instillation of CLZnano had no effect on body weight or on plasma
glucose or insulin levels (Table 1). Furthermore, no corneal toxicity was observed in the in vitro and
in vivo studies using HCE-T cells or STZ rats (Figure 6). On the other hand, the CLZ content in the
retina of the right eye (with instillation) was significantly higher than that of the left eye (without
instillation) in rats instilled with CLZnano (Figure 3). These results support our previous study and it
was suggested the Cmax in 1% CLZnano instillation did not show any systemic effects, such as changes
in blood pressure and flow in the carotid artery [38]. Following this, we measured the changes in ERG
for STZ rats instilled with CLZnano. The instillation of CLZnano attenuated the decrease in the levels
of the a-wave and b-wave, as well as the OP amplitude in STZ rats (Figure 4). This shows that the
instillation of CLZnano may be useful as a therapy for retinal dysfunction via hyperglycemia.

The measurement of factors associated with the onset of DR in STZ rats, instilled with or without
CLZnano, is important with regard to certifying the therapeutic effect. The Müller cells of the retina are
activated and upregulate proangiogenic and vascular permeability factors, such as VEGF [39,40], at the
onset of DR via retinal hypoxia. These VEGFs contribute to the development of clinical symptoms of
retinopathy. In addition, many recent studies have identified the central role of VEGF as a main focus
for developing treatments for the vascular lesions observed in DR. Blocking the action of VEGF is a
main focus for developing a treatment for this debilitating disease. Therefore, we investigated changes
in VEGF levels in the retinas of STZ rats instilled with or without CLZnano. We found that VEGF levels
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in the retinas of rats are enhanced by the injection of streptozotocin, with the instillation of CLZnano

found to suppress these enhanced VEGF levels in STZ rats (Figure 4E). In addition, we previously
reported that retinal hypoxia increases the distance between cells in the inner plexiform layer, the outer-
and inner- nuclear layers (neural layer) in the retinas of STZ rats. The enhanced retinal thickening
caused by the injection of excessive STZ may lead to retinal dysfunction, resulting in a decrease in
ERG [41]. The enhanced retinal thickening was also reversed by the instillation of CLZnano (Figure 5).
These results show that CLZnano may prevent retinal hypoxia through vasodilatory effects, resulting in
a decrease in VEGF production and reversal of the changes in ERG and retinal thickening.

Further studies are needed to determine the mechanism for the ERG and histopathological
alterations of rats injected with high-dose streptozotocin. In addition, it is important to clarify the
precise mechanism for the preventive effect of CLZnano on retinal dysfunction. Therefore, we are now
investigating the effect of CLZnano on retinal blood flow in STZ rats using laser Doppler velocimetry
and will demonstrate the changes in cyclic adenosine 3′,5′-monophosphate (cAMP) levels in retina after
the instillation of CLZnano. On the other hand, the enhanced retinal thickening was not observed in a
lower-dose STZ model or a genetic model of diabetic retinopathy, and thus reversal effects of CLZnano

may not necessarily work on diabetic complications. Therefore, it is also important to investigate the
effect of CLZnano on retinal disorders in the genetic model of diabetic retinopathy in future study.

4. Materials and Methods

4.1. Reagents and Animals

Original CLZ (powder type) and methylcellulose (MC) were kindly donated by Otsuka
Pharmaceutical Co., Ltd. (Tokyo, Japan) and Shin-Etsu Chemical Co., Ltd. (Tokyo, Japan), respectively.
All other chemicals used were purchased and of the highest purity commercially available. Male Wistar
rats (normal rat) were obtained from Kiwa Laboratory Animals Co., Ltd. (Wakayama, Japan). Diabetes
mellitus was induced in 6-week old Wistar rats by injecting them with streptozotocin on two
consecutive days (100 mg/kg × 2, i.p., STZ rat) and housing them for 0–6 weeks under standard
conditions (7:00 a.m.–7:00 p.m. (fluorescent light), 25 ◦C). All procedures were performed in accordance
with the Association for Research in Vision and Ophthalmology resolution on the use of animals in
research and the Kindai University Faculty of Pharmacy Committee Guidelines for the Care and Use
of Laboratory Animals (identification code: KAPS-25-003, From 1 May 2013).

4.2. Preparation of Ophthalmic CLZ Nanodispersions

CLZ solid nanodispersions were prepared using zirconia balls, Pulverisette 7 (a planetary ball mill,
Fritsch Japan Co., Ltd., Tokyo, Japan) and Bead Smash 12 (a bead mill, Wakenyaku Co. Ltd., Kyoto,
Japan) according to our previous study [31]. CLZ powder, 2-hydroxypropyl-β-cyclodextrin (HPβCD,
Nihon Shokuhin Kako Co., Ltd., Tokyo, Japan), benzalkonium chloride (BAC, Kanto Chemical Co.,
Inc., Tokyo, Japan), mannitol (D-mannitol, Wako Pure Chemical Industries, Ltd., Osaka, Japan) and
MC were used to prepare the CLZ nanoparticles. The compositions of the dispersions containing CLZ
solid nanoparticles (CLZnano) were as follows: 1% CLZ, 0.001% BAC, 0.1% mannitol, 1% MC, and 5%
HPβCD (a pH of 6.5). The solubility of CLZ in saline containing 0.001% BAC, 0.1% mannitol, 1% MC
and 5% HPβCD was 0.037% (the solubility of CLZ in saline is 0.0005%). The vehicle in this study used
a solution containing these various additives (0.001% BAC, 0.1% mannitol, 1% MC and 5% HPβCD),
while the concentration of CLZ used in this study was detected according to our previous study [31].
In the course of preparation, the solvent containing additives was filtered through a Minisart CE (pore
size of 0.20 μm, Costar, Cambridge, MA, USA) under aseptic conditions. Images and particle sizes
were obtained using an SPM-9700 scanning probe microscope (Shimadzu Corp., Kyoto, Japan) and
a SALD-7100 nanoparticle size analyzer (Shimadzu Corp., Kyoto, Japan; refractive index 1.60–0.10
imaginary unit), respectively (Figure 7).
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Figure 7. (A) Image, in addition to (B) the cumulative size distribution and frequency of 1%
CLZnano. The image of CLZnano was obtained on an SPM-9700 and particle size was determined
using a SALD-7100 nanoparticle size analyzer (refractive index 1.60–0.10 imaginary unit). Dashed line:
the cumulative size distribution; solid line: the cumulative size frequency and mean particle size of
CLZnano is 59 nm.

4.3. Measurement of CLZ by HPLC

CLZ levels in the samples were determined according to our previous report using a Shimadzu
LC-20AT system [31]. Benzophenone was selected as the internal standard, while an Inertsil®

ODS-3 column (GL Science Co., Inc., Tokyo, Japan) was used. The mobile phase consisted of
acetonitrile/methanol/water (35/15/50, v/v/v) at a flow rate of 0.25 mL/min, the column temperature
was 35 ◦C and the wavelength for detection was 254 nm. The peak of CLZ was detected at 3.7 min
(retention time).

4.4. Measurement of Plasma Glucose and Insulin

Glucose and insulin (parameters for diabetes mellitus) were measured for normal and STZ rats
according to our previous methods [42]. Blood was taken without anesthesia from the tail vein of each
rat fasted for 12 h (10:00 a.m.). The plasma glucose and insulin levels were measured by an Accutrend
GCT (Roche Diagnostics, Mannheim, Germany) and an ELISA Insulin Kit (Morinaga Institute of
Biological Science Inc., Kanagawa, Japan), respectively.

4.5. Measurement of CLZ Content in Blood and Retina

Thirty microliters of 1% CLZnano was instilled into the right eye of the STZ rats twice a day
(9:00 a.m. and 7:00 p.m.), before the blood and retina were collected at 0–5 h after the morning
instillation (9:00 a.m.–2:00 p.m.). The samples were homogenized in methanol on ice and centrifuged
at 10,000 rpm for 15 min at 4 ◦C. CLZ in the supernatant was analyzed by the HPLC method
described above.

4.6. Measurement of VEGF

Retinas were collected (2:00 p.m.) and homogenized in 50 mM of Tris buffer on ice, before being
centrifuged at 15,000 rpm for 20 min at 4 ◦C. The supernatants were used for the measurement of VEGF
using a rat VEGF immunoassay Quantikine ELISA kit according to the manufacturer’s instructions
(R and D Systems, Inc., Minneapolis, MN, USA). VEGF levels are expressed as pg/mg protein. Protein
levels in the samples used to determine the VEGF levels were assessed using a Bio-Rad Protein Assay
Kit (Bio-Rad Laboratories, Hercules, CA, USA).

4.7. Measurement of ERG

ERG readings were recorded by PuREC (Mayo, Aichi, Japan) zero, two, four, and six weeks
after the injection of streptozotocin. The rats were maintained in a completely dark room for 24 h,
after which they were anesthetized with isoflurane. The pupils were dilated with 0.5% tropicamide
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and 0.5% phenylephrine (Santen, Osaka, Japan). Flash ERG was recorded in the right eyes of the
dark-adapted rats by placing a golden-ring electrode (Mayo, Aichi, Japan) in contact with the cornea
and a reference electrode (Mayo, Aichi, Japan) through the tongue. A neutral electrode (Mayo, Aichi,
Japan) was inserted subcutaneously near the tail. All procedures were performed under dim red light.
The amplitude of the a-wave was measured from the baseline to the maximum a-wave peak, while the
b-wave was measured from the maximum a-wave peak to the maximum b-wave peak. The a-wave
shows the function of the photoreceptors, while the b-wave reflects bipolar cell and Müller cell function.
To analyze the oscillatory potentials (OPs), the OP amplitudes were measured in the time between the
a- and b-wave peaks. The relevant factors were OP number (OP1, OP2, and OP3) and flash intensity
(0.98 (log cds/m2)). OPs were isolated by the band pass filter and OP amplitudes were measured using
ERG with all frequencies (0.3–500 Hz). The OPs were dependent on the hemodynamics in the central
retinal artery.

4.8. Morphology of Rat Retina

Whole rat eyes were fixed in SUPER FIX™ rapid fixative solution (Kurabo Industries, Osaka,
Japan) and 3-μm paraffin sections were prepared from the fixed whole rat eyeballs in the usual
manner [43]. The rat retinal tissue was observed in detail by hematoxylin and eosin (H.E.) staining.
A microscope (Power BX-51, Olympus, Tokyo, Japan) was used for observation. The distance from
the retinal ganglion cell to the outer granule layer (neural layer: inner plexiform layer, outer- and
inner-nuclear (granule) layer) was calculated using Image J (NIH, MD, USA). The photographed area
has a position of about 4–5 o’clock or 7–8 o’clock when the center of the cornea is at the 12 o’clock
position in the sagittal section of the eyeball at approximately the middle part of the optic nerve and
the peripheral part of the retinal nerve.

4.9. Measurement of In Vitro Corneal Epithelial Stimulation by CLZnano

The experiment was performed according to our previous study using the immortalized human
corneal epithelial cell line, HCE-T [27]. HCE-T cells (1 × 104 cells) were seeded in 96-well microplates
(IWAKI, Chiba, Japan) and one day after seeding, the cell cultures were stimulated by 1% CLZnano

for 0–120 s. The time was determined according to a previous report as the components of eye drops
are excreted though the nasolacrimal duct into the mouth at approximately 120 s after instillation [44].
Following stimulation, a culture medium containing TetraColor One (SEIKAGAKU Co., Tokyo, Japan)
was added and incubated for 1 h. After that, the absorbance (Abs) at 490 nm was measured and cell
viability was calculated according to the manufacturer’s instructions, as represented by Equation (1):

Cell viability (%) = Abstreatment for each group/Absnon-treatment for each group × 100 (1)

The wash-off and medium change was done in the non-treatment groups, and the Abs in
non-treatment groups were similar.

4.10. Measurement of In Vivo Corneal Toxicity by CLZnano

Thirty microliters of 1% CLZnano was instilled into the right eyes of STZ rats twice a day (9:00 a.m.
and 7:00 p.m.) for six weeks (repetitive instillation). The eyes were kept open for about 1 min after
instillation to prevent the 1% CLZnano from being washed out. The wound area (corneal epithelial
damage) was stained with 1% fluorescein (Alcon Japan, Tokyo, Japan) and measured using a TRC-50X
fundus camera (Topcon, Tokyo, Japan) equipped with a digital camera (the instillation of fluorescein
can stain the corneal epithelium damage). The image was obtained 5 h after the instillation (2:00 p.m.).

4.11. Statistical Analysis

Unpaired Student’s t-test, Aspin-Welch’s t-test or Dunnett’s multiple comparison was used,
with p < 0.05 considered significant. All data are expressed as means ± S.E.
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5. Conclusions

We found that a-wave and b-wave levels, in addition to OP amplitude, were decreased in rats
following the injection of excessive streptozotocin, while retinal disorders associated with diabetes
mellitus were attenuated by the instillation of CLZnano. These findings provide significant information
that can be used to design further studies aimed at developing anti-diabetic retinopathy drugs.
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ERG Electroretinogram
ET Endotheline
HCE-T Human Corneal Epithelial Cell Line
H.E. Hematoxylin and Eosin
HPβCD 2-Hydroxypropyl-β-Cyclodextrin
OPs Oscillatory Potentials
MC Methylcellulose
STZ rat Streptozotocin-Induced Diabetic Rat
VEGF Vascular Endothelial Growth Factor

References

1. Miller, J.W.; Adamis, A.P.; Aiello, L.P. Vascular endothelial growth factor in ocular neovascularization and
proliferative diabetic retinopathy. Diabetes Metab. Rev. 1997, 13, 37–50. [CrossRef]

2. Cheung, N.; Wong, T.Y. Diabetic retinopathy and systemic vascular complications. Prog. Retin. Eye Res.
2008, 27, 161–176. [CrossRef] [PubMed]

3. Cheung, N.; Mitchell, P.; Wong, T.Y. Diabetic retinopathy. Lancet 2010, 376, 124–136. [CrossRef]
4. Trick, G.L.; Burde, R.M.; Gordon, M.O.; Kilo, C.; Santiago, J.V. Retinocortical conduction time in diabetics

with abnormal pattern reversal electroretinograms and visual evoked potentials. Doc. Ophthalmol. 1988, 70,
19–28. [CrossRef] [PubMed]

5. Wolff, B.E.; Bearse, M.A., Jr.; Schneck, M.E.; Barez, S.; Adams, A.J. Multifocal VEP (mfVEP) reveals abnormal
neuronal delays in diabetes. Doc. Ophthalmol. 2010, 121, 189–196. [CrossRef] [PubMed]

6. Falsini, B.; Porciatti, V.; Scalia, G.; Caputo, S.; Minnella, A.; di Leo, M.A.; Ghirlanda, G. Steady-state pattern
electroretinogram in insulin-dependent diabetics with no or minimal retinopathy. Doc. Ophthalmol. 1989, 73,
193–200. [CrossRef] [PubMed]

7. Dorfman, D.; Aranda, M.L.; Rosenstein, R.E. Enriched environment protects the optic nerve from early
diabetes-induced damage in adult rats. PLoS ONE 2015, 10, e0136637. [CrossRef] [PubMed]

8. Fernandez, D.C.; Pasquini, L.A.; Dorfman, D.; Aldana Marcos, H.J.; Rosenstein, R.E. Early distal axonopathy
of the visual pathway in experimental diabetes. Am. J. Pathol. 2012, 180, 303–313. [CrossRef] [PubMed]

9. Fernandez, D.C.; Pasquini, L.A.; Dorfman, D.; Aldana Marcos, H.J.; Rosenstein, R.E. Ischemic conditioning
protects from axoglial alterations of the optic pathway induced by experimental diabetes in rats. PLoS ONE
2012, 7, e51966. [CrossRef] [PubMed]

105



Int. J. Mol. Sci. 2017, 18, 1971

10. Chapman, T.M.; Goa, K.L. Cilostazol: A review of its use in intermittent claudication. Am. J. Cardiovasc. Drugs
2003, 3, 117–138. [CrossRef] [PubMed]

11. Tanaka, K.; Gotoh, F.; Fukuuchi, Y.; Amano, T.; Uematsu, D.; Kawamura, J.; Yamawaki, T.; Itoh, N.; Obara, K.;
Muramatsu, K. Effects of a selective inhibitor of cyclic AMP phosphodiesterase on the pial microcirculation
in feline cerebral ischemia. Stroke 1989, 20, 668–673. [CrossRef] [PubMed]

12. Kwon, S.U.; Cho, Y.J.; Koo, J.S.; Bae, H.J.; Lee, Y.S.; Hong, K.S.; Lee, J.H.; Kim, J.S. Cilostazol
prevents the progression of the symptomatic intracranial arterial stenosis: The multicenter double-blind
placebo-controlled trial of cilostazol in symptomatic intracranial arterial stenosis. Stroke 2005, 36, 782–786.
[CrossRef] [PubMed]

13. Katakami, N.; Kim, Y.S.; Kawamori, R.; Yamasaki, Y. The phosphodiesterase inhibitor cilostazol induces
regression of carotid atherosclerosis in subjects with type 2 diabetes mellitus. Circulation 2010, 121, 2584–2591.
[CrossRef] [PubMed]

14. Hotta, H.; Ito, H.; Kagitani, F.; Sato, A. Cilostazol, a selective cAMP phosphodiesterase inhibitor, dilates
retinal arterioles and increases retinal and choroidal blood flow in rats. Eur. J. Pharmacol. 1998, 344, 49–52.
[CrossRef]

15. Asasutjarit, R.; Thanasanchokpibull, S.; Fuongfuchat, A.; Veeranodha, S. Optimization and evaluation of
thermoresponsive diclofenac sodium ophthalmic in situ gels. Int. J. Pharm. 2011, 411, 128–135. [CrossRef]
[PubMed]

16. Rafie, F.; Javadzadeh, Y.; Javadzadeh, A.R.; Ghavidel, L.A.; Jafari, B.; Moogooee, M.; Davaran, S. In vivo
evaluation of novel nanoparticles containing dexa-methasone for ocular drug delivery on rabbit eye.
Curr. Eye Res. 2010, 35, 1081–1089. [CrossRef] [PubMed]

17. Diebold, Y.; Jarrín, M.; Sáez, V.; Carvalho, E.L.; Orea, M.; Calonge, M.; Seijo, B.; Alonso, M.J. Ocular drug
delivery by liposome-chitosan nanoparticle complexes (LCS-NP). Biomaterials 2007, 28, 1553–1564. [CrossRef]
[PubMed]

18. Zhou, H.Y.; Hao, J.L.; Wang, S.; Zheng, Y.; Zhang, W.S. Nanoparticles in the ocular drug delivery. Int. J. Ophthalmol.
2013, 6, 390–396. [PubMed]

19. Rahul, M.; Mohita, U.; Sanat, M. Design considerations for chemotherapeutic drug nanocarriers.
Pharm. Anal. Acta 2014, 5, 279.

20. Gupta, H.; Aqil, M.; Khar, R.K.; Ali, A.; Bhatnagar, A.; Mittal, G. Biodegradable levofloxacin nanoparticles
for sustained ocular drug delivery. J. Drug Target 2011, 19, 409–417. [CrossRef] [PubMed]

21. Tomoda, K.; Watanabe, A.; Suzuki, K.; Inagi, T.; Terada, H.; Makino, K. Enhanced transdermal permeability
of estradiol using combination of PLGA nanoparticles system and iontophoresis. Colloids Surf. B Biointerfaces
2012, 97, 84–89. [CrossRef] [PubMed]

22. Tomoda, K.; Terashima, H.; Suzuki, K.; Inagi, T.; Terada, H.; Makino, K. Enhanced transdermal delivery of
indomethacin-loaded PLGA nanoparticles by iontophoresis. Colloids Surf. B Biointerfaces 2011, 88, 706–710.
[CrossRef] [PubMed]

23. Tomoda, K.; Terashima, H.; Suzuki, K.; Inagi, T.; Terada, H.; Makino, K. Enhanced transdermal delivery of
indomethacin using combination of PLGA nanoparticles and iontophoresis in vivo. Colloids Surf. B Biointerfaces
2012, 92, 50–54. [CrossRef] [PubMed]

24. Nagai, N.; Ito, Y. Effect of solid nanoparticle of indomethacin on therapy for rheumatoid arthritis in
adjuvant-induced arthritis rat. Biol. Pharm. Bull. 2014, 37, 1109–1118. [CrossRef] [PubMed]

25. Nagai, N.; Ito, Y. A new preparation method for ophthalmic drug nanoparticles. Pharm. Anal. Acta 2014, 5, 6.
26. Nagai, N.; Ono, H.; Hashino, M.; Ito, Y.; Okamoto, N.; Shimomura, Y. Improved corneal toxicity and

permeability of tranilast by the preparation of ophthalmic formulations containing its nanoparticles. J. Oleo Sci.
2014, 63, 177–186. [CrossRef] [PubMed]

27. Nagai, N.; Ito, Y.; Okamoto, N.; Shimomura, Y. A nanoparticle formulation reduces the corneal toxicity
of indomethacin eye drops and enhances its corneal permeability. Toxicology 2014, 319, 53–62. [CrossRef]
[PubMed]

28. Nagai, N.; Ito, Y. Therapeutic effects of gel ointments containing tranilast nanoparticles on paw edema in
adjuvant-induced arthritis rats. Biol. Pharm. Bull. 2014, 37, 96–104. [CrossRef] [PubMed]

29. Nagai, N.; Yoshioka, C.; Mano, Y.; Tanabe, W.; Ito, Y.; Okamoto, N.; Shimomura, Y. A nanoparticle formulation
of disulfiram prolongs corneal residence time of the drug and reduces intraocular pressure. Exp. Eye Res.
2015, 132, 115–123. [CrossRef] [PubMed]

106



Int. J. Mol. Sci. 2017, 18, 1971

30. Nagai, N.; Yoshioka, C.; Ito, Y. Topical Therapies for rheumatoid arthritis by gel ointments containing
indomethacin nanoparticles in adjuvant-induced arthritis rat. J. Oleo Sci. 2015, 64, 337–346. [CrossRef]
[PubMed]

31. Nagai, N.; Yoshioka, C.; Tanabe, W.; Tanino, T.; Ito, Y.; Okamoto, N.; Shimomura, Y. Effects of ophthalmic
formulations containing cilostazol nanoparticles on retinal vasoconstriction in rats injected with endothelin-1.
Pharm. Anal. Acta 2015, 6, 4.

32. Barber, A.J.; Lieth, E.; Khin, S.A.; Antonetti, D.A.; Buchanan, A.G.; Gardner, T.W. Neural apoptosis in the
retina during experimental and human diabetes. Early onset and effect of insulin. J. Clin. Investig. 1998, 102,
783–791. [CrossRef] [PubMed]

33. Lecleire-Collet, A.; Audo, I.; Aout, M.; Girmens, J.F.; Sofroni, R.; Erginay, A.; Gargasson, J.F.; Mohand-Saïd, S.;
Meas, T.; Guillausseau, P.J.; et al. Evaluation of retinal function and flicker light-induced retinal vascular
response in normotensive patients with diabetes without retinopathy. Investig. Ophthalmol. Vis. Sci. 2011, 52,
2861–2867. [CrossRef] [PubMed]

34. Hancock, H.A.; Kraft, T.W. Oscillatory potential analysis and ERGs of normal and diabetic rats.
Investig. Ophthalmol. Vis. Sci. 2004, 45, 1002–1008. [CrossRef]

35. Li, Q.; Zemel, E.; Miller, B.; Perlman, I. Early retinal damage in experimental diabetes: Electroretinographical
and morphological observations. Exp. Eye Res. 2002, 74, 615–625. [CrossRef] [PubMed]

36. Kohzaki, K.; Vingrys, A.J.; Bui, B.V. Early inner retinal dysfunction in streptozotocin-induced diabetic rats.
Investig. Ophthalmol. Vis. Sci. 2008, 49, 3595–3604. [CrossRef] [PubMed]

37. Ammar, H.O.; Salama, H.A.; Ghorab, M.; Mahmoud, A.A. Nanoemulsions as potential ophthalmic delivery
systems for orzolamide hydrochloride. Pharm. Sci. Tech. 2009, 10, 808–819. [CrossRef] [PubMed]

38. Nagai, N.; Yoshioka, C.; Ito, Y.; Funakami, Y.; Nishikawa, H.; Kawabata, A. Intravenous administration of
cilostazol nanoparticles ameliorates acute ischemic stroke in a cerebral ischemia/reperfusion-induced injury
model. Int. J. Mol. Sci. 2015, 16, 29329–29344. [CrossRef] [PubMed]

39. Fletcher, E.L.; Phipps, J.A.; Wilkinson-Berka, J.L. Dysfunction of retinal neurons and glia during diabetes.
Clin. Exp. Optom. 2005, 88, 132–145. [CrossRef] [PubMed]

40. Amin, R.H.; Frank, R.N.; Kennedy, A.; Eliott, D.; Puklin, J.E.; Abrams, G.W. Vascular endothelial growth
factor is present in glial cells of the retina and optic nerve of human subjects with nonproliferative diabetic
retinopathy. Investig. Ophthalmol. Vis. Sci. 1997, 38, 36–47.

41. Hiramatsu, N.; Deguchi, S.; Yoshioka, C.; Otake, H.; Yamamoto, N.; Nagai, N. Evaluation of retinal function in
streptozotocin-induced diabetic rats by using the electroretinography and immunohistochemistry methods.
Yakugaku Zasshi 2017, in press. [CrossRef] [PubMed]

42. Nagai, N.; Ito, Y.; Sasaki, S. Hyperglycemia enhances the production of amyloid β1–42 in the lenses of otsuka
long-evans tokushima fatty rats, a model of human type 2 diabetes. Investig. Ophthalmol. Vis. Sci. 2016, 57,
1408–1417. [CrossRef] [PubMed]

43. Yamamoto, N.; Majima, K.; Marunouchi, T. A study of the proliferating activity in lens epithelium and the
identification of tissue-type stem cells. Med. Mol. Morphol. 2008, 41, 83–91. [CrossRef] [PubMed]

44. Goto, H.; Yamada, M.; Yoshikawa, K.; Iino, M. Presented at the Ganka-Kaigyoui notameno Gimon·nanmon
Kaiketusaku; Shindan to Chiryosha Co.: Tokyo, Japan, 2006; pp. 216–217. (In Japanese)

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

107



 International Journal of 

Molecular Sciences

Article

Copper-Free ‘Click’ Chemistry-Based Synthesis and
Characterization of Carbonic Anhydrase-IX Anchored
Albumin-Paclitaxel Nanoparticles for Targeting
Tumor Hypoxia

Katyayani Tatiparti 1,†, Samaresh Sau 1,*,†, Kaustubh A. Gawde 1 and Arun K. Iyer 1,2,*

1 Use-Inspired Biomaterials & Integrated Nano Delivery (U-BiND) Systems Laboratory, Department of
Pharmaceutical Sciences, Eugene Applebaum College of Pharmacy and Health Sciences, Wayne State
University, Detroit, MI 48201, USA; katyayani.tatiparti@wayne.edu (K.T.);
kaustubhagawde@gmail.com (K.A.G.)

2 Molecular Imaging Program, Barbara Ann Karmanos Cancer Institute, Wayne State University School of
Medicine, Detroit, MI 48201, USA

* Correspondence: samaresh.sau@wayne.edu (S.S.); arun.iyer@wayne.edu (A.K.I.);
Tel.: +1-313-577-3220 (S.S.); +1-313-577-5875 (A.K.I.)

† These authors contributed equally to this work.

Received: 9 January 2018; Accepted: 5 March 2018; Published: 13 March 2018

Abstract: Triple negative breast cancer (TNBC) is a difficult to treat disease due to the absence
of the three unique receptors estrogen, progesterone and herceptin-2 (HER-2). To improve the
current therapy and overcome the resistance of TNBC, there is unmet need to develop an effective
targeted therapy. In this regard, one of the logical and economical approaches is to develop a tumor
hypoxia-targeting drug formulation platform for selective delivery of payload to the drug-resistant
and invasive cell population of TNBC tumors. Toward this, we developed a Carbonic Anhydrase
IX (CA IX) receptor targeting human serum albumin (HSA) carriers to deliver the potent anticancer
drug, Paclitaxel (PTX). We used Acetazolamide (ATZ), a small molecule ligand of CA IX to selectively
deliver HSA-PTX in TNBC cells. A novel method of synthesis involving copper free ‘click’ chemistry
(Dibenzocyclooctyl, DBCO) moiety with an azide-labeled reaction partner, known as Strain-Promoted
Alkyne Azide Cycloaddition (SPAAC) along with a desolvation method for PTX loading were used in
the present study to arrive at the CA IX selective nano-carriers, HSA-PTX-ATZ. The anticancer effect
of HSA-PTX-ATZ is higher compared to HSA, PTX and non-targeted HSA-PTX in MDA-MB-231 and
MDA-MB-468 cells. The cell killing effect is associated with induction of early and late phases of
apoptosis. Overall, our proof-of-concept study shows a promising avenue for hypoxia-targeted drug
delivery that can be adapted to several types of cancers.

Keywords: carbonic anhydrase IX; tumor hypoxia targeting; paclitaxel; copper free ‘click’ chemistry;
triple negative breast cancer; albumin nanoparticles; human serum albumin

1. Introduction

Cancer is a one the major causes of death in the U.S.A., annually claiming more than half a
million lives and an estimated 1.5 million new cases [1]. Thus, there is an urgent need to improve
diagnostic tools for early detection and to develop more selective drug delivery agents for therapy of
cancer with least toxic side effects. Nanomedicines have been shown to be multitasking drug delivery
vehicles that can passively accumulate within tumor tissue and have been clinically approved for
conventional cancer therapy. Accumulated evidence indicates that current drug delivery agents failed
in clinical trials due to lack of targeting ability, poor tumor penetration, tumor heterogeneity, and
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complex association of tumor associated immune cells and stroma [2]. Thus, targeted drug delivery
that utilizes various ligands to recognize specific biomarkers expressed on tumor components has
become extremely important in selective delivery of drugs and enhancing therapeutic efficacy [3–16].
The targeted cancer treatment approach differentiates between healthy and cancer tissues [17,18].
One smart way of designing a successful approach for tumor targeting can be the development of
tumor multi-component targeting ligand library, and formulations with various types of biocompatible
drug-carriers. This library of ligands could be surface decorated with drug-carrier systems using
a combinatorial reagent-free organic synthesis approach for improving tumor early diagnosis and
therapy. Modern research methods have the potential to transform personalized cancer treatment with
improved quality of life, while providing the opportunity to integrate chemistry, drug delivery, cancer
research elements and discoveries into multidisciplinary research experiences. The research presented
in this study is based on a similar idea, i.e.,

(i) self-assembling of polymer, lipid, metallic-based nanosized drug-carrier, and bio-manufacturing
of endogenous cell- (red blood cell, exosome) and protein (serum albumin, transferrin)-based
cargo carrier [3,6,8,19–33];

(ii) functionalization of targeting ligands with the cargo carriers using a reagent-free synthesis
approach, such as copper free cyclic Alkyne-Azide click reaction, “Thiol-Ene” Michael-type, and
strain-promoted “Alkyne-Nitrone” cycloadditions [34–43].

The beauty of all these reactions is that they do not require any harmful chemicals, reagents, or
any special condition, and they yield highly specific coupled products. The new knowledge gained
through this interdisciplinary effort will provide a unique repertoire of advancement in drug delivery
with rational design of targeting ligand-customized cargo carriers to exert distinct functions in the
tumor microenvironment. The present study is an attempt to apply this simple strategy to develop a
formulation of human serum albumin (HSA) via the copper-free cyclic Alkyne-Azide click reaction
that targets tumor hypoxia.

Furthermore, nanoparticles have been broadly utilized as drug delivery systems for targeted
delivery of anticancer drugs [44–64] in the pharmaceutical industry. They can enhance the delivery of
hydrophobic drugs, decrease metabolic degradation of these drugs, target their delivery to malignant
cancer cells just by the alteration of the surface of the delivery system with the addition of a ligand,
and show controlled, extended or sustained delivery of drugs [7,8,13,25,53,58,65–81]. Alongside
the capacity to improve the solubility of hydrophobic drugs, nanomicelles additionally can target
cancer cells by two different strategies: passive and active targeting. The passive targeting delivery
systems rely on the capacity of nanomicelles to exploit the Enhanced Permeability and Retention (EPR)
effect [61,82–88]. The EPR phenomenon proposes that the multiplication of cancer cells brings about the
improvement of profoundly disordered and flawed veins. Hence, nanoparticles including nanomicelles
can extravasate and gather at the tumor site [89,90]. Hence, the nanomicelles are commonly conjugated
with a targeting moiety in the targeted delivery system, thus, encouraging the specific aggregation of
the drugs in target tissues, singular cancer cells, or intracellular organelles that are related to specific
targeting biomarkers in cancer cells [83,84]. However, the presence of the EPR effect is not common
to all cancer cells and, in some, may not be as effective as in others [86,91]. Further, in those cancer
cells that do show the EPR effect, angiogenesis is not uniform across the tumor depth which can
cause unequal distribution of the drugs. This gives a reason to develop targeted delivery systems that
function via active uptake by the cancer cells via receptor-mediated cell uptake [92]. The present study
is one such attempt.

Albumin is the most inexhaustible plasma protein in the human body. Its anti-immunogenic
properties make albumin a favored component as a sole carrier or a component of a carrier system for
an assortment of cancer medications. Like the vast majority of plasma proteins, albumin is produced
in the liver where it is created at a rate of around 0.7 mg/h for each gram of liver (i.e., 10–15 g daily).
The normal half-life of albumin is 19 days. Its high take-up in inflamed and tumor cells makes it
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a perfect carrier for medications to target malignant cells. Numerous research- and industry-based
techniques have been mentioned for in the literature, which conjugate or encapsulate different
medications to albumin. Human serum albumin protein has a total set of 585 amino acids. A solitary
polypeptide chain comprises 17 disulfide bonds, one free thiol and one tryptophan functional groups
which make it an effective binding protein [93]. The advantages of the human serum albumin (HSA)
include the presence of several drug binding sites like the amino and carboxylic groups that provide
opportunities for covalent modifications and drug or protein attachment of the drugs or targeting
ligands [94–96]. It has low-cost, non-immunogenic and naturally biodegradable properties that have
been applied as a matrix for nanoparticles-based drug delivery systems [97–99]. The most important
property that makes it preferable as a drug delivery carrier may be the fact that it is not susceptible to
opsonization by serum proteins [100,101]. HSA conjugation could provide nanoparticles that are a
promising delivery system for biopharmaceutically challenging medications, for example Paclitaxel
(PTX), and they enhance the medication delivery and bioavailability for such drugs [102,103].

Carbonic Anhydrase (CA) is a zinc metalloenzyme that converts CO2 to bicarbonate reversibly
generating a proton in the process. There are about 15 varieties of CAs in mammals each of which
exhibit different properties, but all of them are involved in ion exchange and pH balance [104]. Of all of
them, CA IX is the most efficient and is available on the surface of cancer cells. The enzyme’s active site
is exposed outside the cell membrane. It is not expressed in normal healthy cells but is overexpressed
in cancer cells under the influence of hypoxia [80,105], that is in turn produced by the extensively and
fast-growing tumor cells which outgrow the oxygen supply creating a scenario of hypoxia. Thus, it
has become the primary target for cancer therapy [106–108]. Sulfonamides are a group of anti-bacterial
agents that have been recently proven to have antitumor activity too [109,110]. Acetazolamide (ATZ)
is an aromatic member of the family of sulfonamides that is different from the other members of the
group in that it does not have antibacterial properties. It was used for glaucoma and epilepsy but has
also been proven to have carbonic anhydrase inhibitory activity. It has been used as an antitumor agent
for 40 years. Other aromatic sulfonamides have also been found to have antitumor activities [111,112].

Paclitaxel is an effective anticancer drug used for chemotherapy. It has a unique chemical
structure and results in polymerization of tubulin to stabilize microtubules and, furthermore, associates
specifically with microtubules, making them stable against depolymerization in the presence of calcium
and at cold temperatures, which otherwise promptly depolymerize ordinary microtubules. It is
also known to act against mitochondria and inhibit apoptosis inhibitor protein B-cell Leukemia 2
(Bcl-2) [113–117]. However, it is highly hydrophobic and needs to be delivered via a delivery system
that improves its solubility and delivers it at the target sites [16].

The research described in this article is one such attempt to design a targeted delivery system
to deliver Paclitaxel to triple negative breast cancer (TNBC) cancer cell lines and test its efficacy
in vitro. The results show a promising avenue for targeted delivery that can be adapted to several
types of cancers.

2. Results

2.1. Synthesis of the Hypoxia Targeting Drug Delivery System

The product was prepared as described in Section 4.1. The final formulation was dialyzed and
lyophilized to form a powder. The resultant product was then analyzed by FTIR (Fourier-transform
infrared spectroscopy) to confirm the presence of the components used and the formation of the
product from click reaction. The results of FTIR (Figure S1) showed characteristic peaks between
1700–2100 cm−1 corresponding to the −N== +N== −N (azide) stretching and there is an observable
shift in the peaks that indicates that the reaction has occurred. It also shows peaks for –N–H, –C=O,
and –C–H bond stretching at 3300–3500, 1670–1820, and 1050–1350 cm−1 respectively. These results
were further confirmed by 1H NMR spectrum (Figure S2) that show peaks between 6.8–7.4 ppm that
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correspond to the hydrogens of the Dibenzocyclooctyl (DBCO) and between 2.2–3.6 ppm indicating
the hydrogens of the azide apart from the peaks for the sulfonamides between 7.8–8.0 ppm.

2.2. Drug Loading

The process of drug loading was performed at room temperature as described in the synthesis
in Section 4.1. The extent of drug loading was computed utilizing High performance liquid
chromatography (HPLC) and UV Spectrophotometry at 227 nm for absorbance of PTX. The
concentration of drug loaded was computed by utilizing a standard graph previously established.
The drug loading was observed to be around 11.3% w/w for PTX in this hypoxia-targeting drug
delivery system.

2.3. Particle Size Analysis

The investigations for measurement of the particle size of the formulation of this study were
performed by the Dynamic light scattering (DLS) and Transmission electron microscopy (TEM).
The outcomes demonstrated that the particle size (Figure 1a) on average was 294.0 nm and the
polydispersity index (PDI) was around 0.139 demonstrating that the vast majority of the particles
were inside the scope of this normal size. Further, the molecule size and morphology were considered
utilizing TEM which indicated particles (Figure 1b) of the size between 105 and 130 nm. Both these
outcomes affirm that the particle size is within the nanoscale.

Figure 1. (a) Particle size by Dynamic light scattering (DLS) of the hypoxia targeting drug delivery
system HSA-PTX-ATZ; (b) Particle size and morphology by Transmission electron microscopy (TEM)
of the hypoxia targeting drug delivery system HSA-PTX-ATZ.

2.4. Drug Release Studies

Drug release studies were carried out as described in Section 4.4. The drug release studies were
carried out at the physiological pH of 7 because it corresponds to that of the blood. The drug released
after the albumin nanoparticles were broken down was calculated using both UV and HPLC and the
results were consistent. The release was found to be steady over a period of 72 h with a release of
about 29.75% at 24 h and 42.62% at 72 h (Figure 2). This shows that the product under study can be
considered as a sustained release formulation.

 

Figure 2. Drug release studies at pH 7 for the hypoxia targeting drug delivery system HSA-PTX-ATZ.
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2.5. Stability Studies

Stability studies are preformed to test the resistance of the formulation to drug loss over a period
of time and to the aggregation of nanoparticles. Thus, these studies have been done in three aspects of
particle size, PDI and the drug loss over a period of 12 weeks or three months and the results are shown
in Figure 3. As can be seen, the particle size seems to very slightly fluctuate but after a slight amount
of agitation, the particle size seemed to be more or less the same; 292.5 nm at room temperature. The
particle size was found to be more stable when frozen over that time than at the other two conditions.
Similarly, there have been fluctuations in the PDI and at the end of the 12 weeks it was around 0.136.
As for the drug loss, the loss was at 3.0% at room temperature after 12 weeks but was lesser in the
frozen conditions which was of the order of 1.4%.

 

Figure 3. Stability studies over a period of 12 weeks for the hypoxia targeting drug delivery system
HSA-PTX-ATZ. * Statistically not significant.

2.6. In Vitro Cytotoxicity Studies

These studies were performed on two different cell lines each expressing the CA IX receptor to a
different extent [111,112]. In this direction, the results (Figure 4) of the in vitro cytotoxicity studies have
shown that the MDA-MB-231 shows an IC50 at around 1 μm of the drug in the formulation as well as
1 μm in the MDA-MB-468 cell line as calculated via graphical and mathematical calculations from both
MS Excel and GraphPad Prism 7. The results showed a dose-dependent killing and also a cell viability
much lower than the non-targeted preparation and free drug in both cell lines at each concentration.
The higher viability of the cells of the order of 80–90% for the carrier ligand combination additionally
shows that the carrier along with ligand are safe for use. Statistical analysis was performed to calculate
the significance of difference between free PTX and HAS-PTX-ATZ formulation in the two cell lines.
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Figure 4. In vitro cytotoxicity studies in MDA-MB-231 and MDA-MB-468 cell lines respectively for the
hypoxia targeting drug delivery system HSA-PTX-ATZ. ** Statistically significant.

2.7. Comparative In Vitro Cytotoxicity Studies for Normoxic and Hypoxic Conditions

This test proves that the presence of the ligand results in a higher uptake of the formulation in the
hypoxic conditions and also that the CA IX receptor expression in normoxic conditions is much lower
than the hypoxic conditions which results in the difference in uptake of the formulation in hypoxic
conditions. The hypoxic condition was induced by the use of CoCl2 [118,119]. The normoxic condition
was achieved by the absence of treatment of the cells with CoCl2. This was carried out at the IC50

concentration for the formulation in both cell lines calculated from the in vitro cytotoxicity studies.
The results from Figure 5 show that the cytotoxicity of the formulation in the hypoxic conditions
is much less than in the hypoxic conditions with the values of the cell viability being about 92% in
normoxic conditions and around 51% in the hypoxic condition in both cell lines. This also proves that
the formulation is quite safe in normal cells.

 

Figure 5. Comparative in vitro cytotoxicity studies for normoxic and hypoxic conditions in
MDA-MB-231 and MDA-MB-468 cell lines respectively for the hypoxia targeting drug delivery system
HSA-PTX-ATZ. ** Statistically significant.

2.8. Fluorescence Spectroscopic Studies

The fluorescence spectroscopic assay determines quantitatively the amount of drug entering the
cells. The conjugation of rhodamine B to the drug and the nanomicelles and its subsequent detection
in the spectrometer is time- and drug-concentration-dependent. The more rhodamine concentration
detected with time means the more of the formulation along with the encapsulated drug might be
entering the cells. The results of this assay show that the uptake of the formulation in the cells of both
the cell lines increases with time taken at the time intervals of 4, 8, 16 h (Figure 6). The results have been
presented in terms of fluorescence emission intensity as well as the concentration of rhodamine B that
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is conjugated to the formulation. The graph also depicts that the uptake of the targeted formulation in
both the cell lines is more than the non-targeted formulation.

Figure 6. Fluorescence spectroscopic studies in MDA-MB-231 and MDA-MB-468 cell lines respectively
for the hypoxia targeting drug delivery system HSA-PTX-ATZ. ** Statistically significant.

2.9. Apoptosis Assay by Flow Cytometry

Apoptosis is induced in both the cell lines because of the treatment with the formulations as was
analyzed by flow cytometry with Annexin V/7-AAD dual staining [20,120]. The levels of Annexin
V+/7-AAD+ (R3), Annexin V−/7-AAD+ (R4), Annexin V−/7-AAD− (R5), and Annexin V+/7-AAD−
(R6) were utilized to illustrate the percentage of live cells, early apoptotic, late apoptotic and necrotic
cells. The percentage of apoptotic cells was observed to be significantly higher in both the cell lines
treated with the targeted formulation when compared to free drug non-targeted formulations. The
percentage of early and late apoptotic cells in the MDA-MB-231 cell line was observed to be around
50.7% and 23.5%, respectively, in targeted formulation treated cells and 42.9% and 3.4%, respectively,
in the non-targeted formulation-treated cells (Figure 7a). The percentage of early and late apoptotic
cells in MDA-MB-468 cells was observed to be around 39.3% and 35.2%, respectively, in targeted
formulation treated cells and 45.9% and 3.3%, respectively, in the non-targeted formulation-treated cells
(Figure 7b). The outcomes present a superior apoptosis-inducing capacity of the targeted formulation.
The graphical representation of these results has been demonstrated in Figure 8a,b. These results
were consistent with cytotoxicity studies, cell uptake studies and the confocal microscopic studies.
Additionally, the blank formulation displayed generally low apoptosis in the cell line, demonstrating
the safety of the carrier system when utilized for treatment.

Figure 7. Apoptosis assay studies in (a) MDA-MB-231 and (b) MDA-MB-468 for the hypoxia targeting
drug delivery system HSA-PTX-ATZ (The results are presented in terms of percentage of apoptotic
cells similar to the previous literature [5,6,23,24,28,121]).
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Figure 8. (a) Graphical representation of the apoptosis assay studies in MDA-MB-231; (b) Graphical
representation of the apoptosis assay studies in MDA-MB-468 for the hypoxia targeting drug delivery
system HSA-PTX-ATZ.

3. Discussion

It is the objective of each targeted drug delivery system to develop a framework for the
nano-delivery formulations to address the difficulties discussed so far by building up a reagent-free
click chemistry process. There have been a few studies conducted and strategies created to set
up such click chemical reactions as of late that are anything but difficult to be performed, are
brisk and yield high amounts of these products with non-poisonous results. A few analysts
now consider that click chemistry is a carefully engineered approach towards the development
of new molecular delivery systems. This unique yet simple technique depends basically upon
the development of carbon heteroatom bonds utilizing spring-loaded reactants. The increasing
extent of utilization of these reactions in delivery systems is found in about all specializations
of current pharmaceutical sciences from drug delivery to material sciences [121]. These sorts of
click chemistry reactions extensively incorporate cycloaddition of unsaturated species: 1,3-dipolar
cycloaddition, cycloaddition of unsaturated species: [4+2]-cycloaddition (Diels-Alder), nucleophilic
substitution/ring-opening responses, carbonyl responses of the non-aldol sort, expansion to
carbon-carbon numerous securities [122]. Because of the undeniable favorable circumstances of
such simple chemical reactions, the click chemistry has been picking up in drug discovery, drug
delivery, and bioconjugation reactions [40]. Its application is utilized as a strategy for creating libraries
of such targeted drug delivery systems.

The formulation thus synthesized is a result of such a simple chemical process involving three
steps only, thus creating a feasibility of formulating such delivery systems for a combination of
ligands and carriers for several hydrophobic drugs of different categories and not just limited to the
anti-cancer drugs. The safety of the carrier system thus developed is the key for the success of this
formulation. Both the targeted and non-targeted formulations were prepared so that they can be
compared to each other for their anti-cancer efficiency. The drug loading is suspected to be less in
the formulation due to the long duration of the reaction and due to the size of the carrier molecule.
However, the same spatial reasons can be given for the prolonged and sustained release of the drug
into the tumor microenvironment.

The nanoparticles thus formed are found to be in the nanoscale of the particle size and the TEM
results further confirm these results. The PDI was found to be quite low indicating that the size
distribution is quite narrow in the particles which means that most of the nanoparticles were about the
same size as the average particle size. The particles being in the nano size also promote the entry of the
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formulation into the tumor cells through the leaky vasculature by the EPR effect [61,88]. Furthermore,
the particle size below 300 nm also helps prevent opsonization of the proteins via macrophages in the
body that untimely leads to elimination of the formulation from the targeted tumor site. The results of
the DLS and TEM are corroborative and form the basis for the results of the cytotoxicity studies.

The formulation further tested for the stability shows that the nature of the formulation is
maintained close to the nature at the point of its synthesis. Thus, the formulation is found to be robust
with little drug loss. This is an indication towards the long shelf-life possible by this formulation
strategy. The storage conditions may also well be described from the results of this study as being
stored at freezing temperatures for the longest shelf-life with the best possible stability and minimal
drug loss during storage.

The cytotoxic studies were then performed to check the efficiency of the formulation in vitro.
The formulation was found to have a little bit more efficacy in the MDA-MB-468 cell lines which have
an overexpression of the extracellular CA IX receptor under hypoxic conditions and, hence, show
good response to treatment. This effect is more or less the same in MDA-MB-231 cells [123]. Hence,
the formulation does show a reasonable efficiency in this cell line also showing that it is a promising
strategy to treat this more aggressive cell line [124]. Hence, based on the literature [124], we established
a proof of concept that this formulation is effective in hypoxic conditions equally in both cell lines.
The hypoxic conditions are found to have more of an effect because of the lowering of the pH in
the swiftly proliferating cancer cells that results in the overexpression of this receptor and, thus, the
formulation being taken up more effectively. The difference in cell viability between the targeted
and non-targeted formulations is an indication of the fact that the formulation is being taken up not
only by EPR effect but also by the targeted entry via the extracellular CA IX receptor; i.e., receptor
mediated cell uptake [14]. The high cell viability in the blank formulation is proof of the safety of the
carrier-ligand system. Furthermore, the difference in the response to this formulation in the normoxic
(higher cell viability) and hypoxic conditions (lower cell viability) has led us to demonstrate that the
uptake mechanism was CA IX receptor-mediated in TNBC cells. These studies establish the proof of
concept of concept to show that this formulation is an efficient way to deliver drugs via targeting the
hypoxia marker, CA IX.

The in vitro cytotoxicity studies were followed up by fluorescence spectroscopic studies
that illustrated the extent of uptake of the formulation in the cells. The comparative results
between the non-targeted and targeted formulations show that the targeted formulation has
a more preferential uptake in hypoxic conditions and the results show that the uptake is
time-dependent. Thus, it corroborates the results of the cytotoxicity studies showing receptor-mediated
uptake [13,31,106,125–127] of the formulation in addition to the EPR effect. The uptake of the
non-targeted formulation may be explained as being purely a response to the EPR effect. Acetazolamide
is a very established ligand of CA IX [112,128–133]. Our data of high cell killing effects of
HSA-PTX-ATZ in hypoxic condition compared to normoxia and higher uptake of Rhodamine-labelled
HSA-PTX-ATZ indicate the CA IX-mediated drug delivery effect of HSA-PTX-ATZ.

The findings of the cytotoxic studies and the fluorescence spectroscopic studies are further
strengthened by the percentage of early and late apoptotic cells in both cell lines. The higher percentage
of apoptotic cells proves the efficiency of the targeted formulation in both cell lines; this demonstrates
the advantage of the targeting ligand. The low percentage of total apoptotic cells in the cell with the
carrier system shows that the system is safe for normal cells.

4. Materials and Methods

4.1. Synthesis of the Hypoxia Targeting Drug Delivery System

The synthesis of the drug delivery system developed in this study that targets hypoxia in the
tumor cells is a simple four step utilizing click chemistry. As mentioned earlier, click chemistry is a
quick process of conjugating two molecules that have complimentary functional groups that just ‘click’
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with each other in minimal conditions of the reaction. The specific form of click reaction used in this
study is the copper free cyclic Alkyne-Azide click reaction. The convenience of this reaction process
allows the development of a library of ligands and carrier molecules that have these complimentary
molecules which can take part in click reaction that can be made on a need-basis. The scheme of this
reaction is presented in the Figure 9.

 

Figure 9. Schematic representation of the synthesis of the hypoxia targeting drug delivery
system HSA-PTX-ATZ.
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The description of this process is as follows:

4.1.1. Preparation of the Targeting Ligand

The first step is to prepare the ligand on the HSA molecule. The starting material is the
Acetazolamide. The amide group of the acetazolamide is first converted to primary amine by acid
hydrolysis using 1 M HCl. The primary amine group thus activated is then used to be attached to one
of the complimentary molecule, DBCO with a —-C≡≡C—- group that further participates in the click
reaction. The acetazolamide with the primary amine group and the DBCO are dissolved in DMSO and
then allowed to react for overnight at room temperature while stirring continuously. The product is
then dialyzed in a 12 kD dialysis bag (Spectrapor, Spectrum Research facilities, SD) for 4–8 h and kept
ready for further conjugation.

4.1.2. Preparation of the Carrier Molecule

Preparation of the carrier molecule is the next step. This involves conversion of the amine group of
the amino acids comprised in the HSA protein to azide group. This involves two steps. First, the amine
groups are converted to azide groups, −N== +N== −N , using the Stick Reagent (imidazole-1-sulfonyl
azide) in the presence of K2CO3 overnight at room temperature and continuous stirring. The addition
of these two components of the reaction is carried out in ice because they are highly exothermic
reactions. After the conversion, the azide product is dialyzed in a 12 kD dialysis bag (Spectrapor,
Spectrum Research facilities, SD) for 4–8 h and the drug is loaded onto it.

4.1.3. Drug Loading on the Carrier Molecule Comprising the Azide Group

The drug loading is performed by desolvation method that is derived from the coacervation
process using previously described method in the literature [28,69,134,135]. Paclitaxel is a hydrophobic
drug that is dissolved in ethanol. HSA was at first completely dissolved in phosphate buffer made
in deionized water (50 mg/mL) and placed on a stirrer at a speed of around 600 rpm. The pH of
the buffer is maintained at 8. The ethanolic solution of the PTX is then added to the HSA solution
at the rate of 1 mL/min. The pH is again maintained at 8 using the same buffer. After half an hour
of stirring, 8% glutaraldehyde is added to the reaction mixture to promote crosslinking in the HSA
for encapsulating the drug effectively. The reaction is continued overnight while stirring at room
temperature. The product is then dialyzed in a 12 kD dialysis bag (Spectrapor, Spectrum Research
facilities, SD) for 4–8 h. This drug loaded carrier molecule with the azide group contributes the other
complimentary molecule of the click reaction.

4.1.4. Conjugation of the Ligand to the Carrier Molecule

This is the final step of the process of synthesis of the hypoxia targeting drug delivery system.
It involves the conjugation of the alkyne group on DBCO and the azide group on the carrier molecule
click conjugate with each other. This is the simplest step of the process where in the ligand containing
the DBCO and the carrier molecule with the azide are combined together in a reaction under pH
condition of 8 and at room temperature while continuously stirring at 600 rpm. The reaction is carried
out for 4–6 h. The final product is dialyzed in a 12 kD dialysis bag (Spectrapor, Spectrum Research
facilities, SD) for 2 h and lyophilized. The final product is water soluble. The product can also be
attached further with an NIR dye by the similar click reaction to produce a theranostic product. This is
further taken up for characterization studies using FTIR and NMR studies to confirm the reaction.

4.2. Drug Loading

The process of drug loading was performed at room temperature as described earlier in the
synthesis section. The calculation of percentage of drug loading was performed in HPLC and UV
Spectrophotometer and the amount of drug encapsulated was found out using the standard graph
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previously developed by the methods specified in literature for PTX in both the HPLC and UV
Spectrophotometer. A series of dilutions were made for the pure PTX and the absorbance for each was
taken at 227 nm. A standard graph was plotted according to the readings. Later, a specified amount of
the product has been taken and tested for absorbance. The amount of drug encapsulated from the line
equation obtained from the standard graph.

4.3. Particle Size Analysis

The nanoparticles were further taken for particle size studies using a Beckman Coulter Delsa
Nano-C DLS Particle analyzer (Beckman Coulter, Inc., Fullerton, CA, USA) that involved a 658 nm
He–Ne laser as reported earlier by our lab. Tests were also examined by JEOL Transmission Electron
Magnifying Instrument outfitted with LaB6 filament gun (JEM 2010, Tokyo, Japan) at an accelerating
voltage of 200 kV for studying the particle morphology [6,8,53]. The nanoparticles were also depicted
for surface morphology by Transmission Electron Microscopy (TEM). Tests were set up as described in
the previous literature. Determined measure of each sample (4 μL) was applied to a Formvar-coated,
carbon stabilized copper matrix (400 work). The copper matrix was air-dried, stained negatively with
5% aqueous uranyl acetate, and allowed to dry.

4.4. Drug Release Studies

Drug release studies were performed with the formulation to assess the extent to which the
drug has been released out from the formulation. Ideally, this is done in the physiological conditions.
For this study, the studies were carried out at pH 7. The analysis was carried out at room temperature.
A fixed volume of the formulation was placed in a dialysis bag under sink condition and continuous
stirring. Specific volumes of samples were extracted at 2, 4, 8, 10, 12, 24, 48, 72 h from the dialysis
bag. The nanoparticles were subjected to high shear in a sonicator for about 15–30 min to disrupt the
nanoparticle formation so that the entire drug is released out and then the mixture was centrifuged at
high speed of 15,000 rpm for 15 min. This forms a pellet of the disrupted HSA (being a heavy molecule
in comparison to the drug) at the bottom and the supernatant contains the drug. The supernatant
was extracted, diluted and then analyzed for drug content in UV and HPLC. The amount of was
calculated from the line equation obtained from the standard graph and subtracted from the amount
in the sample first taken to get the amount of drug released.

4.5. Stability Studies

The stability studies were performed to check for the stability of the formulation over a period of
time in terms of particle size, polydispersity index (PDI), and drug loss. The formulation prepared
was stored at three different conditions of temperatures, i.e., at room temperature (25 ◦C), under
refrigeration (4 ◦C), and under frozen conditions (−20 ◦C) for 12 weeks [5,98]. The samples were
retrieved every week and analyzed for the particle size, and PDI in DLS and drug content was analyzed
in HPLC and UV.

4.6. Cell Culture

The cell lines chosen for this study are the MDA-MB-231 and MDA-MB-468 both of which
correspond to the Triple Negative Breast Cancer (TNBC) [136,137]. These were the choice of cell lines
because they are known to express the hypoxia marker Carbonic Anhydrase IX (CA IX) receptor on the
surface of the cell lines. The MDA-MB-468 is found have a higher expression of the receptor compared
to the MDA-MB-231 according to literature. The MDA-MB-231 is also found to be a more aggressive
cell line that presents a greater difficulty for treatment. MDA-MB-231 is a stellate shaped cell and the
MDA-MB-468 is a grape-like cluster of cells. Both the cell lines were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM; Fisher Scientific, Waltham, MA, USA). The media was added with 10% fetal
bovine serum (FBS) and streptomycin sulfate (10 mg/L). All cell lines were incubated at 37 ◦C in a 5%
CO2 air humidified atmosphere.
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4.7. In Vitro Cytotoxicity Studies

The in vitro cytotoxicity studies were performed after the cells were induced with hypoxia using
CoCl2. This treatment enhances the overexpression of the CA IX receptor on the surface of the cells.
The assay was performed using the MTT reagent solution in PBS (1 mg/mL) at pH 7.4. The treatments
included free drug (positive control), free carrier (negative control), carrier-drug (positive control),
carrier-ligand (negative control), and the formulation comprising carrier-ligand-drug. The cells were
seeded in 96-well plates with a normal of 5000 cells in each well. After incubating these cells for
24 h, they were treated with different concentrations of the formulations within a range of 0.25–5 μm.
The treated cells were further incubated in the presence of the formulations for 48 h at 37 ◦C, after
which the MTT reagent solution was added. The cells were incubated furthermore at 37 ◦C for
2 h. Following this, the media was supplanted by DMSO and the plates were put on a shaker for
10 min. The absorbance was measured at 590 nm utilizing a high-performance multi-mode plate
reader (Synergy 2, BioTek, Winooski, VT, USA). The extent of surviving cells was calculated in terms
of percentage by contrasting the absorbance of the treated cells and proper controls cells. This was
performed on both the cell lines individually. Statistical analysis was done to calculate the significance
of difference between the responses to the formulation in both cell lines.

4.8. Comparative In Vitro Cytotoxicity Studies for Normoxic and Hypoxic Conditions

Healthy cells and cancer cells show a difference in terms of development of hypoxia and acidic
conditions in the microenvironment. The healthy cells do not overexpress the CA IX receptor and
do not exhibit hypoxia while the cancer cells do. Thus, this study was performed to understand
the difference in the uptake of specifically the formulation in the normoxic conditions as well as the
hypoxic conditions in the said cell lines. This study is believed to give an assessment of the effect
of the formulation on the normal and the tumor cells. The study was done similar to the in vitro
cytotoxicity studies described above in two groups of treatments; the cells that are treated with CoCl2
to induce hypoxia and CA IX expression and the cells that are not treated with CoCl2 for normoxia.
The assay was performed using MTT reagent solution (1 mg/mL) in both the cell lines. The assay
was performed at the IC50 concentration of specifically the formulation to prove its efficiency in the
hypoxic conditions comparatively.

4.9. Fluorescence Spectroscopic Studies

This assay is a quantitative measure of the amount of formulation encapsulating the drug entering
into the cells using fluorescence spectroscopy. Both the targeted and non-targeted formulations
were conjugated with Rhodamine B according to a previously established method. The cell-lines
MDA-MB-231 and MDA-MB-468 were treated with CoCl2 first, then cultured in two separate 6
well-plates with each well comprising of about 100,000 cells in 2 mL of the media. These cells were
then treated with the rhodamine conjugated formulations at their IC50 concentrations and incubated.
Samples were collected every 4 h from the start of the treatment. Each sample collection procedure
consisted of removing the formulation, washing it with PBS, and finally streaking the cells to collect the
proteins and then further protein collection using lysis buffer. During the measurement of florescence,
a control was also used that contained a mixture of methanol and the lysis buffer.

4.10. Apoptosis Assay by Flow Cytometry

Apoptosis assay was performed on the MDA-MB-231 and MDA-MB-468 cell lines separately
according to the prior literature. The cells were induced with hypoxia by treating them with CoCl2,
then the cells were cultured in 6-well plates at the rate of 100,000 cells per well. The cells were
incubated for 24 h at 37 ◦C under 5% CO2, followed by the treatment of the cells with free drug,
non-targeted formulation and the targeted formulation and incubating further for 48 h to induce
apoptosis. The concentrations of the formulations were the IC50 concentrations of the respective
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formulations obtained from the in vitro cytotoxicity assay. After a 48-h incubation, the cells were
gathered, and the test was set up as indicated by the procedure described for Guava Nexin Annexin
V assay (EMD Millipore, Billerica, MA, USA). Then, the media before trypsinization and the treated
trypsinized cells were gathered in 15 mL tubes for each sample and centrifuged at 800 for 5 min. Cell
pellets formed thus were dispersed in PBS at pH 7.4 containing 1% FBS so that the quantity of cells of
the order of 2 × 105 to 1 × 106 cells/mL. 100 μL of these cell dispersions of each sample was mixed
with 100 μL of the Guava Nexin Reagent and was incubated for 20 min at room temperature in the
absence of sunlight. The resultant final samples were analyzed by Guava Easycyte Flow Cytometer
(EMD Millipore).

5. Conclusions

Hypoxia is a target that is ubiquitously present in almost all cancers and is mostly found in the
oxygen-deprived core of the tumor. It is a challenge to target it because of its location. However, the
fast-growing cancer cells produce a lack of oxygen and a lowering of pH in the cancer cells which
result in the overexpression of the surface receptor CA IX. This is a convenient cancer cell marker that
allows the penetration of the nanocarrier to the core and, thus, effectively delivers the drug to the
targeted site. This study is an attempt to establish the proof-of-concept that this can be achieved via
the use of CA IX-targeting ligands like Acetazolamide and a bio-safe carrier like the human serum
albumin which is abundant in the body and, hence, is non-immunogenic. This study succeeded in
proving the usefulness of the formulation synthesized herein and characterized further. It shows that
the cells selectively take up the formulation and shows a low cell viability in cancer cells with more
percentage of apoptotic or dying cells. The results also show that the carrier system is safe and hence
can be used for drug delivery. The delivery system, therefore, helps in the delivery of drugs to specific
sites; thus, eliminating the undesired side effects on healthy cells. The nature of the formulation further
allows the conjugation of a dye that can potentially make it a theranostic system. Thus, it can be safely
said that the formulation can be further used for in vivo evaluations that are currently underway in
our laboratory.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/3/
838/s1.
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Abstract: Citrons have been widely used for medicinal purposes for a long time, but the application of
citron in the food industry is still restricted. The extensive advantages of nanotechnology in the food
industry have greatly broadened the application of foods. In this study, by employing nanotechnology,
we prepared citron-extract nanoparticle with an average size of 174.11 ± 3.89 nm, containing protein
peptide and/or liposome. In order to evaluate the toxicity of nanoparticles and to ensure food safety,
biological cytotoxicity at the cell and genomic levels was also identified to examine the toxicity
of citron extracts by using an in vitro system. Our results demonstrated that the cytotoxicity of
citronliposome was dependent on cell type in high concentrations (1 and 5 mg/mL), selectively against
primary human cardiac progenitor cells (hCPCs), and human endothelial progenitor cells (hEPCs) in
MTT and lactate dehydrogenase (LDH) assays. Interestingly, for the NIH-3T3 and H9C2 cell lines,
cell cytotoxicity was observed with slight genotoxicity, especially from citronpeptide extract for both
cell lines. Taken together, our study provides cytotoxicity data on nanoengineered citron extracts
according to different cell type as is crucial for further applications.

Keywords: citrus fruits; citron; nanotechnology; liposome; peptide; cell viability; cytotoxicity

1. Introduction

Citrus fruits have been consumed by humans for thousands of years, and are increasingly
consumed worldwide for their nutritional and medicinal value [1]. Functional compounds, such as
β-cryptoxanthin, β-carotene, folate, vitamin C, and quercetin are some recognized bioactive ingredients
of citrus that defend against cancers [2–5]. For instance, some studies have reported that intake of
citrus fruits results in reduced risk of breast and stomach cancers [6,7]. Other studies have focused
on evaluating the antioxidant capacity of citrus extracts, their protective effect against oxidative
damage, and other defensive responses against certain diseases such as lowering high blood-pressure
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risk or preventing kidney-stone formation [8,9]. However, despite the increased demand for citrus,
studies related to the potential toxicity of citrus fruits are limited and restricted. Therefore, the focal
point of our study was to investigate and identify the toxicity of citrus fruits to ensure their safety for
various applications.

The citron (Citrus medica) is one of the three original citrus species and has already developed
extensive applications for medicinal purposes, such as to treat sea sickness, pulmonary troubles,
and intestinal ailments. With the improvement of processing technology, various citron fruit applications
that maximize its functional advantages have been developed, but are still limited because of the
botanical characteristics of the citron. Unlike other citrus fruits, its thick white rind is the main content
of the citron and its pulp is dry with little juice [10]. Hence, citron has had only restricted use in the
food industry, mainly as candied peel. Meanwhile, few studies have provided a biological examination
of citron, such as of its bioactivity, pharmacology, toxicology, or bioavailability. Therefore, experimental
studies to improve use of the citron and to determine its biological properties are essential.

Nanotechnology, as a cutting-edge scientific field, has many prospects for applications in various
fields, such as medicine delivery, computer electronics, materials science, and for the food industry [11].
The application of nanotechnology in food science not only significantly increases the economic
benefits, but also remarkably reforms food quality and safety [12–14]. Given the special nature of
nanoparticles, the changes in the properties of food products are apparent, such as the improvement of
food bioavailability, solubility, stability, biological activity, and safety [14]. To broaden the application
of the citron and to further elaborate its biological benefits, the citron was prepared in nanometer
scale by means of nanotechnology, and experiments were performed to measure its cell viability and
genotoxicity by employing diverse in vitro models. By conducting comparative studies, we evaluated
the different effects of citron extracts on different cell lines at the cellular and genomic levels.

2. Results

2.1. Measurement of Nanoparticles

To evaluate the morphology and the size of citron nanoparticles, citron extracts were examined
by using SEM and a Nano Size Analyzer (NanoBrook, Omni, Brookhaven Instruments Corporation,
New York City, NY, USA). In our study, we labeled citron extract consisting of peptide with or
without liposome as citronliposome and citronpeptide, respectively. The morphology of citronpeptide and
citronliposome is shown in Figure 1A. As can be seen from these images, typical particles within the
size range of 120–150 nm were visible in both citronpeptide and citronliposome test groups. In addition,
Figure 1B shows the size distribution of citron extracts. Citronpeptide cannot be analyzed by the Nano
Size Analyzer. However, in the case of citronliposome group, nano-sized particles were detectable and
exhibited a broad distribution with size, ranging from 60 to 300 nm (Figure 1B). The average size of
citronliposome nanoparticle was 174.11 ± 3.89 nm.

2.2. Measurement of Cell Viability

In this study, three different types of citron extract samples (citron only, citronpeptide,
and citronliposome) were fabricated by using fish-skin peptide with or without liposome, as described in
“Materials and Methods”. Liposome, with its typical physical and chemical properties, has had broad
applications, ranging from the delivery of functional flavors and nutrients, food additives, and food
antimicrobials [15,16]. Protein peptide, as materials for food encapsulation, also plays an important
role in various food applications and therefore we utilized nanoengineered liposome and peptide to
extend citron usage in food products, and evaluate the potential biological cytotoxicity [17].
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(A)

(B)

Figure 1. Nanoparticle measurements of citron, citronpeptide, and citronliposome. (A) Citron extract powder
was dispersed in PBS (10 mg/mL). Then 25–50 μL of dispersion was applied to a carbon tape and kept at
room temperature until completely dried. After the gold coating, the morphology of the nanoparticles
was analyzed by using field-emission scanning electron microscopy (FE-SEM, Hitachi SU-8010);
(B) Citronliposome was dispersed in PBS at a final concentration of 10 mg/mL. Then the size of samples
was measured at 640 nm by NanoBrook Omni Analyzer. The curves showed similar output from three
identical samples.
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Six different cell lines (HepG2, NIH-3T3, Caco-2, H9C2, primary hCPCs, and primary hEPCs)
were employed to test the cell viability by the MTT method. As can be seen from Figure 2, neither citron,
citronpeptide or citronliposome induced any cell toxicity in the HepG2, NIH-3T3, and Caco-2 cell lines,
even at the highest tested concentration of 5 mg/mL (Figure 2B,C,E). Interestingly, a dose-response
pattern was apparently seen in the other three cell lines. In other words, the cell viability decreased
with the increasing citron extract concentration. For instance, after treatment of citron and citronpeptide,
no effect was observed on H9C2 cells (Figure 2D), but in primary hCPCs and hEPCs, the percentage of
living cells was reduced to around 50% at 5 mg/mL (Figure 2B,F). In addition, citronliposome exhibited
higher toxic effects than did citron and citronpeptide against H9C2 (Figure 2D), hCPCs, and hEPCs,
with only 4% cell survival in hCPCs at 5 mg/mL (Figure 2F). It was clear that cytotoxicity of citron
extracts showed cell type selectivity.
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Figure 2. Cell viability measurement of citron, citronpeptide, and citronliposome by MTT assay.
(A) HepG2 cells were cultured to the indicated time in 96-well plates. Then, the cells were treated
with increasing concentrations of tested samples, as shown in the figure. After incubation for 24 h,
cell viability was measured by MTT assay as described in “Materials and Methods”; (B) primary hEPC
cell line; (C) NIH-3T3 cell line; (D) H9C2 cell line; (E) Caco-2 cell line; and, (F) primary hCPC cell
line. The data were analyzed by using GraphPad Prism 5.0. Representative data is shown from three
independent experiments with similar outcomes. Color in graph: Black, Citron; White, Citronpeptide;
Gray, Citronliposome. Significant results from the control group are calculated and marked with asterisks
** p < 0.01, *** p < 0.001).

2.3. Visualization of Cell Viability

To further observe the cell cytotoxicity, the Live/Dead assay was conducted to visualize live and
dead cells (shown in merged images in Figure 3 and Figure S1). The results were consistent with
Figure 1. In Figure S1, no difference can be observed between the HepG2, NIH-3T3, Caco-2, and H9C2
cell lines (data only shows 5 mg/mL concentration). As expected, in Figure 3A, the ratio of live/dead
cells increased in proportion to the sample concentration for hCPCs, but no difference could be
distinguished in hEPCs (Figure 3B).

(A)

Figure 3. Cont.
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(B)

Figure 3. Visualization of Cell cytotoxicity by Live/Dead assay. (A) The primary hCPC cells were
seeded into 48-well plates for this experiment. Following 24 h incubation after treatment of tested
samples, the cells were stained by using fluorescent dyes according to the Live/Dead assay kit.
The living cells are shown in green, the dead cells in red. The merged images in the figure show
co-distribution of live and dead cells; (B) The primary hEPC cell line. Scale bar is 200 μm.

2.4. Measurement of Cytotoxicity

Figure 4 shows the effects of citron extracts on the cytotoxicity, as measured by the lactate
dehydrogenase (LDH) release assay. The cytotoxicity did not significantly differ from the lowest
concentration to the highest concentration, including the control group, in HepG2 and NIH-3T3 cells
(Figure S2). However, both primary hCPCs and hEPCs were affected by the addition of the citron
samples and showed cell death up to 50% at 5 mg/mL treatment (Figure 4A,B). Consistent with the
result in Figure 1D, citronliposome showed a higher LDH activity than citron and citronpeptide in H9C2
cell line (Figure 4C).
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Figure 4. Cytotoxicity measurement by EZ-LDH assay. (A) hCPC cells were cultured in 96-well plates.
Then, the cells were incubated with different concentrations of citron extracts. After incubation for
24 h, cell cytotoxicity was measured by using EZ-LDH assay kits, according to the manufacturer’s
introduction; (B) primary hEPC cell line; (C) H9C2 cell line. GraphPad Prism 5.0 was used to analyze
data and make graphs. The experiments were repeated three times with similar outcomes. Color in
graph: Black, Citron; White, Citronpeptide; Gray, Citronliposome. Significant results from the control
group are calculated and marked with asterisks (*** p < 0.001).

2.5. Measurement of Genotoxicity

To evaluate whether the citron extracts affect genes, a single-cell gel electrophoresis assay
(comet assay) was performed with the hCPCs, H9C2, and NIH-3T3 cell lines. Surprisingly, although
citron extracts can cause cell cytotoxicity in hCPCs, with over 90% mortality of cells in the citronliposome
group (Figure 2F), there was no detectable genotoxicity in the same cell line (Figure S3). In contrast,
in the H9C2 and NIH-3T3 cells, as shown in Figure 5A,B, the proportion of tail DNA increased after
citronpeptide treatment, but no genotoxicity was observed in either the citron group or the citronliposome
group. Interestingly, the genotoxicity disappeared in the presence of liposome in the citronpeptide
extract. Figure 5C displays the toxicity of citronpeptide on genes in H9C2 and NIH-3T3 cells. It was
evident that citronpeptide selectively caused gene damage in NIH-3T3 cells. With the liposome in the
citron extract to form nanoparticles, the damage to genes can be suppressed or abolished (Figure 5A,B).
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(C)

Figure 5. Genotoxicity measured by comet assay. (A) The H9C2 cells were seeded into 48-well plates
to perform this experiment. Following 24 h incubation after treatment of tested samples, the assay
was carried out according to the comet assay protocol as described in “Materials and Methods”;
(B) NIH-3T3 cell line. Color in graph: Black, Citron; White, Citronpeptide; Gray, Citronliposome. Significant
results from the control group are calculated and marked with asterisks (** p < 0.01, *** p < 0.001);
(C) The typical comet assay images in the Citronpeptide group are shown at the concentration of 0.25,
0.5, 1, 5 mg/mL. Scale bar is 100 μm.

3. Discussion

Functional foods, as one area of the food industry, have grown a lot over the years [18].
Benefiting from the improvement of food technology, especially with the emergence of nanotechnology,
it is expected that the functional foods will further advance, with promising prospects [19]. In this
study, by using nanotechnology, we prepared citron extract at a nanometer scale by incorporating
functional ingredients, liposome, and peptide. We employed fish oligopeptide and water-soluble
liposome to formulate citron nanoparticles. With predominant properties in viscosity and foaming,
oligopeptide has been widely used in food processing. Meanwhile, because of its high yield, low cost,
and the beneficial effects in human body, we used fish collagen peptide to process citronpeptide
into nanoparticle, as shown in Figure 1A. The typical size of citronpeptide nanoparticles was around
100 nm. However, because of the biological limitation of oligopeptide, such as chemical degradation,
low stability, and bioavailability, physicochemical instability, and low permeability, its development
in the food industry is restricted. To avoid the deficiencies of peptide, we used both liposome and
oligopeptide to formulate citron nanoparticles, labeled as citronliposome in Figure 1A. The content ratio
of three types of citron samples (Citron, Citronpeptide, and Citronliposome) are depicted in supplementary
data Table S1. Furthermore, the description of the citron extract compositions such as general
composition (Table S2), amino acid (Table S3), fatty acid (Table S4), minerals (Table S5), and vitamins
(Table S6) are provided in supplementary data file as well (obtained from Rural Development
Administration, Korea).

Next, regarding the determination of citron nanoparticle, the morphology of citronpeptide and
citronliposome clearly demonstrated the formation of citron extracts nanoparticles. On the other hand,
concerns remain with the significantly reduced size of particles when utilizing nanotechnology.
For example, it has been reported that particles with a diameter of less than 100 nm may induce
toxic effects [20]. To assess the toxicity of citron nanoparticles and provide quantitative references for
various applications, we confirmed the biological toxicity, as shown in the results section.

Although citron is well-known for its medicinal usage, we know little about its application as
food and its bioactivities. Here, in an in vitro test, six different cells were used to measure the toxicity
of citron extracts. Embryonic fibroblasts from mice (NIH-3T3), heart myoblasts from rats (H9C2),
a human liver-cancer cell line (HepG2), and human epithelial colorectal adenocarcinoma cells (Caco-2)
were selected to test the different effects. In addition, we also used two human-derived primary cells,
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human cardiac progenitor cells (hCPC) and human endothelial progenitor cells (hEPC), to examine
the toxicity and make the results more credible. Our work showed that the cytotoxicity of citron
extract had two aspects. One aspect was that the cytotoxicity was cell-type dependent (Figure 2),
selectively against primary hCPCs and hEPCs, especially in the citronliposome group. The other was the
genotoxicity (Figure 5). No cytotoxicity was observed in NIH-3T3 and H9C2 cell lines, but citronpeptide
can cause genotoxicity in those two cell lines. Interestingly, in the presence of liposome in citronliposome,
the gene damage disappeared. With the particles being in the nanometer scale, nanoparticles may
penetrate biological membranes and have access to the cell. Nanoparticle can also have different
biodistributions in the human body, perhaps because of different affinities with the diverse cell types
or organs. In recent years, some studies have explored the nanotoxicity of nanoparticles [21,22]. In this
view, we can conclude that citron extract behaved differently for different cell types. For instance,
citronliposome may show a higher affinity with hCPCs and hEPCs than other cell lines to cause cell
damage (Figure 2), and with high affinity for genes, citronpeptide can have a genotoxic effect in the
H9C2 or NIH-3T3 cell lines (Figure 5). We also discovered that citron extracts did not suppress human
liver cancer cell lines or human epithelial colorectal adenocarcinoma cells, HepG2 and Caco-2.

The main purpose of this study is to identify the potential toxicity of citron nanoparticles
(citronpeptide and citronliposome) in an in vitro system, and to provide accessible information for further
industrial production and application. Many studies have shown that nanotoxicity can emerge with the
decreased particle size to nanometer scale. Because the size of citronpeptide and citronliposome is between
100 and 200 nm, it is essential to examine their toxicity. Our results demonstrate that cytotoxicity
increased in some cell lines, like hCPCs, hEPCs, and H9C2, after treatment with citronpeptide or
citronliposome. Meanwhile, citronpeptide caused genotoxicity in the NIH-3T3 and H9C2 cell lines,
but not cytotoxicity. These results clearly show the toxic effects of citron nanoparticles. In addition,
although our studies provide information about the cytotoxicity of citron for applications in the food
industry, more research is needed to reveal the mechanism before use in final food products.

4. Materials and Methods

4.1. Chemicals and Kits

Trizma base, N-laurylsarcosine, Triton X-100, boric acid, and 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were obtained from Sigma-Aldrich (Madison, WI, USA).
The cell-culture medium and dish were acquired from Welgene (Daegu, Korea). Fetal bovine serum
(FBS) was bought from Welgene (Daegu, Korea). The LIVE/DEAD® Viability/Cytotoxicity Assay Kit
was purchased from Invitrogen (Carlsbad, CA, USA). The lactate dehydrogenase (LDH) Cytotoxicity
Assay kit was obtained from Thermo Fisher Scientific (Waltham, MA, USA). All of the other reagents
and chemicals were purchased from commercial companies.

4.2. Preparation of Samples

The method used for preparation of liposome has been described previously. Briefly, the 2%
lecithin (Metarin P, Cargill Texturizing Solutions, Hamburg, Germany) was added to 0.5% peptide
(Naticol 4000, Weishardt International, Graulhel, France) aqueous solution at a ratio of 1:1. Then,
after homogenization for 3 min at 8000 rpm using a high-speed homogenizer (IKAT25 digital
ULTRA-TURRAX®, Germany), the extracts were collected and homogenized again at 80 W for 3 min
by using an ultrasonicator. The citron extract containing 50% citron and 50% sucrose was prepared by
mixing with water (1:1 w/w) using a blender to make citron syrup for further study. The citronpeptide
was obtained by mixing with fish skin peptide. Sixty grams of peptide were used per 0.5 L of citron
extract. The citronliposome was obtained by mixing with fish-skin peptide and liposome. The ratio was
1 g liposome and 60 g fish-skin peptide per 0.5 L of citron extract. Finally, all of the samples were dried
using a spray dryer (SD-1000, EYELA, Tokyo, Japan) to obtain a powder. The morphology and size of
citron extracts were detected by using scanning electron microscope (SEM) and Nano Size analyzer.
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4.3. Cell Culture

NIH-3T3 (mouse), H9C2 (rat), and HepG2 (human) were purchased from Korean Cell Line Bank
(KCLB, Seoul, Korea) and cultured in high glucose Dulbecco’s Modified Eagle’s Medium (DMEM; Welgene,
Daegu, Korea) containing 10% FBS and 1% penicillin/streptomycin (P/S, Welgene). Primary human EPCs
and human CPCs were provided by S.M. Kwon (IRB No. 05-2-15-133, Pusan University, Pusan, Korea).
The hEPCs were cultured in EC basal medium 2 (EBM-2MV, Lonza, Walkersville, MD, USA) containing
5% FBS, EGM-2-MV Bullet Kit, and 1% penicillin/streptomycin. The hCPCs were cultured in Ham’s
F12 medium (Hyclone, Logan, UT, USA) containing 10% FBS, 1% penicillin/streptomycin, 0.005 U/mL
human erythropoietin (hEPO, R & D system, Minneapolis, MN, USA), 5 ng/mL human basic
fibroblast growth factor (hbFGF, PeproTech, Rocky Hill, NJ, USA), and 0.2 mM L-glutathione reduced
(Sigma-Aldrich, St. Louis, MO, USA). All cell lines were cultured at 37 ◦C in a humidified incubator
with 5% CO2 atmosphere. The logarithmic cells were harvested before performing each experiment.

4.4. MTT Assay

The cell viability was measured by employing an MTT assay as described previously [23].
The cells were seeded into 96-well plates at a density of 1 × 105 cells per well and were cultured
overnight. After incubation, the medium was replaced by a starvation medium containing 1% FBS for
another 24 h. Then, the cells were treated with the desired concentrations of drugs for an additional
24 h. The supernatant was removed, and an MTT solution at a final concentration of 0.25 mg/mL
was added in each well to label the cells. The plates were incubated in a humidified incubator for
4 h. Then, 100 μL of dimethyl sulfoxide (DMSO) was used to dissolve the formazan, and the cell
viability was detected by measuring the optical density (OD) at the absorbance of 595 nm using BioTek
Microplate Readers (Winooski, VT, USA).

4.5. Live/Dead Assay

To visualize the cell viability, the cells were labeled with calcein AM and ethidium homodimer
(EthD-1) by using a Live/Dead assay kit. The cells were cultured in 48-well plates at a density of 1 × 105

cells per well for 24 h. After incubation with a starvation medium overnight, the various concentrations
of drugs were added in each well and were incubated for the next 24 h. Then, the supernatant was
discarded, and the cells were washed once using DPBS. A 500 μL cell-staining solution at a final
concentration of 2 μM calcein AM and 4 μM EthD-1 in DPBS was added to each well, and the plates
were incubated for 45 min at room temperature by blocking light. Finally, live and dead cells were
visualized by using a fluorescence microscope (Nikon, ECLIPSE Ts2, Tokyo, Japan). The live cells
are shown in green, the dead cells in red. The images merged by Image J software were used to
show co-localization.

4.6. LDH Release Assay

Cell cytotoxicity was evaluated by measuring the enzymatic activity of released LDH from dead
cells. Before the measurement, the cells were prepared, as described previously, and then incubated in
various concentrations of drugs for 24 h. The plates were then centrifuged at 700× g for 5 min at room
temperature using a Beckman Coulter Allegra® X-15R centrifuge. The supernatant was collected to
measure the released LDH. The assay was performed according to the manufacturer’s instructions.
The absorbance at 450 nm was detected to calculate the cell cytotoxicity.

4.7. Single-Cell Gel Electrophoresis Assay

A single-cell gel electrophoresis assay (comet assay) was carried out to measure the deoxyribonucleic
acid (DNA) damage. The method used for this assay analysis has been described previously.
Briefly, cells were first seeded into 48-well plates. After incubation with different concentrations
of drugs for 24 h, the cells were harvested and mixed with 100 μL 0.7% low-melting-point agarose at a
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cell density of 2 × 105 per milliliter. Then, the cells were laid onto agarose-coated glass slides, which
were stored at 4 ◦C for solidification until electrophoresis. Slides were placed in a lysis solution (2.5 M
NaCl, 0.1 M EDTA, 10 mM Trizma base, 1% N-laurylsarcosine, 0.5% Triton X-100, and 10% DMSO,
pH 10) for 1 h at 4 ◦C. After lysis, slides were submerged in an alkaline solution (300 mM NaOH,
1 mM EDTA, pH > 13) for 30 min at 4 ◦C. The slides were washed three times with electrophoresis
buffer (89 Mm Trisbase, 89 mM boric acid, 2 mM EDTA, pH 8.3) and then subjected to electrophoresis
at 25 V for 20 min using a RunOneTM Powder Supply. Then, slides were fixed with absolute ethanol
and stained with DNA dye. The cell images were photographed using a fluorescence microscope and
Casplab software was used to analysis the comet assay results.

4.8. Statistics

All data were analyzed by GraphPad Prism and shown as means ± standard deviation (SD).
Comparisons between the groups were conducted by using two-way analysis of variance with
Bonferroni post-tests and/or Student’s t test. Statistical significance was considered to be a p value less
than 0.05.

5. Conclusions

In this study, toxicity studies were conducted to determine the possible toxic effects of
nano-engineered citron samples in the cellular level and to provide credible information for the
future application of citron. To make the result more convincing, two human primary cell lines
were employed in our study. Our findings revealed that citronliposome could significantly cause cell
damage in primary hEPC and hCPC cells, much greater than the slight damage caused by citron or
citronpeptide. However, cytotoxicity was not observed from NIH-3T3, HepG2, and Caco-2 cell lines.
In the genotoxicity test, significant toxic effects were not observed from hEPCs or hCPCs, followed by
the treatment with citron, citronpeptide, or citronliposome. Minimal genotoxicity was detected from
NIH-3T3 cells and in H9C2 cells after the treatment with citronpeptide, but disappeared in the presence
of liposome in the citronliposome group. Overall, our findings provide important information for
the further use of citron in the food industry. Moreover, in vitro study will be performed to further
determine the toxicity in order to meet the final food products.
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Abstract: To overcome the drawbacks of conventional drug delivery system, nanoemulsion have
been developed as an advanced form for improving the delivery of active ingredients. However,
safety evaluation is crucial during the development stage before the commercialization. Therefore,
the aim of this study was to evaluate the cytotoxicity of two types of newly developed nanoemulsions.
Turmeric extract-loaded nanoemulsion powder-10.6 (TE-NEP-10.6, high content of artificial surfactant
Tween 80), which forms the optimal nanoemulsion, and the TE-NEP-8.6 made by increasing the
content of natural emulsifier (lecithin) to reduce the potential toxicity of nanoemulsion were cultured
with various cells (NIH3T3, H9C2, HepG2, hCPC, and hEPC) and the changes of each cell were
observed followed by nanoemulsion treatment. As a result, the two nanoemulsions (TE-NEP-10.6
and TE-NEP-8.6) did not show significant difference in cell viability. In the case of cell line (NIH3T3,
H9C2, and HepG2), toxicity was not observed at an experimental concentration of less than 1 mg/mL,
however, the cell survival rate decreased in a concentration dependent manner in the case of primary
cultured cells. These results from our study can be used as a basic data to confirm the cell type
dependent toxicity of nanoemulsion.

Keywords: turmeric; curcumin; nanoemulsion; cytotoxicity

1. Introduction

Emulsions are small-sized droplets dispersed using two immiscible solutions with appropriate
surfactants and are called nanoemulsion if the size of the droplet is at nano-scale. Since nanoemulsions
can be fabricated in many different forms (liquids, creams, sprays, gels, aerosols, and foams),
they can be employed in a variety of applications, including food and pharmaceuticals [1,2].
For instance, bioavailability can be significantly improved through the encapsulation of poorly soluble
active ingredients, thus providing improved applicability [3,4].

Turmeric extract powder (TEP) used in this study for the production of curcumin nanoemulsion,
is a mixture containing a number of commercially available vegetable supplements [5]. Among them,
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the pharmacological activity of curcumin, an index substance of turmeric, has been reported through
many studies [6–8]. However, curcumin, a yellow hydrophobic polyphenolic component extracted
from turmeric has limited applications due to poor solubility and toxicity at high concentrations [9–11].
Moreover, its low bioavailability in the body remains as a major issue. To solve these problems,
curcumin nanoemulsion was prepared by using TEP to increase applicability and bioavailability
of curcumin.

Although nanotechnology have emerged as a technology that could positively modify or
control the functionality, stability, and usefulness of the active substances for high value-added
products [12–14], the regulation of nanotechnology incorporation varies in different countries
and methods as well as procedures for safety evaluation of nano-substances are also being
implemented [15–19]. For example, the toxicity of the nano-sized materials cannot be completely
identified in the human body, which is one of the major obstacle for commercialization (e.g., food,
cosmetics or drugs) [20,21]. Therefore, the safety evaluation of the nano-materials is crucial.

In this study, the toxicity of nanoemulsion as a carrier to improve the bioavailability of bioactive
substances such as curcumin (extracted from TEP), and the possibility of its application has been
verified through evaluating the potential toxicity. Two types of oil-in-water nanoemulsions containing
curcumin were prepared as shown in Figure 1 and Table 1. TE-NEP-8.6 was produced by lowering the
ratio of synthetic emulsifier (tween 80). The toxicity of each emulsion was evaluated at the cellular level
(3-(4, 5-dimethylthiazol-2-yl) 2, 5-diphenyl tetrazolium bromide (MTT) assay, lactate dehydrogenase
(LDH) assay, Live/dead assay, and comet assay).

Figure 1. Schematic of o/w nanoemulsion including curcumin. Turmeric extract-loaded nanoemulsion
powder (TE-NEP) was prepared using Turmeric extract powder (TEP). TE-NEP-10.6 has a HLB value
of 10.6, and TE-NEP-8.6 has a HLB value of 8.6. Abbreviations: o/w, oil in water; HLB, hydrophilic
lipophilic balance.

Table 1. Composition of turmeric extract-loaded nanoemulsion powder (TE-NEP).

Sample HLB Value MCT Oil (g)
Surfactant (g)

DW (mL) TEP (g) Dextrin (g)
Lecithin Tween 80

TE-NEP-8.6 8.6 500 400 100 9000 107.41 1107.41
TE-NEP-10.6 10.6 750 412.5 337.5 8500 161.11 1661.11

Abbreviations: HLB, hydrophile-lipophile balance; MCT, Medium-chain triglyceride; DW, distilled water;
TEP, turmeric extract powder, TE-NEP-8.6, turmeric extract-loaded nanoemulsion powder with HLB value of
8.6; TE-NEP-10.6, turmeric extract-loaded nanoemulsion powder with HLB value of 10.6.
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2. Results

Cytotoxicity of Turmeric Extract-Loaded Nanoemulsion

To assess the cell viability activity of turmeric extract-loaded nanoemulsion powder (TE-NEP)
against various cell types (NIH3T3, H9C2, HepG2, hCPC, and hEPC, respectively), MTT assay was
performed to evaluate the cell metabolic activity of living cells. Both cell lines and primary cells were
incubated with different concentrations of TE-NEP, TE-NEP-10.6, and TE-NEP-8.6 (0–20 mg/mL).
Cell viability was determined after 24 h of incubation. As can be seen in Figure 2, some of the
extracts induced cell cytotoxicity in certain concentrations. In all cell types, TEP induced cytotoxicity
in proportion to its concentration. In the case of cell lines, toxicity was not observed after the
treatment with two nanoemulsions except for H9C2 at a concentration of 5 mg/mL (Figure 2a–c).
The two nanoemulsion samples showed toxicity in proportion to the concentration of the sample at
concentrations above 0.25 mg/mL for hCPC and above 0.5 mg/mL for hEPC (Figure 2d,e). The results
of positive control are shown in Figure S2. Since the curcumin content varied between three groups
(turmeric extract and two nanoemulsions), the MTT assay was performed by matching the content
of curcumin to evaluate the toxicity according to its exact content. As a result, the toxicity of
the TEP decreased (Figure S3). The NIH3T3 cell line showed cell viability of less than 85% at
the concentrations of 3.248 and 16.24 μg/mL in TEP and two nanoemulsion samples, respectively
(Figure S3a). On the other hand, the cell viability of H9C2 cells tended to decrease in proportion to the
concentration of curcumin. At the concentration of 0.812 μg/mL, all of the sample groups showed
cell viability below 85% (Figure S3b). In the case of human hepatocytes (HepG2), TE-NEP-10.6 and
TE-NEP-8.6 showed cell viability of 66 ± 2.7% and 27 ± 3.7% at concentration of 32.48 μg/mL,
respectively (Figure S3c). In contrast, human-derived primary cells showed dosage-dependent
cytotoxicity in all groups (Figure S3d,e). Compared with the results obtained by adjusting the content
of curcumin, the high toxicity of TEP when treated with the same concentration of powder is due to
the high concentration of curcumin which is toxic to the cells.

Figure 2. Evaluation of cell viability by MTT assay on (a) NIH3T3 cell line, (b) H9C2 cell line, (c) HepG2
cell line, (d) hCPC primary cell, (e) hEPC primary cell treated with Turmeric extract powder (TEP)
and turmeric extract-loaded nanoemulsion powder with HLB values of 10.6 (TE-NEP-10.6) and 8.6
(TE-NEP-8.6), respectively. Cells were incubated with nanoemulsion samples (0.025, 0.05, 0.1, 0.25,
0.5, 1 and 5 mg/mL) for 24 h. Experiments were repeated 3 times independently. *, **, *** p < 0.05,
compared to the control.
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In addition, the cytotoxicity of the samples (TEP, TE-NEP-8.6, and TE-NEP-10.6) was assessed
by LDH assay, which assessed cell damage by LDH released from damaged cells. In all cell lines,
the LDH assay results of TEP and two nanoemulsion samples were similar to MTT assay results,
but in HepG2, TEP showed toxicity at concentrations above 1 mg/mL (Figure 3a–c). Concentration
dependent cytotoxicity was detected at hCPC treated TEP and the two nanoemulsions were toxic only
at the highest concentration of 5 mg/mL (Figure 3d). On the other hand, hEPC showed high toxicity
results regardless of concentration in TEP, and concentration-dependent toxicity was confirmed at
higher than 0.5 mg/mL of two nanoemulsions (Figure 3d). Figure S4 shows the results of positive
control according to each cell types. When the content of curcumin was matched, the LDH analysis
results were similar to that of MTT assay (Figure S5). Overall, NIH3T3 and H9C2 showed high levels
of cytotoxicity at 16.24 and 8.12 μg/mL, respectively (Figure S5a,b). In the case of HepG2, TEP showed
a concentration-dependent cytotoxicity from 3.248 μg/mL, and the two nanoemulsions showed
cytotoxicity at the highest concentration of 32.48 μg/mL (Figure S5c). For hEPC, the nanoemulsion
showed concentration dependent cytotoxicity from 0.812 to 32.48 μg/mL, while for hCPC, the highest
toxicity was observed at 8.12 μg/mL nanoemulsion concentration (Figure S5d,e).

Figure 3. The cytotoxicity effects of TEP, TE-NEP-10.6 and TE-NEP-8.6 (0.025, 0.05, 0.1, 0.25, 0.5, 1 and
5 mg/mL) on (a) NIH3T3, (b) H9C3, (c) HepG2, (d) hCPC and (e) hEPC. Cell death was measured
with the LDH assay after 24 h. Experiments were repeated 3 times independently. *, **, *** p < 0.05,
compared to the control.

The viability of each cells was visualized by fluorescence staining (Figure 4). Live cells
and dead cells were stained with calcein-AM and EthD-1, respectively. TEP was cytotoxic in
a concentration-dependent manner in all cell types. The number of dead cells increased, and the
viability decreased significantly at the highest concentration of 5 mg/mL. In NIH3T3 and HepG2,
cells showed low toxicity against nanoemulsion. On the other hand, in the case of H9C2, it was
confirmed that most of the cells were dead at 5 mg/mL. The primary cultured cells, hCPC, indicated
definite concentration dependent cytotoxicity. hEPC showed significantly reduced cell density, similar
to H9C2, due to the depletion of dead cells at a concentration of 5 mg/mL. Figure S6 implied
quantification data for living cells. The live/dead test results for all experimental concentrations
are shown in Figure S7.
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Figure 4. Representative fluorescence live/dead images of NIH3T3, H9C3, HepG2, hCPC, and hEPC.
Each cell was stained with calcein-AM (green)/ethidium homodimer (red) LIVE/DEAD assay after the
sample (TEP, TE-NEP10.6 and TE-NEP-8.6) treatment (24 h). Scale bar = 200 μm.

3. Discussion

Mouse fibroblasts (NIH3T3), rat heart myoblasts (H9C2) were selected as representative animal
cell line. Since the liver is a detoxifying organ where bulk of nutrients are received [22], HepG2
was chosen as representative of human-derived cell lines. Once received, metabolized nutrients are
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then released back into blood stream through the blood vessel, and blood is pumped throughout the
body from the heart [23]. Therefore, human cardiac progenitor cells (hCPC) and human endothelial
progenitor cells (hEPC) were selected as representative of primary human cells. In particular, it would
be possible to evaluate more reliable toxicity towards humans by using various human-derived
primary cells [24].

The TEP is a mixture containing a number of commercially available vegetable supplements [5].
Among them, the pharmacological activity of curcumin, an index substance of turmeric, has been
reported through research [6–8]. Curcumin, a yellow hydrophobic polyphenolic component extracted
from turmeric has limited applications due to low solubility and availability [9–11]. Moreover, its low
bioavailability in the body remains as a major issue. To solve these problems, curcumin nanoemulsion
was prepared by using TEP to increase applicability and bioavailability of curcumin. Nanoemulsions
are widely applied in drug delivery systems and food applications due to their biocompatibility and
permeability enhancing properties [25,26]. In addition, the materials used to make the nanoemulsion,
water, oil (Medium-chain triglyceride (MCT) oil), and surfactant (Lecithin and Tween-80), have been
approved for food use [27,28]. In particular, MCT oil is a vegetable oil, and lecithin is a component
extracted from soybeans. According to the Material Safety Data Sheet (MSDS), both substances
are highly safe food ingredients not classified as hazardous/hazardous substances. Tween 80 is
a hydrophilic emulsifier and is the most widely used emulsifier to make oil in water nanoemulsion [29].
However, Tween 80 have been reported to be toxic in some cases and therefore the allowable amount of
Tween 80 used as a food additive is 11.8 g/kg for nutritional supplement and 1 g/kg for non-standard
processed food. The Tween 80 content of the nanoemulsion (TE-NEP) was 337.5 g/10 L, and after
mixing with dextrin powder, the final Tween 80 contained in the dried powder (TE-NEP) was about
37 g/kg (3.7%) (Table 1).

The content of curcumin, which is a target substance contained in the nanoemulsion,
was confirmed by HPLC. The curcumin content of TEP was 32.48 μg/mL, and the curcumin contents of
TE-NEP-10.6 and TE-NEP-8.6 were 1.83 and 1.64 μg/mL, respectively (Table 2). TEP has about 17 times
higher curcumin content than nanoemulsion. Since curcumin can induce cell death according to its
concentration, as well as exhibit various pharmacological activities [30] (e.g., antioxidation [27,31,32],
antiinflammation [33,34], and antitumor effects [35–37]), our results showing cytotoxicity at high TEP
with a high curcumin content can be explained. Furthermore, based on the No Observed Adverse Effect
Level (NOAEL) value of curcumin (250–320 mg/kg bw/day), international expert scientific committee
JECFA (joint FAO/WHO Expert Committee on Food Additives) have proposed an acceptable daily
intake (ADI) of 3 mg/kg bw/day for insoluble curcumin. [38].

Table 2. Content of curcumin in TE-NEP.

Sample AVE (μg/mL) STD

TE-NEP-8.6 1.64 0.01
TE-NEP-10.6 1.83 0.02

TEP 32.48 0.46

AVE: Average; STD: Standard deviation.

Applied nanoemulsions can potentially induce toxicity which may be caused by their small
size [20]. For example, nanoparticles can penetrate the body through various pathways and remain in
the system because they can escape phagocytosis through macrophages, as opposed to micro-sized
particles. These residual nanoparticles with artificially created new chemical and physical properties
can cause toxicity due to the ongoing body reaction and active state [39–41]. Also, due to their
physico-chemical properties, such as their composition and concentration, particle size distribution,
electrical properties, and interfacial properties, toxicities may change in nano-sized materials even if
they were proven not to be toxic in micro- or macro-scales [20,42]. In addition, the toxicity test was
performed by matching the curcumin content of TEP with the two types of nanoemulsion samples
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(TE-NEP-10.6 and TE-NEP-8.6), and cytotoxicity of the nanomaterial was confirmed. The nanoemulsion
(TE-NEP-10.6 and TE-NEP-8.6) used in this study showed an average diameter of 196.93 ± 4.80 nm and
202.11 ± 4.21, respectively (Figure S1). The structure of nanoemulsion was confirmed by SEM analysis.
There are three reasons why emulsion sizes are observed to be smaller in representative SEM images:
(1) Particle size measured using dynamic light scattering technology can be changed by the angle of
light reflection or the mobility of the nanoemulsion in the solvent [43,44]. (2) The dispersed emulsion
can easily aggregate with one another and the size of the emulsion can be seen to be larger when
measured in the coagulated state [44–46]. Finally, (3) the sample is dried during sample preparation
for SEM analysis, at which time the size of the emulsion can be reduced.

Since DNA damage is one of the important factors in tumor formation, there have been concerns
regarding potential genotoxicity of the substance aimed for food or drug applications [47,48]. Previous
research reports have shown that nanomaterials can cause direct or indirect DNA damage [49,50].
For instance, it has been reported that curcumin itself may cause DNA damage induced by oxidative
stress at high doses (>8 μg/mL) in HepG2 cell lines [38,51]. These previous results support the genetic
toxicity results induced by TE-NEP in this study. In our study, genotoxic effects were determined
by comet assay to evaluate DNA damage of cells (NIH3T3, H9C2 and hCPC). This assay allows
DNA damage quantification in highly efficient manner with good sensitivity. In particular, hCPC and
hEPC showed higher cytotoxicity according to MTT, LDH and live/dead assay when comparing the
results from the cell lines (Figure 2). Specifically, the comet assay results of hCPC showed significant
differences in tail DNA% at all experimental concentrations (Figure S8b). This can be due to the fact that
various cells have different characteristics such as growth environment, proliferation, and membrane
properties. In general, primary cultured cells require stringent conditions such as various growth
factors for cell culture and are difficult to survive in normal environments required for cell lines [24,52].
Tumor cells are also more likely to survive in harsh environments that can be caused by nanomaterials,
due to their proliferative properties [53]. In addition, these cell specificities can explain relatively low
cytotoxicity at several concentrations of HepG2, a tumor cell line, identified in MTT (Figure 2c) and
LDH (Figure 3c) assays. Several studies also confirmed that the cytotoxicity of nanomaterials was
relatively lower in the case of HepG2 compared to other cell lines [54–56]. In this study, the cellular
toxicity of the prepared nanoemulsion was evaluated. Genetic toxicity assessment using comet assay
was also performed. However, in the case of genotoxicity, further experiments such as micronucleus
assay and gH2AX staining are required to produce more reasonable result. Ultimately, for practical
applications in food and drug delivery systems, animal-level toxicity testing should be essential before
the final application.

4. Materials and Methods

4.1. Sample Preparation

Turmeric extract powder (TEP) was provided by Ottogi Co., Ltd. (Anyang, Gyeonggi-do, Korea).
Two types of turmeric extract-loaded nanoemulsion powder (TE-NEP-8.6 and TE-NEP-10.6) were
provided by J.T. Kim (Keimyung University, Daegu, Korea). Briefly, oil phase was prepared by
dissolving 20% (w/w based on MCT) TEP in MCT oil containing soy lecithin. The aqueous phase
was prepared by mixing tween 80 and distilled water. The amount of soy lecithin and tween 80 were
adjusted to the hydrophilic lipophilic balance (HLB) values of 10.6 and 8.6. The coarse emulsion
was prepared by magnetic stirring under ambient temperature for 2 h. Then, nanoemulsions were
prepared by further homogenizing the coarse emulsion through high speed homogenization (HSH)
(HG-15D, Daihan Scientific Co., Ltd., Wonju, Korea) at 5000 rpm for 10 min, ultrasonication (US) with
a Vibra Cell (VCX-750, Sonics & Materials, Inc., Sandy Hook, CT, USA) for 15 min, and high-pressure
homogenization under 10,000 psi for 3 cycles. TE-NEP-10.6 and TE-NEP-8.6 indicate the turmeric
extract-loaded nanoemulsion with HLB values of 10.6 and 8.6, respectively. Control NE was prepared
by using the same method without turmeric extract powder. TE-NEP was prepared by spray drying
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(KL-8, Seo Gang Engineering Co., Ltd., Cheonan, Korea) with TE-NE solution and dextrin. The spray
drying conditions were as follows: inlet temperature at 120 ◦C, flow rate at 50 mL/min, and outlet
temperature at 180 ◦C.

4.2. Cell Culture

4.2.1. Cell Lines

Mouse fibroblasts (NIH3T3), rat heart myoblasts (H9C2), and human hepatoblastoma (HepG2)
cells were purchased from Korean Cell Line Bank (KCLB, Seoul, Korea). Cells were cultured in
high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM; Welgene, Daegu, Korea) supplemented
with 10% fetal bovine serum (FBS, Welgene) and 1X penicillin/streptomycin (P/S, Welgene). Cells
were routinely incubated under humidified atmosphere containing 5% CO2 at 37 ◦C and subcultured
when 85% confluent.

4.2.2. Primary Cells

Human endothelial progenitor cells (hEPCs) and Human cardiac progenitor cells (hCPCs) were
kindly provided by S.M. Kwon (Pusan University, Pusan, Korea, IRB number: 05-2015-133). The hEPCs
were cultured on 1% gelatin coated dishes in EC basal medium 2 (EBM-2MV, Lonza, Walkersville,
MD, USA) supplemented with 5% FBS, EGM-2-MV BulletKit and 1X P/S. The hCPCs were cultured
in Ham’s F12 medium (Hyclone, Logan, UT, USA) containing 10% FBS, 1X P/S, 0.005 U/mL human
erythropoietin (hEPO, R&D system, Minneapolis, MN, USA), 5 ng/mL human basic fibroblast growth
factor (hbFGF, PeproTech, Rocky Hill, NJ, USA) and 0.2 mM L-glutathione reduced (Sigma-Aldrich,
St. Louis, MO, USA). All of the cells were cultured under standard cell culture condition using 5% CO2

incubator at 37 ◦C and subcultured when 85% confluent.

4.3. Cytotoxicity Assay

4.3.1. MTT Assay

The cytotoxicity of cells was observed by using 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide (MTT, Duchefa, Haarlem, The Netherlands) assay. Briefly, cells
were seeded on a 96-well plate and cultivated for 24 h at 37 ◦C (5% CO2). The appropriate cell density
was selected according to the cell type. HepG2 at a cell density of 2 × 104 cells, all other cells at
1 × 104 cells per 100 μL medium were seeded into each well of the 96-well plates. Afterwards, the cells
were exposed to the TEP, TE-NEP-10.6, TE-NEP-8.6 at the several concentrations (0–20 mg/mL),
respectively and incubated for 1 day. Negative control was prepared by adding single-wall carbon
nanotube (SWCNT) at concentrations of 0.025, 0.05, 0.1, 0.25, 0.5, 1, and 5 mg/mL. After the
exposure, medium was changed followed by the addition of 5 μL of MTT reagent (5 mg/mL
stock). The cells were incubated for 3 h at cell culture condition, and lysed in DMSO (100 μL per
well). The development of color was measured spectrophotometrically using Epoch microplate
spectrophotometer (BioTek Instruments, Winooski, VT, USA) at 570 nm. All absorbance values
were corrected against blank wells. The cell viability was calculated by the following formula
(A = absorbance):

Cell viability (%) =
Asample − Ablank

Acontrol − Ablank
× 100

4.3.2. Live/Dead Assay

A LIVE/DEAD Viability/Cytotoxicity Kit for mammalian cells (Thermo Fisher Scientific,
Walthan, MA, USA) was used according to the manufacturer’s instructions to visualize cell viability.
Briefly, 20 μL of 2 mM ethidium homodimer-1 (EthD-1) stock solution and 5 μL of 4 mM calcein-AM
solutions were diluted in 10 mL of sterile and prewarmed Dulbecco’s Phosphate-Buffered Saline
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(DPBS, Welgene). The mixture was then mixed and distributed to cells in 96-well plates, followed by
incubation for 45 min at room temperature. After the staining procedure, stained cells were imaged
using fluorescent microscope (Nikon, ECLIPSE Ts2, Tokyo, Japan).

4.3.3. Lactate Dehydrogenase (LDH) Assay

Lactate dehydrogenase (LDH) leakage into the culture medium from dead cells was measured
using EZ-LDH Cell Cytotoxicity Assay Kit (Daeil Lab Service, Seoul, Korea). The LDH release assay
was used according to the manufacturer’s direction. In brief, cells were seeded in 96-well plates.
Optimal cell density was selected for each cell through the cell optimization step. Cells were treated
with a range of concentrations (0–20 mg/mL) of each sample (TEP, TE-NEP-8.6 and TE-NEP-10.6) for
24 h. CNT was used a positive control and group without cells were prepared as a blank. After the
incubation with treated sample for 1 day, the cultures were centrifuged at 600 g for 5 min. The high
control, which was the maximum amount of LDH that could be released from a cell by artificially
killing the cells, was combined with the lysis buffer before the collection of the supernatant and reacted
for 5 min at room temperature. Following the centrifugation, 10 μL of the supernatant was transferred
to new 96-well plate and 100 μL of LDH reaction mixture was added to each well and mixed carefully.
The mixture was reacted at room temperature for 30 min in dark. Absorbance was measured at 450 nm
using the microplate spectrophotometer after shaking gently. The percentage of total cellular LDH
released was determined using the following equation:

Cytotoxicity = (A − B)/(C − B) × 100

where A indicates the OD value of Experimental LDH release, B is OD value of spontaneous LDH
release, and C stands for OD value of maximal LDH release (high control).

4.4. Statistical Analysis

The statistical evaluations of results were analyzed by GraphPad Prism 5.0 (GraphPad Prism
Software, Inc., San Diego, CA, USA). The values are expressed as mean ± standard deviation (SD).
For comparison of multiple groups, one-way analysis of variance (ANOVA) with a post-hoc Bonferroni
test was applied. For all analyses, p < 0.05 was considered as statistically significant. The significance
of differences between two groups was performed by unpaired two-tailed Student t test.

5. Conclusions

Cell-level toxicity studies (MTT, LDH, Live/dead assay) were conducted for applications in food
or drug delivery of nanoemulsions. Overall, the toxicity of the nanoemulsion did not significantly
affect its composition and increased in a concentration-dependent manner. Results obtained from this
study provide a basic knowledge of the cytotoxicity of nanoemulsion on various cell types and can be
used as a basis for future animal experiments.

Supplementary Materials: The following are available online at www.mdpi.com/1422-0067/19/1/280/s1.
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Abstract: In general, a drug candidate is evaluated using 2D-cultured cancer cells followed by
an animal model. Despite successful preclinical testing, however, most drugs that enter human clinical
trials fail. The high failure rates are mainly caused by incompatibility between the responses of the
current models and humans. Here, we fabricated a cancer microtissue array in a multi-well format that
exhibits heterogeneous and batch-to-batch structure by continuous deposition of collagen-suspended
Hela cells on a fibroblast-layered nanofibrous membrane via inkjet printing. Expression of both
Matrix Metalloproteinase 2 (MMP2) and Matrix Metalloproteinase 9 (MMP9) was higher in cancer
microtissues than in fibroblast-free microtissues. The fabricated microtissues were treated with
an anticancer drug, and high drug resistance to doxorubicin occurred in cancer microtissues but
not in fibroblast-free microtissues. These results introduce an inkjet printing fabrication method for
cancer microtissue arrays, which can be used for various applications such as early drug screening
and gradual 3D cancer studies.

Keywords: in vitro cancer model; inkjet cell printing; microtissue array; cancer drug discovery;
electrospinning; nanofibrous membrane

1. Introduction

Animal models are limited in their ability to mimic extremely complex carcinogenic and
physiological processes in humans and more than 90% of drugs that pass animal trials fail in the clinical
trials [1,2]. Various researchers have developed biomimetic models that can produce results similar to
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actual responses in humans, and three-dimensionally (3D) cultured cells have been found to better
represent human tissue than two-dimensionally (2D) cultured cells [3–9]. Most cells in tissues are
surrounded by an extracellular matrix (ECM), which provides a structural chemical environment for
cells and interacts with cells/ECM to regulate diverse functions including proliferation, differentiation,
and migration [10]. Therefore, we employed an electrospun nanofibrous membrane (NF) whose
structure is similar to that of the extracellular matrix. The cell-laden NF has various morphologies,
in contrast to two-dimensionally cultured cells, and the cells interact more actively based on the surface
characteristics of this membrane.

In the drug discovery process, multiple tests are required to verify various factors such as efficacy,
safety, and dose of the drug [11]. Current 3D culture models have various difficulties such as limited
control over cell positioning and multiply arrayed cells and batch-to-batch variability. To this end,
this study developed and evaluated a patterned cancer microtissue array with controlled size and
shape as well as batch-to-batch structures using an inkjet printer. Multiple tests can be simultaneously
performed on the developed microtissue array (Figure 1). The inkjet printer enabled precise adjustment
of the spatial placement of the tissue formed on the NF with microscale resolution, and quantitative
cell seeding was possible, thus improving the repeatability and reproducibility of the model.

The tumor microenvironment is constantly evolving owing to tissue remodeling and changes in
the recruitment of stromal cells including a diversity of immune cells with angiogenesis. As the
tumor becomes larger, the phenotype of cancer cells changes to aggressive, and in the tumor
microenvironment, the extracellular matrix also changes [12]. In addition, fibroblasts, which are cancer
stromal cells, play an important role in tumor progression, growth, and metastasis [13]. Therefore,
developing functional and gradational cancer models that mimic the tumor microenvironment,
including stromal cells, are required for testing drugs and investigating mechanisms of tumor
progression as well as cancer metastasis.

This study used cervical cancer cells, which are invasive and aggressive and closely associated
with matrix metalloproteinases (MMPs). In particular, MMP2 and MMP9 have been found to be the
most important in the degradation of the basement membrane and extracellular matrix needed for cells
to acquire invasive capabilities [14]. In this study, MMP2 and MMP9 levels were measured through
enzyme-linked immunosorbent assay (ELISA) to verify the effect of co-culturing with fibroblasts.
The 3D structure of the fabricated cancer microtissue was examined using histological analysis,
scanning electron microscopy (SEM), and confocal microscopy by staining for human papillomavirus
18 (HPV18), which is specifically found in cervical cancer cells. Finally, we treated the model with
an anticancer drug for assessment of the drug response.

 
Figure 1. Schematic illustration of cancer microtissue array.
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2. Results

2.1. Concept of the Cancer Microtissue Array

2.1.1. Electrospinning and Nanofibrous Membrane

The diameter distribution of the nanofibers characterized by SEM imaging (Figure 2a) is shown in
Figure 2b; the nanofiber diameter ranged from 150 to 1200 nm, and the peak frequency of the diameter
was 350 to 500 nm.

 
Figure 2. Scanning electron microscopy (SEM) image of the electrospun nanofibrous membrane (NF) (a);
diameter distribution of the nanofibers (b); schematic representation of the inkjet printer (c); bipolar
waveform for piezo actuation (d); and schematic representation of the cancer microtissue fabrication
process (e).

156



Int. J. Mol. Sci. 2017, 18, 2348

2.1.2. Inkjet Printer Setup

Figure 2c presents a schematic representation of the inkjet printer setup. The piezoelectric
drop-on-demand print-head had an inner diameter of 80 μm (MJ-AL-01-80-8MX, Microfab, Inc.,
Plano, TX, USA), and an electronic control drive (CT-M3-04, Microfab, Inc.) and a pressure controller
(Super EX-V7, Musashi Engineering, Inc., Tokyo, Japan) were coupled. The pressure controller applied
negative pressure to prevent leakage of bioink from the nozzle.

The printing droplet frequency was set at 10 Hz, and the distance between the printer head
and NF was maintained at 2 mm or less to minimize physical damage to the cells during printing.
The piezo actuation of the inkjet printing was as shown in Figure 2d. The droplet pattern could be
printed by directly moving the NF using a triaxial microstage.

2.1.3. Schematic Illustration of Cancer Microtissue Array Process

To fabricate cancer microtissue samples, droplets of the 0.5% collagen bioink containing cancer
cells were dropped 150 times using an inkjet printer on a NF as shown in Figure 2e. Three different
conditions for the NF were tested: the first was bare membrane, and the others were fibroblast-layered
NF with different cell seeding densities.

2.2. Cell Viability and Diameter

2.2.1. Cell Viability on Glass and Nanofibrous Membrane

In this study, we aimed to pattern four cancer microtissue arrays (diameter of each cancer
microtissue, approximately 500 μm) within a diameter of 10 mm. In order to insure the consistency
in size of each microtissue, the same number of cells needs to be seeded at one point in designed
positions. Inkjet cell printing technology was used for microtissue array fabrication since it enables
high resolution patterning of specific cells with soluble biomaterials, providing an ideal environment
for fabricating the biomimetic samples. The viability of printed cells compared with that of cells
suspended only in medium (bioink) or medium containing 0.5% collagen (collagen-containing bioink)
was evaluated through a Live/Dead assay (Figure 3a,b). The cell viability on the NF was approximately
100%, whereas that on glass was approximately 0% owing to drying out of bioink, as shown in
Figure 3c. Therefore, it was confirmed that the NF provided a sufficient niche for cells in terms of
a medium-infiltrated substrate, owing to its large surface-to-volume ratio.

2.2.2. Cell Aggregate Formation on Glass and NF

As shown in Figure 3c, the droplet of collagen-containing bioink printed on the glass had smaller
diameter and a narrower cell distribution area than that of the bioink only, indicating that the cancer
cells were more strongly distributed at the central area of the droplets. Similarly, the cell-distributed
area of collagen-containing bioink on the NF was smaller than that of the bioink. Consequently,
the cell-distributed area of collagen-containing bioink on the NF was the narrowest (Figure 3d), owing
to the robust structure of randomly intertwined interstitial fibers and viscous collagen. Therefore,
printing on a non-porous two-dimensional substrate such as a glass was unsuitable for fabricating
cell aggregates, and the NF was a rather suitable alternative. Inkjet printing with collagen-containing
bioink on an NF was optimal for fabricating cancer cell aggregates.

2.3. Diameter of Cancer Microtissue

We next compared mono-cultured cancer microtissue and co-cultured (i.e., fibroblast-layered
NF; 1 × 104 cells/mL) cancer microtissue. Figure 4 shows the remodeling and diameter of the
printed microtissue over time. On days 3, 5, and 7, the printed microtissue on fibroblast-layered NF
(Figure 4d–f) maintained its size better than the mono-cultured microtissue (Figure 4a–c). The diameter
of the fibroblast-layered microtissue increased by approximately 14% from day 3 to day 5, but the
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shape was almost identical on days 5 and 7, as shown in Figure 4g. In contrast, the diameter of
the mono-cultured microtissue increased by 30% between day 3 and day 5 and by approximately
40% between day 5 and day 7. Therefore, the fibroblast-layered microtissue is more appropriate as
a cancer model because it maintains the cancer-aggregate formation over time and hence does not
have temporal constraints in drug screening applications.

Figure 3. Cell viability and aggregate formation of cancer cells printed on glass and NF; Live/Dead
assays of HeLa cells printed on the NF and glass. Cells were suspended in culture medium and culture
medium containing 0.5% collagen. The live and dead cells are denoted in green and red, respectively (a).
Viability of the printed cancer cells (b). Shapes of droplets printed on glass and NF (c); white arrows
show protruding cells. Cells were suspended in culture medium and culture medium containing 0.5%
collagen. Cell-distributed diameter according to the number of printed droplets (burst shot; 50 times)
on glass and the NF (d). All experimental samples were n > 3. * p < 0.01, ** p < 0.005, *** p < 0.001.
Unmarked scale bars in Figure 3a and 3c, 50 μm and 100 μm, respectively.

Figure 4. Cont.
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Figure 4. Immunofluorescence staining images of the mono-cultured cancer microtissue (a–c) and
fibroblast-layered microtissue (d–f). Change in diameter of cancer microtissues with time (g).
Blue, cell nucleus; green, F-actin staining. All experimental samples were n > 3. (* p < 0.01).

2.4. Cancer Microtissue Formation on Fibroblast Layer

To verify the effect of the interstitial fibroblast layer on the NF for generation of an in vitro
cancer microtissue array, the mono-cultured microtissue and the fibroblast-layered microtissues
(1 × 104 cells/mL) were examined using immunofluorescent staining on day 7 (Figure 5a–f). The cancer
cells in monoculture models were spread widely without forming cell aggregates, whereas the
fibroblast layer stabilized the forms of the cell aggregates.

The expression of MMP2 and MMP9 was measured by ELISA using the monocultured and
fibroblast-layered microtissue (1 × 104 cells/mL), respectively. As shown in Figure 5g,h, MMP2
and MMP9 were upregulated in the fibroblast-layered microtissue rather than in the mono-cultured
microtissue. Especially on day 7, the MMP2 and MMP9 expression of the fibroblast-layered microtissue
was approximately 1.5-fold and 2-fold higher than that of the monocultured microtissue. The high
levels of MMP2 and MMP9, which are important factors in extracellular matrix remodeling [14],
are evidence of good biomimicry, and we can conclude that the fibroblast-layered microtissue better
represents cancer tissues than the monocultured microtissue.

Figure 5. Cancer microtissues (a–f); monocultured microtissue and fibroblast-layered microtissue
(1 × 104 cell/mL) on day 7. Red, MMP2 (a) and MMP9 (d); green, F-actin (b,e). MMP2 (g) and
MMP9 (h) expression in the mono-cultured and fibroblast-layered microtissues was quantified using
ELISA. All experimental samples were n > 3. Unmarked Scale bars, 100 μm.
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2.5. 3D Formation and Shape of The Cancer Microtissue

3D characteristics of the fabricated microtissue are shown in Figure 6. Confocal imaging showed
that the HeLa cells cultured on the fibroblast-layered NF formed a 3D, disk-like structure with
a thickness of approximately 50 μm. Furthermore, fluorescence staining showed that HPV18, which is
specifically associated with cervical cancer, was strongly expressed by the patterned cancer tissues,
and the cancer tissues were easily identified in the fibroblast-layered microtissue (Figure 6b). As shown
in Figure 6b, we were able to prepare four individual cancer microtissues within one well of a 96-well
plate, and those tissues were maintained for up to seven days. SEM (Figure 6c) showed that the
surrounding fibroblasts (Figure 6c; white arrow) and the formed cancer tissue (Figure 6c; red arrow)
were clearly distinguished. This shows that the cancer tissue has a three-dimensional structure,
in contrast to the fibroblasts that grow with no layering on the surface of the NF. Histological
analysis revealed that the mono-cultured microtissue was thinner than fibroblast-layered microtissue
(Figure 6d), whereas the HeLa cells in the fibroblast-layered microtissue were thicker (Figure 6e).
Interestingly, some of the HeLa cells penetrated into the NF through the interstitial fibroblast layer
(Figure 6 d,e; white dotted lines). In fact, most carcinomas begin in a tissue that lines the inner or outer
surfaces with flat and circular structures and then gradually spread and invade into adjacent layers.
The fabricated microtissues also adopted flat and circular structures. However, the fibroblast-layered
microtissue progressively developed the real tissue-like structure of invasive carcinoma as shown in
Figure 6e.

 
Figure 6. Three-dimensional shapes of cancer microtissues. (a,b) Confocal microscope images of
the cancer microtissues. (a) Confocal stacking image (3 μm step; 16 layers) and (b) patterned cancer
microtissue. (a,b) Green indicates HPV18, and red indicates F-actin. (c) SEM image (white arrow: fibroblast,
red arrow: cancer tissue). (d,e) Frozen section images, (d) mono-cultured sample, and (e) co-cultured
sample. Blue indicates Hoechst 33342 (d,e); only cancer cells are stained. Green indicates F-actin;
both fibroblast and cancer cells are stained. All experimental samples were n > 3.
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2.6. Reaction of the Drug-Treated Cancer Microtissue

Doxorubicin (0.1, 1.0, and 2.0 μM) was added to the cancer microtissues at day 7, and the resistance
of the cells to the anticancer drug was examined by screening through the Live/Dead staining method
(Figure 7a–h). Moreover, the expression of MMP2 and MMP9 was verified through ELISA (Figure 7i).
Live/Dead staining two days after doxorubicin treatment revealed that the fibroblast-layered
microtissue had higher drug resistance than the mono-cultured microtissue, especially for 0.1 and
1.0 μM doxorubicin (Figure 7b,c,f,g). This result verifies that the fibroblast-layered samples had less
reduction of viability (Figure 7i) than mono-cultured microtissue, in which many cancer cells were
killed by increasing concentrations of doxorubicin. Thus, the interstitial fibroblast layer conjugated
with cancer micro tissue had stronger resistance to anticancer drugs with increasing concentration.

Figure 7. Drug test on day-7 cancer microtissue. (a–h) Cancer microtissues with Live/Dead staining;
(a–d) mono-cultured sample, (e–h), co-cultured sample. (a,e) Standard samples with no doxorubicin
treatment. (b–d,f–h) Samples with doxorubicin treatment, (b,f) 0.1, (c,g) 1.0, and (d,h) 2.0 μm
doxorubicin. (i) Graph of viability of cancer micro tissue models after two days of treatment with
doxorubicin. All experimental samples were n > 3. Unmarked Scale bars, 300 μm.

3. Discussion

Environmental factors have significant biochemical influences on cells [15]. A two-dimensional
culture is advantageous in terms of manipulation to observe cells and extract proteins and mRNA.
However, most of these cells are flat, in contrast to their actual shapes in the human body, and in
many cases, the experimental results are different from the actual in vivo situations. In contrast,
a three-dimensional culture model is more complex and difficult to manipulate and evaluate than
a two-dimensional culture model, but it can accurately mimic the 3D structures of cells in the human
body, and their behaviors and the expression of proteins and mRNA in actual in vivo situations [16].
Thus, in this study, fibroblasts were cultured with NF to provide a sufficient niche for cancer cells,
and the co-cultured microtissue showed a different tissue-like structure and drug resistance compared
to the monoculture.
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The complex test processes and high throughput of each cell are the greatest obstacles to
quantitative and in-depth molecular analysis of single cells or cell populations. The distribution
of cells can be quantified by patterning cells to aid in the study of cell processes, such as reactions
between individual tissues and cells. The advantage of patterning technology is the exposure of tissues
to the same conditions owing to the arrangement of tissues. This study exploited inkjet printing
to arrange cancer microtissues on nanofibrous membranes and analyzed the viability, size changes,
and other characteristics of the patterned microtissues. The analysis showed that the viability of the
cells was close to 100% when they were printed on a nanofibrous membrane using an inkjet printer,
and the cancer microtissues produced and patterned using inkjet printing maintained their initial
patterns even after culturing for one week. Such patterned cancer microtissues can be multi-screened,
thus enabling simultaneous verification of the changes in the size of multiple cancer microtissues and
observation of various tissues.

The rapid evaporation of droplets is one of the greatest drawbacks of the inkjet cell printer.
The easy evaporation of droplets in micro units makes it difficult to culture cells, and many researchers
have addressed this problem by printing hydrogels in wells containing a crosslinking agent [17–19].
In contrast, in this study, a nanofibrous membrane soaked in medium was used as the substrate,
and printing on this wetted nanofibrous membrane prevented the rapid evaporation of droplets.
The nanofibrous membrane provided an appropriate niche for inkjet printing without the use of
a crosslinking agent when culturing the printed cells and also provided structural and biochemical
elements of the extracellular matrix when culturing the cells together with fibroblasts. We also showed
that inkjet printing on nanofibrous membrane is advantageous in terms of shaping and maintaining
cell aggregates.

In future studies, the immunity network based on the interaction between immune cells and the
fabricated cancer microtissues will be simulated, and drug tests with a sample with such an immunity
network are expected to produce results that are closer to the results obtained from the human
body. The significance of this study is the simulation of in vitro cancer tissues in drug tests and the
production of highly reliable samples. The failure rates of clinical trials are expected to decrease as the
reactions to drugs would better replicate those in the human body, and this will have positive effects
on pharmaceutical discovery processes with low success rates.

4. Materials and Methods

4.1. Fabrication of NFs by Electrospinning

NF was fabricated by a previously reported electrospinning method [20,21]. Briefly, nanofibers
were produced by diluting high molecular weight (80,000 MW) polycaprolactone (Sigma-Aldrich,
St. Louis, MO, USA) at a concentration of 17% in a 1:1 mixture of chloroform (99.5%, Samchun Pure
Chemical Co., Ltd., Seoul, Korea) and dimethylformamide (Sigma-Aldrich). During electrospinning,
the temperature and humidity were maintained at 20–21 ◦C and 50–55%, respectively. The voltage,
tip-to-collector distance, and flow rate of the solution were maintained at 15 kV, 18 cm, and 0.5 mL/h,
respectively. The fabricated NF was dried for 24 h to evaporate the remaining solvent, and the dried
membrane was then baked in an oven at 60 ◦C for 10 s to improve the interconnectivity of interstitial
fibers before they were cut to a diameter of 10 mm. The fabricated NF was soaked in 70% ethanol and
sterilized under an ultraviolet lamp overnight. Then, the sample was washed out three times with
phosphate-buffered saline (PBS; pH 7.4, Gibco, Rockvile, MD, USA) and soaked in Dulbecco’s modified
Eagle’s medium (DMEM, GenDEPOT) containing 10% fetal bovine serum (FBS, GenDEPOT) and 1%
penicillin-streptomycin (Pen Strep, Gibco). The diameter distribution of the nanofibers characterized
by an SEM image (Figure 2a) is shown in Figure 2b; the diameter of the nanofibers was estimated to be
400–500 nm.
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4.2. Cell and Bioink Preparation

Fibroblasts (CCD-1112SK, ATCC, Manassas, VA, USA) and HPV18-positive cervical cancer cells
(HeLa; KCLB, Seoul, Korea) were cultured with a medium containing 10% FBS and 1% Pen Strep in
a 100-mm Petri dish (Nunclon Delta Surface, Thermo Fisher Scientific, Waltham, MA, USA). When cell
confluency reached 80%, the cells were washed three times with PBS and treated with 2 mL of
trypsin-EDTA (0.25%; Gibco) to produce single-cell units before culturing in 5% CO2 at 37 ◦C for 2 min.
After culturing, the detached cells were collected in a 15-mL conical tube into which culture medium
was added, diluted 10 times to neutralize the trypsin, and centrifuged for 3 min at 1200 rpm. The cells
obtained after removal of the supernatant were mixed with the culture medium and then used in
the experiment.

The fibroblasts (1 × 104, 1 × 105 cells/mL) were seeded on NF with a diameter of 10 mm.
After culturing in an incubator overnight, fibroblast-layered NF or bare NF was used as a substrate for
inkjet cell printing.

For the cell-laden bioink, cell suspensions (3 × 107 cells/mL) were produced containing 0.5%
collagen (collagen type I, Thermo Fisher Scientific) or cell suspension alone.

4.3. Inkjet Cell Printing

Inkjet printing technology that improves cell aggregation is essential for fabricating cancer
microtissues. Therefore, the formation of the printed droplets on different substrates (glass and NF)
and bioink was verified. To examine the effects of the bioink on the droplets, the culture medium with
or without 0.5% collagen was mixed with HeLa cells (4 × 107 cells/mL) stained with Hoechst 33342
(Thermo Fisher Scientific), and this mixture was then used as the bioink for printing. To examine the
effect of the substrate, the droplets were printed on a glass and the NF wetted in the medium.

To fabricate cancer microtissue samples, droplets of the 0.5% collagen bioink containing cancer
cells were dropped 150 times using an inkjet printer on a NF as shown in Figure 2e. Three different
conditions of NF were tested: the first was bare membrane, and the others ware fibroblast-layered
membranes (1 × 104 cells/mL). An array of a maximum of four microtissues was patterned on the
membrane (∅10 mm). Immediately afterwards, the microtissues were cultured for 2 h in 5% CO2 at
37 ◦C to enable the cancer cells to positively adhere. A sufficient amount of culture medium was added
after adhesion of the cancer cells to the sample. Furthermore, for the co-cultured sample, fibroblasts
were seeded on the NF and then soaked in the medium. The cells were then cultured in 5% CO2 at
37 ◦C for one day before the cancer cells were printed as described above (Figure 2d).

4.4. Cell Viability

To verify the viability of the printed cells, a Live/Dead kit (Invitrogen) was used in this experiment
according to the manufacturer’s recommended procedure. In brief, 20 μL of 2 mM EthD-1 stock
solution enclosed in the product was added to 10 mL of PBS and mixed by vortexing. Then, 5 μL of
4 mM calcein AM stock solution was added to the mixed solution, which was vortexed again to
produce a live/dead solution. The samples were washed out three times with PBS and treated with
the live/dead solution on the NF. Then, the specimen was cultured at room temperature, i.e., 20 ◦C,
for 40 min.

Specifically, to compare the viability of printed cells on dried glass and wetted nanofibrous
membrane (Figure 3), the printed cells were gently subjected to the live/dead assay immediately after
the printing. Thereafter, the sample was cultured in situ at 25 ◦C for 30 min.

4.5. Immunocytochemistry/Immunofluorescence

The sample was fixed by treatment with 4% paraformaldehyde for 20 min at room temperature
and then washed three times with PBS to remove the paraformaldehyde. The washed sample was
treated with 0.1% Triton X-100 for 15 min at room temperature to ensure permeability and then washed
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out with PBS three times. BSA buffer (1%) was used as the blocking buffer, and after treatment for
1 h at room temperature, the sample was washed with PBS three times. Then, the specific antibodies
(MMP-2, MMP-9, and HPV18) were diluted in PBS at a ratio of 1:500. The primary and secondary
antibodies were applied to the sample for 1 h at room temperature without light exposure.

4.6. Enzyme-Linked Immunosorbent Assay (ELISA)

Human MMP2 (ab100606, Abcam, Cambridge, UK) and MMP9 (ab100610, Abcam, Cambridge,
UK) ELISA kits were used to measure the level of MMP2 and MMP9. The procedure was followed the
manufacturer’s instructions. To summarize, 100 μL of the standard sample, which was the benchmark,
and 100 μL of the specific experimental sample to be measured in this experiment were added to the
well plates and cultured for 150 min at room temperature. Then, the solution was removed and the
plates were washed with distilled water and PBS-Triton. Then, 100 μL of biotinylated (MMP2, MMP9)
detection antibody was added to the well plates and mixed carefully for 1 h at room temperature.
The solution was removed and the well plates were washed again with distilled water and PBS-Triton.
Then, 100 μL of HRP–streptavidin solution was added to each well plate and carefully mixed for
45 min at room temperature. The well plates were washed with distilled water and PBS-Triton again,
and 100 μL of TMB one-step substrate reagent was added to each well plate and carefully mixed for
30 min at room temperature without light exposure. Finally, 50 μL of the stop solution was added to
each well plate and the absorbance at 450 nm was measured using a microreader. The amount of MMP
in the cancer microtissue sample was compared with that in the standard sample.

4.7. Drug Testing

Doxorubicin (1 mg, Sigma Aldrich) was used to verify the drug resistance of the fabricated samples.
The doxorubicin was diluted to 0.1, 1.0, and 2.0 μM in cell culture medium and added to the day-7
co-cultured samples, after which further culture was performed in 5% CO2 at 37 ◦C. Then, the amounts
of MMP2 and MMP9 expressed after one and two days of administration were measured with ELISA,
and a Live/Dead assay was used to examine the drug resistance of the fabricated cancer tissues.

4.8. Statistical Analysis

All of the data were presented as the mean ± standard deviation (SD). Statistical significance was
defined as * p < 0.01, ** p < 0.005, *** p < 0.001.

5. Conclusions

This study fabricated a cancer microtissue array by inkjet printing cancer cells on NF on
which fibroblasts were cultured. The cancer microtissues fabricated by printing cells on NF with
a bioink containing 0.5% collagen showed the highest performance. The shapes of the cell aggregates
were maintained well when the printed cancer cells were co-cultured with fibroblasts, and the
tissues maintained their shapes and sizes with no significant variations until day 7 after production.
The patterned cancer microtissues could be distinguished by staining of HPV18 in the fibroblast-layered
microtissue, and their three-dimensional structures were verified using frozen sections, SEM,
and confocal microscopy. The fibroblast-layered microtissue showed higher expression of MMP2 and
MMP9 compared with the monocultured microtissue and higher resistance to doxorubicin.
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Abstract: Capsular contracture, which is the pathologic development of fibrous capsules
around implants, is a major complication of reconstructive and aesthetic breast surgeries.
Capsular contracture can cause implant failure with breast hardening, deformity, and severe pain.
The exact mechanisms underlying this complication remain unclear. In addition, anaplastic large cell
lymphoma is now widely recognized as a very rare disease associated with breast implants. Foreign
body reactions are an inevitable common denominator of capsular contracture. A number of studies
have focused on the associated immune responses and their regulation. The present article provides
an overview of the currently available techniques, including novel nano/microtechniques, to reduce
silicone implant-induced contracture and associated foreign body responses.

Keywords: silicone breast implant; capsular contracture; foreign body reaction; T-cell immunity;
ALCL; nano/microtechniques

1. Introduction

Silicone has been used widely in medicine for the last 70 years, with the first implant placed in
humans in 1946 for duct repair during biliary surgery [1]. Since then, silicone-based materials have
been used extensively in implants in humans, including pacemakers, cardiac valves, hydrocephalic
shunts, aesthetic implants, orthopedic implants, nerve conduits, and dental implants. The aesthetic
application of silicone is mainly in plastic and reconstructive surgery; it has also been used to correct
congenital deformities or defects after reconstructive surgeries following trauma or cancer.

The most frequent use of this material is in silicone breast implants. Since 1961, when Dow Corning
along with the Houston-based cosmetic surgeons Tom Cronin and Frank Gerow developed the first
silicone breast implants, which were rubber sacs filled with viscous silicone gels, silicone mammary
implants have been associated with a number of risks and complications, which has significantly
limited their application. The formation of a constrictive fibrotic capsule around the implant with a
concurrent foreign body reaction post-implantation, known as capsular contracture, is experienced by
up to 50 percent of patients after breast augmentation and reconstruction [2–5]. Clinically, significant
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breast capsular contracture is characterized by excessive constrictive fibrotic capsule formation that
leads to firmness, distortion, and displacement of the breast implant [6]. Baker et al. developed a
clinical classifcation system of capsular contracture after breast inplant surgery, specifically: grade I
capsular contracure of the augmented breast feels as soft as an unoperated breast. Grade II capsular
contracture is minimal; the breast is less soft than an unoperated breast; the implant can be palpated
but is not visible. Grade III capsular contracture is moderate; the breast is firmer; the implant can be
palpated easily and may be distorted or visible. Grade IV capsular contracture is severe; the breast is
hard, tender, and painful, with significant distortion. The capsule thickness is not directly proportional
to the palpable firmness, although some relationship may exist [7].

Capsular contracture remains the major reason underlying patient dissatisfaction and additional
subsequent surgeries [8,9]. Additional surgeries are required in severe cases, but these procedures
are complex, challenging, and unpredictable. Therefore, secondary procedures cannot guarantee
a successful outcome without recurrence. The surface type and biomaterial are very important in
regulating the inflammatory foreign body reaction in the surrounding tissue. The foreign body
reaction is a natural tissue reaction that occurs after inserting an implant. There is no clear conclusive
theory to date, but the consensus is that the immune system plays a very important role in the
development of capsular contracture. The current understanding of capsular contracture is that
it involves a complex combination of bacterial contamination in pockets and other related factors
that stimulate inflammation around the implant, leading to a proliferation of fibroblasts along with
collagen deposition and contracture [10,11]. However, the detailed mechanisms underlying capsular
contracture remain unclear.

2. Anaplastic Large Cell Lymphoma (ALCL)

Anaplastic large cell lymphoma (ALCL) is a very rare breast implant-associated T-cell lymphoma
that is CD30+ and anaplastic lymphoma kinase (ALK) negative [12–14]. This disease is now widely
recognized and there is an increased public awareness of the association between breast implants and
the development of ALCL, a rare form of non-Hodgkin’s lymphoma after warnings were released
from the U.S. Food and Drug Administration on 26 January 2011 [15]. ALCL CD30+ occurs due
to the activation and abnormal proliferation of T lymphocytes [15,16]. ALCL is classified into
cutaneous and systemic forms and the expression of the ALK gene characterizes the ALCL into
subtypes and determines the prognosis. The morphology and cytology of breast implant-associated
ALCL (BIA-ALCL) are similar to those of ALK-negative systemic ALCL. However, ALK-negative
systemic ALCL has a poor prognosis, while breast implant-associated ALK-negative ALCL typically
has a benign course with better prognosis [17]. These cases present as late-onset seroma with the
swelling or mass of the unilateral breast [15,18]. These clinical symptoms are not consistent with the
clinical symptoms of both cutaneous and systemic ALCL. Therefore, there is agreement that breast
implant-related ALCL should be classified as a separate clinical entity [14,19–21].

To date, there has been no population-based estimation of the incidence of ALCL in women with
breast implants in the United States. De Jong et al. reported an epidemiological study of ALCL in
women with breast implants in the Netherlands [12]. They calculated an incidence of ALCL of 0.1 to
0.3 per 100,000 women per year based on an estimate of 100,000 to 300,000 Dutch women with breast
implants [12]. Antonella et al. reported that the estimated incidence of the Italian BIA-ALCL cases
reported to 2015 as 2.8 per 100,000 patients [22]. Recent studies have found the incidence of breast
implant-associated ALCLs has increased with the clinical use of implants with larger textured surface
areas [23], which induce an excessive inflammatory response and chronic antigenic stimulation due to
bacterial infection (Figure 1) [24,25]. Most confirmed cases of breast implant-associated ALCLs have
occurred in women with textured breast implants. However, cases of BIA-ALCLs in patients with
smooth type breast implants have also been reported [26–28]. According to the global adverse event
reports of breast implant-associated ALCL published by Srinivasa et al. in 2017, the textured type
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was significantly more prevalent than the smooth type (50% versus 4.2%; p = 0.0001), but its use was
unknown or not reported in 44.6% cases [29].

Figure 1. Hypothesis: Breast implant-associated anaplastic large cell lymphoma (ALCL) is caused by
persistent T-cell immune reactions to chronic stimulation from bacterial antigens (Ags) and subsequent
genetic events. Arrow means progression of immune responding T lymphocytes to BIA-ALCL [25].

Silicone implants induce a specific local immune reaction involving activated T-helper (Th1/Th17)
cells that results in fibrosis, which is facilitated by the increased production of profibrotic cytokines
due to the decrease in local T regulatory cell functions [24,30]. Miler and Anderson [31] reported
that interleukin (IL)-1 is generated by macrophages following exposure to silicone. IL-1 acts as an
immunochemical message to T-lymphocytes that a foreign substance has appeared and initiates
immune activation. There have been many reports of specific T-lymphocyte proliferation in silicone
implant capsules of augmented women [30,32,33]. Intracapsular T cells predominantly produce
IL-17, IL-6, IL-8, transforming growth factor-beta1 (TGF-β1), and interferon-gamma, suggesting
a Th1/Th17-weighted local immune response [30]. Promising novel therapies for preventing
inappropriate stimulation of T cell responses and complications are being studied. In this review, we
provide an overview of the current techniques aimed at reducing silicone implant-induced contracture
with concurrent foreign body responses, including novel nano/microtechniques.

3. Approaches to Reducing Adverse Immune Responses

3.1. Drugs

3.1.1. Systemic Drugs

Breast infections following implant-based breast reconstructive surgery can form persistent
biofilms and develop capsular contracture [34]. Furthermore, delaying the postoperative prophylactic
use of antibiotics following implant-based breast reconstruction increases the risk of surgical-site
infection, reoperation, and reconstructive failure [35]. There is no global consensus on the duration
of antibiotic prophylaxis after breast reconstruction. Standardized definitions of antibiotic regimens
are needed. The use of leukotriene antagonists (LTAs) to treat capsular contracture was reported
in 2002 [36,37] and many studies have since demonstrated the benefits of these LTAs, including
softening of breasts and reduction in severity of capsular contracture, using either montelukast
(Singulair) [38] or zafirlukast (Accolate) [39,40]. The protective role of LTAs is based on their antagonist
effect on TGF-β1 [41]. The pharmacological action of LTAs involves competitive binding with
cysteinyl-leukotrienes receptor type 1 (Cys-LT1) [41]. The cysteinyl-leukotrienes facilitate TGF-β1
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production, which results in fibroblast proliferation and fibrosis, suggesting that these Cys-LT1
receptor antagonists reverse fibroblast remodeling and fibrosis [42]. Treatment with Cys-LT1 receptor
antagonists can decrease IL-6, IL-10, IL-13, and TGF-β1 levels, all of which are elevated in fibrotic
lungs [43]. However, some studies indicate the effects of leukotriene receptor antagonists are
anecdotal [39,44]. In 2007, the angiotensin-converting-enzyme inhibitor Enalapril was reported to
decrease the expression of fibrotic mediators, TGF-β1, inflammatory markers, monoclonal antibodies
to ED1 (CD68) and collagen III, and the periprosthetic fibrosis process [45].

In 2008, a short-term study on the use of Pirfenidone (PFD) to prevent capsular contracture after
the installation of silicone implants in rats reported that PFD clearly reduced the capsular thickness of
the surrounding submammary tissue, fibroblast-like cell proliferation, and recruitment of inflammatory
cells [46]. PFD is a wide spectrum anti-fibrotic agent that modulates various inflammatory cytokines
and has promising effects in the prevention and regression of many fibrotic diseases [47–49]. In the
2008 study, the total collagen content in the PFD-treated group was 50% lower and fibroblasts had
a 45% less activated phenotype than in the control group. Furthermore, expression of the TGF-β

and collagen 1 genes was also reduced by 85% and 60%, respectively, in rats after oral administration
of PFD compared to the control group [46]. A controlled clinical trial published in 2013 reported
the effectiveness of oral PFD in breast capsular contracture [50]. This open, controlled, prospective,
pilot clinical trial was conducted to assess the efficacy of 1800 mg oral PFD per day for 6 months.
However, side effects, such as photosensitivity, rash, and itching sensation, nausea, diarrhea, and
abdominal discomfort, have been reported [46].

Oral colchicine, a drug commonly used in the treatment of gout, appears to decrease the
severity of capsular contracture in an animal model [51]. Colchicine is a well-known drug that
inhibits inflammation. It inhibits cell migration and proliferation through disruption of microtubule
polymerization by binding to a cytoskeletal protein [52]. The most common side effect of colchicine is
gastrointestinal distress, such as diarrhea and vomiting, which limits its use and can lead to stoppage
of therapy [53].

Baker et al. found that alpha-tocopherol (vitamin E) reduces the incidence of spherical constriction
that occurs around breast implants [54]. Vitamin E is the main lipid-soluble antioxidant that inhibits the
accumulation of peroxides, protects cells from damage by free radicals, and contributes to the stability
and integrity of biological membranes. Vitamin E shows beneficial effects on various inflammatory
diseases [55–57]. Based on this, the early administration of vitamin E reportedly aided in reducing
fibrous capsule contracture following breast augmentation [54]. In addition, the prophylactic use
of vitamin E is effective for capsule contracture in patients who receive adjuvant radiotherapy after
reconstructive surgery with implants [58].

Recently, Kang et al. reported that oral administration of a synthetic tryptophan metabolite,
Tranilast, reduced capsule formation in a rabbit model [59]. Tranilast inhibits the release of
chemical mediators from inflammatory cells such as monocytes/macrophages [60], neutrophils [61],
and lymphocytes [62,63] that are involved in capsule formation. It also inhibits the release of
related cytokines that regulate T-cell immunity; it also inhibits TGF-β1 release, as well as collagen
synthesis [59].

3.1.2. Topical Application

The incidence of capsular contracture is decreased by the use of povidone-iodine [64,65] and
antibiotic irrigants [66] during breast implant surgery. In addition, because a significant increase in
both infections and seromas, which lead to capsular contracture, was observed in patients not treated
with topical antibiotics, some studies also support the use of topical antibiotics during cosmetic breast
surgeries [67]. The use of povidone-iodine irrigation reduces Baker class III/IV capsular contracture
and is not associated with implant rupture or increased deflation of saline breast implants [64,65].
However, due to the low methodologic quality of related studies, recommendations for perioperative
povidone-iodine irrigation as standard procedure are limited [64,65].
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Topical use of botulinum toxin type A prevents capsule formation around silicone implants,
possibly by blocking TGF-β1 signaling and interrupting differentiation of fibroblasts into
myofibroblasts. In 2016, botulinum toxin type A was reported to reduce capsule formation around
silicone implants and inhibit differentiation of fibroblasts into myofibroblasts through the TGF-β/Smad
signaling pathway in vivo [68,69]. The occurrence of hematoma is one of the various causes of capsular
contracture. Spyropoulou et al. showed that hyaluronidase, which causes reabsorption of bleeding,
can reduce capsular contracture in a rabbit model [70]. In addition, clinical use of hyaluronidase
in subglandular or submuscular pockets before implant placement was reported to reduce capsule
formation [71]. However, the authors did not perform a histological and statistical analysis. Primarily
used as a cytotoxic chemotherapeutic, 5-fluorouracil only decreases cellular metabolism and blocks
protein synthesis at lower concentrations. Therefore, it may be used to prevent capsule formation
around silicone breast implants if it is loaded onto slow-releasing carriers, such as gelatin block [72].
Along with 5-fluorouracil, mitomycin C, which is used as an antitumor agent and antibiotic, can
inhibit DNA synthesis through functional alkylation of double helix crosslinking, as well as inhibiting
RNA and protein synthesis. Therefore, the topical application of mitomycin C may prevent fibroblast
proliferation and collagen synthesis [73].

Xiaflex, a collagenase from the bacterium Clostridium histolyticum, can degrade human capsular
contracture tissue ex vivo. However, skin perforation and adequate drug distribution within the
implant pocket are issues with Xiaflex that need to be addressed prior to clinical use [74,75]. Short-term
in vitro studies have demonstrated a dose-dependent decrease in capsule thickness from skin injections
of Xiaflex. Reductions in collagen subtypes 1, 2, and 3 concentrations, as well as an up-regulation
of profibrotic and inflammatory markers, were observed following Xiaflex treatment [76]. In 2016,
Fischer et al. [74] described a dose-dependent reduction in human capsule contracture tissue ex
vivo in a Xiaflex-treated group. Only collagen type 4 remained after degradation, which can act
as a neo-capsule/acellular tissue matrix. In 2017, Fischer et al. [75] reported significant reductions
in capsule thickness and collagen density following Xiaflex treatment in a study of the long-term
effects of using this collagenase to treat capsular fibrosis in vivo. Low expression of collagen
subtypes, as well as significant down-regulation of TGF-β3, was also detected in the group injected
with Xiaflex. Anti-adhesion agents can reduce capsule thickness and the myofibroblast ratio [77].
Moreover, leukotriene receptor antagonists reduce silicone-induced peri-implant capsule formation in
both white rabbit and rat models [78,79].

In 2015, Park et al. reported the acute suppression of TGF-β with the local and sustained
release of synthetic tryptophan metabolite (Tranilast) in the formation of fibrous capsules around
silicone implants in a rat model [80]. Finally, the slow distribution of prednisolone by liposome
localization reportedly decreases fibrous capsule thickness around textured silicone implants [81] and
the introduction of triamcinolone acetonide into implant pockets influences early capsule formation
and reduces capsular contracture in a rabbit model [81,82].

In 2011, Sconfienza et al. reported that ultrasound-guided topical application of triamcinolone
acetonide 40 mg to peri-implant capsules in patients undergoing breast implant surgery reduced
capsule thickness and patient discomfort [83]. Zeplin et al. reported the potential of topical
halofuginone application in decreasing the foreign body response [84]. Halofuginone is an alkaloid
derived from Dichroa febrifuga, a flowering plant in the family Hydrangeaceae. It inhibits Smad3
phosphorylation in the TGF-β signaling pathway, which results in a marked inhibition of collagen α I
gene expression [85]. Halofuginone has been used to inhibit various fibrotic disorders in vivo [86–88].
Submuscular implantation of implants applied with halofuginone in animal models can decrease
CD68+, histocytes, TGF-β, fibroblasts, collagen type I and type III, and capsular thickness [84].

Systemic uses and the topical use of colchicine and vitamin E have also been reported [89,90].
In an in vivo study, insertion of silicone implants applied with colchicine resulted in less inflammatory
infiltrate, no myofibroblasts, and random and disorganized collagen fibers around the implants
compared to the control group, which might result in prevention of capsule formation [89].
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Topical application of vitamin E and croton oil to reduce pseudocapsules around the prosthesis
has also been studied [90]. Individuals with topically applied vitamin E and croton oil showed thicker
pseudocapsules and more marked cellular infiltrate than individuals who received an intramuscular
injection of vitamin E [90].

Ng et al. [91] had studied the effect of local delivery of nicotine from the implant surface on
the reduction of capsular contracture formation. There was no significant difference in capsular
thickness between the nicotine-treated group and the control group. However, significant differences
in angiogenesis were observed, which may potentially be useful for the fabrication of other
biomaterials [91]. Li et al. [92] demonstrated the ability of medical chitosan to reduce capsule formation
around breast implants by blocking the signaling pathway of tissue inhibitor of metalloproteinases
(TIMPs) in vivo. At 4, 8, and 12 weeks following surgery, both capsular thickness and the expression of
TIMP-1 and TIMP-2 were significantly lower in the medical chitosan-treated group than in the control
group [92].

3.2. Materials

3.2.1. Combined with Autologous Tissues (Fat Grafts)

Autologous fat grafting has drawn increasing attention and gained widespread acceptance for
improving the outcomes of breast reconstruction. Fat grafting to the breast has been widely used since
2008 when the 1987 moratorium imposed by the American Society of Plastic Surgeons was reversed [93].
However, fat grafting has natural limitations in the breast due to its soft nature. Therefore, “composite
breast surgery”, a combination of the classic implant technique and simultaneous management of
overlying soft tissue with fat grafting, was introduced as a new paradigm. Breast augmentation
that simultaneously uses implants and fat is a more powerful and versatile approach and achieves
a synergistic outcome [94]. Moreover, multiple clinical studies have demonstrated that autologous
fat grafts reduce the incidence of postoperative complications, including capsular contracture [95,96].
Additionally, an animal study suggested autologous fat transfer could be used to treat capsular
contracture by neovascularization of the tissue around the implant [97]. However, this technique
remains controversial for use in aesthetic breast surgery.

3.2.2. Combined with Acellular Dermal Matrix

The acellular dermal matrix (ADM) has recently emerged as a potential tool for surgical
prevention of capsular contracture. ADMs are immunologically inert materials that minimize capsule
formation in animal models and clinically. Animal studies have shown that implants completely
wrapped in the allograft display decreased inflammation, myofibroblast cell proliferation, and capsule
thickness [98]. Moreover, ADM envelopes can decrease radiation-induced inflammatory changes and
pseudoepithelium formation in an irradiated rat model. These findings suggest a slower progression
to capsular contracture [99]. In a 13-year long-term study, Salzberg et al. [100] reported the low
cumulative incidence of capsular contracture with ADM-assisted direct-to-implant reconstruction,
even in irradiated breasts. In this study, capsular contracture was considered an early event occurring
within the first 2 years after reconstruction because longer follow-up durations found no increase
in incidence. These findings suggest that ADM may truly prevent the development of capsular
contracture. Since then, surgeons have modified the ADMs with strategically placed fenestrations
to increase support to the implant within a rapidly expanding pocket and ultimately improve the
aesthetic result. Despite these manipulations, fenestrated ADMs decrease capsular contracture rates in
a manner similar to non-fenestrated matrixes [101]. In addition to its prevention of capsular contracture,
ADMs have also been useful for the treatment of capsular contracture. Cheng et al. [102] reported a
novel technique using complete coverage of implants with ADM to treat capsular contracture.
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3.3. Surface Type

3.3.1. Smooth and Textured Surfaces

Implant surface texture, which acts as the interface between the device and the body tissue, has a
dramatic influence. Therefore, much attention has been given to implant surface textures, i.e., smooth
versus textured, and their impact on the development of capsular contracture [103]. Ersek [104]
reported that texture can alter the host interface and induce a multiplanar conformation of collagen
fibers, which results in thinner and more pliable capsules that are more resilient and less likely to
contract. Liu et al. [105] studied the formation of capsular contracture after implantation of smooth
or textured silicone breast prostheses in a meta-analysis. Smooth breast implants were significantly
more associated with capsular contracture than were textured implants. Other long-term studies
and meta-analyses have reported significantly more capsular contracture in primary subglandular
breast augmentations using smooth implants than ones using textured implants [3,106,107]. In a pig
model, Minami et al. [108] found that the thickness of the capsular contracture in the group with
the smooth implants was thicker than the group with the textured implants (mean capsule thickness
around smooth vs. textured implants measured 270 days post-implantation was 2040 μm vs. 1281 μm,
respectively). Abramo et al. applied the parallelogram law to linear vectors drawn within concavities
in the textured surface to achieve their resultant contraction vector [109]. In this study, the pore
diameter and depth of the texture displayed significant effects on fibrous capsule formation. Textured
implants with large open-pore diameters (250–350 μm, and 600–800 μm) and depth (40–100 μm)
resulted in normal breast firmness. In contrast, textured implants with a small open-pore diameter
(70–150 μm) and depth (10–760 μm, 150–200 μm) resulted in very long resultant vectors over the
fibrous capsule and increased breast firmness. The implants with a macrotextured surface (open-pore
diameter 600–800 μm; depth 150–200 μm) led to the formation of vectors of different lengths and
directions, which significantly reduced the risk of fibrous capsular contraction. Capsular contracture
can be reduced, although not eliminated, with textured implants. However, other complications
have appeared with the use of textured breast implants. Double capsules and late seromas have not
been observed for smooth saline or smooth silicone gel breast implants, but have been observed for
aggressively textured implants [110]. Mechanical shear stress applied to an immature periprosthetic
capsule has been linked to the formation of capsules [111]. Moreover, implants with larger textured
surface areas have a significantly higher risk of breast implant-associated ALCL [23]. Therefore,
to overcome complications related to the texture of implant surfaces, nano/microtechnologies were
recently introduced. These innovations have brought enormous changes to breast surgery.

3.3.2. Surface Modification Using Nano/Microtechnology

The geometries of nano/microtopographies in the extracellular matrix (ECM) contribute to
cell interactions and signaling [112]. Surface nano/microtopographies influence cell polarization,
alignment, migration, attachment, adhesion, proliferation, and morphology naturally at the
nano/micro level as the cells react naturally to surrounding structures [112–114]. T-cell migration,
which is considered to play an important role in capsular contracture and ALCL, is also
highly dependent on interactions between cells and the implant in the ECM [115]. The latest
nano/micro-engineering techniques have enabled the analysis and fabrication of native tissue
topography. There are three basic nanotopography geometries: nanogratings, nanoposts, and nanopits
(Figure 2) [114].

The reactions of various cells to substrates fabricated using this technique have been studied
with human fibroblasts (FCs), endothelial cells (ECs), smooth muscle cells (SMCs), and Schwann cells
(Figures 3–6) [114,116–118].

Biela et al. [116] studied the effect of surface structures on the shape and alignment of FCs, ECs,
and SMCs after seeding them on polydimethylsiloxane (PDMS) substrates for 24 h. Most cells aligned
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along the grooves on substrates with 2-μm-wide grooves with a depth of 200 nm (Figure 3A,C,E); cell
alignment was much lesser on substrates with 10-μm-wide grooves (Figure 3B,D,F) [116].

Figure 2. Schematic illustrations (a) and SEM images (b) of representative nanotopography geometries.
Nanograting (scale bar = 5 μm), nanopost (scale bar = 5 μm), and nanopit array (scale bar = 1 μm) [114].

Figure 3. Human fibroblasts (FCs), endothelial cells (ECs), and smooth muscle cells (SMCs). (A,C,E)
The grooves on substrates with 2-μm-wide grooves with a depth of 200 nm; (B,D,F) The grooves
on substrates with 10-μm-wide grooves.Deep (200 nm) grooves with 2 and 10 μm wide grooved
substrates are evident in phase-contrast images taken 24 h after seeding on polydimethylsiloxane
(PDMS) substrates (scale bar = 150 μm) [116].

Dalby et al. [117] observed filopodia of FCs cultured on a substrate with 10-nm-high islands.
Figure 4 shows low-magnification SEM images of cells on control (planar) and 10-nm-high island
substrates. FCs with clear, well-spread lamellae were observed on both the control and island substrates.
However, a greater number of filopodia were observed on the substrate with 10-nm-high islands than
on the control substrate [117].

Bettinger et al. [114] reported that the impact on cell geometry was the most noticeable effect of
nanotopography on cell function. The response of various types of cells, such as FCs, ECs, SMC, stem
cells, epithelial cells, and Schwann cells, upon seeding on nanogratings was to commonly align and
elongate in the direction of the grating axis [114]. Figure 5 demonstrates the alignment and elongation
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of epithelial cells [114]; Figure 6 shows the same response by Schwann cells [118]. Hsu et al. [118]
studied the alignment of Schwann cells on microgrooves and found that their width/spacing was
also important for determining cellular alignment (Figure 6). When the grooves were narrower than
1.5 μm, Schwan cells were attached to the spaces between the grooves rather than aligning within
the grooves themselves. This response was observed most prominently on 10/10 μm, 10/20 μm,
and 20/10 substrates and least on the 20/20 μm substrate (Figure 6) [118].

Figure 4. Flat (a–c) and 10-nm-high island (d–f) substrates. Fibroblasts on the latter substrate display
fringed lamella with numerous filopodia (arrowheads) [117].

Figure 5. Epithelial cell response to nanograting. Fluorescence (bottom) and SEM (top) images.
Arrangement and alignment along the grid axis. Reproduced with permission from the Company of
Biologists [114].
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Figure 6. Schwann cells on a patterned silicon substrate (anti-S-100 stain, observed using optical
microscopy). (a) 10/10/1.5 μm; (b) 10/20/1.5 μm; (c) 20/10/1.5 μm; and (d) 20/20/1.5 μm [118].

The development, fabrication, and functional evaluation of new biocompatible polydimethylsiloxane
(PDMS) surfaces with various nano/microtopographical features enable favorable foreign body
reactions. Kyle et al. [119] reported that the nano/microscale features of ADM can be successfully
replicated with PDMS using a new three-dimensional grayscale fabrication technique (Figures 7 and 8).

Figure 7. (A) Native acellular dermal matrix (ADM); (B) ADM PDMS fabricated surface (ADM PDMS
F); and (C) ADM PDMS cast surface (ADM PDMS C) (i) Two-dimensional atomic force microscopy
and (ii) three-dimensional images. (iii) Section profiles of two-dimensional and (iv) SEM image (scale
bars (iv) = ×1000 magnification) [119].
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Figure 8. Immunofluorescence images of breast-derived fibroblasts (BDFs) on various PDMS surfaces.
(B,D) BDFs on ADM PDMS formed focal contacts (white arrows) with substrates (white scale bars
= ×40 magnification); (A,D) Fibroblasts on ADM PDMS F and C surfaces attached and spread.
The representative “spindle-like” morphology is shown; (E,F) Conversely, BDFs on smooth silicone
implant surfaces had a poor cell-substrate attachment; (G,H) BDFs on textured implant surfaces also
had poor cell attachment with some focal contact formation. Moreover, cells appeared got trapped in
the deep troughs between the steep nodules [119].

Figure 7A–C shows that both the PDMS fabricated surface (ADM PDMS F) and the ADM PDMS
cast surface (ADM PDMS C) techniques were able to reproduce ADM topography and roughness
of PDMS accurately. However, the ADM PDMS C technique reproduced the surface features most
reliably (Figure 7C(i–iv)) [119]. Figure 7A(iv),B(iv) show SEM images, which demonstrate that both
techniques were able to elucidate features down to 10 s of nanometers in scale [119].

Figure 8A–D shows immunofluorescence images with focal staining of vinculin in breast-derived
fibroblasts (BDFs) on ADM PDMS surfaces [119]. Kyle et al. [119] have reported that the formation of
focal contacts at the tips of F-actin filaments is characteristic of focal adhesions, indicating that BDFs on
ADM PDMS surfaces are able to form a stable attachment with the underlying biomimetic topography,
and subsequently spread to develop typical fibroblast “spindle-like” morphology. Figure 8E, F shows
immunofluorescence staining of BDFs on smooth implant surfaces [119]. The cells showed a round
morphology containing diffuse and non-specific vinculin staining with no focal contact formation.
BDFs aggregated on the smooth implant surfaces and were often seen to bind to each other rather
than forming focal contacts with the underlying implant surface topography [119]. On the other hand,
BDFs on textured implant surfaces showed mostly diffuse and non-specific staining of vinculin and
minimal focal contact formation, with a significant number of cells appearing to be trapped in deep
troughs between the nodules (Figure 8G,H) [119].

Barr et al. [120] created biomimetic breast tissue-derived implant surfaces through
three-dimensional grayscale photolithographic and oxygen plasma-etching techniques (Figure 9).
Pro-inflammatory genes, such as those encoding IL-β1, TNF-α, and IL-6, were down-regulated and
anti-inflammatory gene IL-10 was up-regulated on the novel surfaces. Immunocytochemistry and
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SEM show the fibroblasts were well spread and spindle-shaped, and that macrophages had favorable
responses to these novel surfaces (Figure 10).

Figure 9. (A) Native breast adipose tissue surface (SEM image, scale bars = 500 μm); (B) grayscale laser
confocal height images; and (C) three-dimensional projection of image B cross-sectional profile [120].

Figure 10. Immunocytochemistry and SEM images (scale bars = 100 μm). Fibroblasts and macrophages
were grown in culture on (A–D) the original adipose; (E–H) modeled adipose; and (I–L) smooth control
surfaces; (A,E,I) Few differences were observed in focal contacts and cells were well spread and had a
classical spindle shape; (B) Fibroblasts on the original adipose surface aligned with valleys between
the hemispherical shapes; (F) while cells on the modeled surface spread across the surface and their
secondary texture masked the primary hemispherical nature; (D,H) Macrophages did not align with the
underlying primary topography and adhered to the uppermost surfaces of the original and modeled
adipose surfaces; (D,H,L) Macrophages cultured on the modeled adipose surfaces spread less than
those on the original adipose and smooth surfaces [120].

Sforza et al. [121] performed a preliminary 3-year evaluation of nano/microtextured silicone
breast implants. In this study, the nano/microtextured breast implants were constructed with a
uniform topography using three-dimensional imprinting of PDMS to create optimized biocompatible
outer shells. Fabrication was particle-free and did not use extrusion of foreign material to create the
surface geometry, thus enabling a uniform and controlled shell thickness (Figure 11) [121]. The physical
characteristics of the nano/microtextured surfaces are presented in Table 1. The rate of complications,
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e.g., early seromas, infections, hematomas, wound dehiscence, ruptures, and implant malpositions,
with nanotextured surface implants, was 0.36% (95% CI: 0.19 to 0.68%) compared to 1.06% (95% CI:
0.76 to 1.47%) with microtextured surface implants. However, the short-term nature of the study limits
comparisons of capsular contracture formation and ALCL occurrence. Long-term studies are required.

Figure 11. Nano- and microtextured surfaces visualized by SEM [121].

Table 1. Physical characteristics of nano/microtextured surfaces.

Characteristics Nanotextured Microtextured

Consistent surface roughness 4000 nanometers on average (Ra) 17 ± 3 μm
Median profile height (μm) 13 ± 2 57 ± 15

Kurtosis 3.1 ± 0.4 2.6 ± 0.3
Skewness 0.4 ± 0.2 0.1 ± 0.2

Contact angle * 131◦ ± 4◦ 119◦ ± 3◦
Contact points per cm2 49,000 1800–2200

* Contact angle reveals how the topography increases hydrophobicity compared to a smooth PDMS (surface contact
angle of less than 110◦ ± 4◦) [121].

4. Future Directions

Application of novel approaches from the fields of micro- and nanotechnology for the
development of breast implants, such as micro- and nanotopography, could improve biointegration
and enhance biocompatibility of implants. Surface modification of the nano/microtopographies by
integrating reservoirs for controlled release of antimicrobial or anti-inflammatory agents into them
could potentially reduce capsular contracture. Thus, the nanoscale architecture of the breast implants
could be modified to alter the body’s immune response to them, minimize biofilm formation, and affect
the subsequent degree of capsular contracture. This could lead to the development of permanently
implantable materials with immunologically inactive nano-engineered surfaces. Furthermore, in the
near future, nano/microelectromechanical devices and breast cancer cell-specific proteins integrated
within newer implants could be used to detect cancer cells, cancer recurrence, and treat pathologic cells.

5. Conclusions

To date, a wide variety of studies has investigated the reduction of capsular contracture caused by
silicone implants. Table 2 shows an overview of techniques for reducing implant-inducted contracture
and associated foreign body responses. However, complications caused by silicone implants remain
unresolved. Researchers are attempting to reduce these complications. Studies focusing on developing
implant surfaces similar to human tissues are of particular importance. A physiological ECM-like
surface reduces inflammatory foreign body reactions and modulates the immune response. The plastic
and reconstructive surgery fields have significantly benefited from nano/microtechnology in cosmetic
dermatological applications, wound healing, implant and prosthesis development, tissue engineering
and regenerative medicine, and drug delivery materials. In particular, the development of materials
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has evolved due to nano/microtechnology that enables the analysis of material surface topography.
Recently, a novel implant technology utilizing various nano-/micro-engineering techniques has
emerged. Development of implants using these new technologies would allow increasingly natural
interactions between the implants and surrounding tissues, which would reduce the peri-implant
inflammatory response in the clinic and the induction of chronic inflammation in cells and tissues.
Although no clinical long-term follow-up results on these implants have been reported, novel implant
surfaces with improved interactions with surrounding tissues may reduce the risk of capsular
contracture and should improve the results in anaplastic large cell lymphoma. In the field of plastic
and reconstructive surgery, the nano/microtechnology that develops a more advanced biocompatible
implant will continue to grow and expand, and continued research is needed on new biomaterials that
mimic human tissues.

Table 2. Overview of techniques for reducing implant-induced contracture and associated foreign
body responses.

Type of Method Subtype References

Systemic drugs

Antibiotics [34,35]
Leukotriene antagonists [36–44]

Angiotensin-converting enzyme inhibitors [45]
Anti-fibrotics [46,50]

Colchicine [51]
Vitamin E [54,58]

Synthetic tryptophan metabolite [59]

Topical application

Anti-adhesion agents [77,78]
Antibiotics [66,67]

Leukotriene antagonists [78,79]
Steroids [81–83]

Povidone-iodine [64,65]
5-Fluorouracil [72]

Type A Botulinum toxin [68,69]
Hyaluronidase [70,71]
Mitomycin C [73]
Collagenase [76]

Synthetic tryptophan metabolite [80]
Halofuginone [84]

Colchicine [89]
Vitamin E [90]
Croton oil [90]
Nicotine [91]

Medical chitosan [92]

Materials
Combined with autologous tissue [93–97]

Combined with acellular dermal matrix [98,100–102]

Surface types Smooth and textured surfaces [3,23,103–108,110,111]
Nano-micro modifications [112–121]
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Abbreviations

ALCL Anaplastic large cell lymphoma
IL-17 Interleukin-17
IL-6 Interleukin-6
IL-8 Interleukin-8
TGF-β1 Transforming growth factor-β1
IFN-γ Interferon-gamma
LTAs Leukotriene antagonists
Cys-LT1 Cysteinyl leukotrienes receptors type 1
PFD Pirfenidone
ADM Acellular dermal matrix
ECM Extracellular matrix
FCs Human fibroblasts
ECs Human endothelial cells
SMCs Human smooth muscle cells
PDMS Polydimethylsiloxane
SEM Scanning electron microscopy
ADM PDMS F Acellular dermal matrix polydimethylsiloxane fabricated surface
ADM PDMS C Acellular dermal matrix polydimethylsiloxane cast surface
BDFs Breast-derived fibroblasts
TNF-α Tumor necrosis factor-alpha
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Abstract: The temporomandibular joint (TMJ) is an articulation formed between the temporal bone
and the mandibular condyle which is commonly affected. These affections are often so painful during
fundamental oral activities that patients have lower quality of life. Limitations of therapeutics for
severe TMJ diseases have led to increased interest in regenerative strategies combining stem cells,
implantable scaffolds and well-targeting bioactive molecules. To succeed in functional and structural
regeneration of TMJ is very challenging. Innovative strategies and biomaterials are absolutely crucial
because TMJ can be considered as one of the most difficult tissues to regenerate due to its limited
healing capacity, its unique histological and structural properties and the necessity for long-term
prevention of its ossified or fibrous adhesions. The ideal approach for TMJ regeneration is a unique
scaffold functionalized with an osteochondral molecular gradient containing a single stem cell
population able to undergo osteogenic and chondrogenic differentiation such as BMSCs, ADSCs or
DPSCs. The key for this complex regeneration is the functionalization with active molecules such as
IGF-1, TGF-β1 or bFGF. This regeneration can be optimized by nano/micro-assisted functionalization
and by spatiotemporal drug delivery systems orchestrating the 3D formation of TMJ tissues.

Keywords: temporomandibular joint; regenerative medicine; stem cells; scaffolds; growth factors;
functionalization; drug delivery systems; nanotechnology; osteochondral regeneration

1. Introduction

1.1. Temporomandibular Joint (TMJ)

The temporomandibular joint (TMJ) is an articulation covered by dense fibrocartilage formed
between the mandibular condyle and the temporal bone. The temporal articular surface is large and
consists of the mandibular fossa and the articular tubercle. Along this large articular temporal surface,
each mandibular condyle has a wide motion range, consisting of both rotation and translation.

Fibrocartilaginous disc cushions mechanical stresses that exist between the temporal and
mandibular articular surfaces. The high collagen content of this disc provides great rigidity and
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durability. The TMJ disc has no direct vascularization or innervation by itself. However, its posterior
attachment, known as retrodiscal tissue, features many vessels and nerves which are crucial during
physio-pathological processes.

1.2. Temporomandibular Joint Disorders (TMJD)

TMJD (temporomandibular joint disorders) are very common, their prevalence being around
52% [1]. TMJD is a general term actually covering a large number of clinical occurrences affecting the
TMJ and masticatory-related structures. They cover in various etiologies: traumatic, inflammatory,
and congenital. TMJD are also characterized by deficient wound healing and fibrosis caused by
continuous and irreversible injuries.

Pain, malocclusion, limited range of motion, deviation, joint clicking and clenching are most of
time associated with TMJD. These disorders are often so painful during basic oral activities (eating
and speaking) that quality of life of patients is greatly impacted [2]. Pain is the primary symptom and
the main reason why patients are referred to practitioners to seek treatment.

Osteoarthritis-like degenerative joint disease belonging to TMJD is a destruction of bone and
cartilage with a consecutive inflammation which enhances tissue destruction [3]. TMJ degeneration
features are: displacement, thickening and/or disc perforation, whole destruction of articular
fibrocartilage and crucial modifications of bone remodeling such as sclerosis or periarticular osteophyte
formation [4,5]. The ultimate stage of degeneration can even result in the replacement of TMJ by
a block of fibrous and bony tissue, namely, ankylosis [6] (Figure 1).

 

Figure 1. Invasive treatment of a patient suffering from TMJ (temporomandibular joint) ankylosis:
Right lateral view of a 3D CT scan reconstruction of the head: the right TMJ is affected by joint space
narrowing (A) and the left TMJ space has completely disappeared and been replaced by an osseous
block (B). This replacement of the left TMJ by an osseous block of ankylosis is seen on transversal (C),
and on coronal (D) CT scan sections. Intraoperative view of invasive treatment: the osseous bloc of
ankylosis replacing the left TMJ space is approached through a pre-auricular incision (E). Preoperative
intraoral photograph showing the absence of mouth opening (F).

2. Current Status of Temporomandibular Treatments

2.1. Current Therapies

Once the primary factors of TMJD have been identified and eliminated, the treatment can vary
according to the severity of the disorder: non-invasive, minimally invasive and invasive procedures.
However, permanent recovery is rarely obtained and therefore, follow-up therapies are required [7].

Occlusal orthodontics, medications, physical therapy and acupuncture are the most common
non-invasive treatments. Although occlusal orthodontics are widely used, their effectiveness remains
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questionable [8,9]. Non-invasive medications consist anxiolytics, muscle relaxants, non-steroidal
anti-inflammatory drugs and opioids [4,10]. Similarly, there is no consensus regarding the long-term
effectiveness of such oral or topical medications [11].

Minimally invasive treatments can target either extrinsic masticatory muscles or TMJ itself.
Masticatory muscles (masseter, temporalis and lateral pterygoid) have been injected with botulinum
toxin type A (Botox) for thirty years [12,13]. The findings of a literature review conducted using The
Cochrane Controlled Trials Register between 1980 and 2012 suggest that there is level 1 evidence
supporting the efficacy of Botox in the treatment of TMJD [14].

Minimally invasive treatments of TMJ itself include intra-articular injections, arthrocentesis, and
arthroscopy. Intra-articular injections of corticosteroids into either one or both joint compartments
improve TMJD symptoms [15,16]. Arthrocentesis is a lavage of the superior TMJ space by a saline
solution. The pressure generated by irrigation may remove adhesions. Some authors proposed
morphine irrigation after arthrocentesis [17]. The short and long term efficacy of this minimally
invasive treatment is well-documented [17–19]. The miniaturization of endoscopes allowed TMJ
arthroscopy. It provides adequate visualization and manipulation of pathological intra-articular
tissues [20]. Small-diameter instruments permit their direct removal with a high rate of success [20,21].

Invasive treatment is the only option for patients suffering from ankylosis, neoplasia, dislocation,
and developmental disorders [22,23]. It consists of open joint surgery, namely arthrotomy, which aims
at either restoring joint tissues or completely replacing the TMJ with autogenous or alloplastic material
(Figure 1).

Regarding invasive treatment of the TMJ disc, both its surgical repositioning and the removal
of affected tissues have short-term efficacy [24]. The surgical removal of the entire affected TMJ disc
(discectomy) is most of the time prescribed [25]. Although discectomy has a significant long-term
efficacy, it does not prevent from osteoarthrosis [26]. Along with poor remodeling of the mandibular
condyle, destruction of its articular surface or osteophyte formation can occur [26]. It has been shown
in vivo also that a functional disc is crucial for mandibular condyle regeneration [27].

The many options proposed for disc replacement have not shown satisfactory clinical outcomes:
teflon-proplast or silicone synthetic implants [28,29], sear cartilage, autologous dermal graft [26],
full-thickness skin graft, or pedicled temporalis muscle flap [23,30,31]. For instance, the clinically
tested TMJ disc implants did not provide any significant advantage over discectomy, except for the
reduction of clicking [4].

For severe TMJ degeneration, the total surgical joint replacement is currently prescribed. The first
experiments on regeneration using alloplastic TMJ implants showed a tendency for premature failure.
Subsequent immune reactions were triggered, therefore resulting in catastrophic joint damage [32,33].
Thus, TMJ regeneration strategies have been reconsidered with more caution. At the moment,
the consensual strategy seems to recommend reconstruction of the TMJ using autologous tissues
for young patients, and TMJ replacement using metallic prostheses for adults. With conventional
alloplastic strategies, the articular surfaces can be affected by erosion or heterotopic bone formation [34].
Therefore, two-piece 3D custom-made prostheses include an ultra-high molecular weight polyethylene
(UHMWPE) implant for the replacement of the temporal articular surface (mandibular fossa).
Such prostheses seem to currently be the most satisfying solution available for total surgical joint
replacement [35,36].

Tissue engineering of TMJ has been a primary concern in scientific discussion and practice.
The limitations of current therapeutics for TMJD have led to an increased interest in regenerative
strategies combining cells, implantable scaffolds and well-targeting bioactive molecules. The recent
advances of regenerative medicine for orthopedics may contribute to meet the challenge of this specific
complex regeneration.
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2.2. Challenging Regeneration

Meeting the demands for anatomic, structural, and functional regeneration of TMJ is very
challenging. Innovative strategies and biomaterials are absolutely crucial because TMJ can be
considered as one of the most difficult tissues to regenerate.

The TMJ is an anatomic zone so narrow and dense that surgical access is not easy. Its limited
blood supply and hence its very limited healing capacity do not facilitate regenerative strategies either.

The mechanical and structural (three-dimensional) properties of the mandibular condyle
implant must match that of anatomic condyle for human clinical applications. Also, the implanted
tissue-engineered mandibular condyle must have rapid and adequate remodeling potential allowing
oral functions.

Histologically, the TMJ cartilage differs a lot from the other hyaline articular cartilages. Thus,
regenerating this unique articular cartilage with its complex structure and organization is very tricky.
TMJ regeneration means to be able to engineer a mandibular condyle implant with its unique cartilage
and its underlying bone in a single osteochondral construct. The challenge in TMJ regeneration is to
promote matrix synthesis and tissue maturation of chondrogenic and osteogenic cells in suitable
scaffolds containing active molecules which are able to separately orchestrate osteogenesis and
chondrogenesis (Figure 2).

Figure 2. Histological organization of murine TMJ. TMJ is an articulation between the glenoid fossa
of temporal bone (G) and mandibular condyle (C). TMJ disc cushioning articular mechanical stresses
is fibrocartilaginous (D). TMJ condyle is made of a specific articular cartilage and a underlying bone
containing blood vessels in medullar spaces (BV). Alcian Blue/Nuclear Fast Red specifically staining of
mucopolysaccharides in blue (A,B) and Safranine O/Fast Green staining of cartilaginous proteoglycans
in orange/red (C,D) highlight the osteochondral interface.

The success of TMJ regenerative strategy is not only measured by the restoration of function but
also by the long-term prevention of ossified or fibrous adhesions which are the main complications of
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engineered TMJ replacements [37]. Thus, pro-regenerative active molecules incorporated in scaffolds
of engineered TMJ must also prevent any ossifications and any adhesions.

3. Histology and Macromolecular Biology of the TMJ

There is a continuous debate about the embryonic origin of mandibular articulating surface:
blastemal or periosteal origin [38,39]. The thickness of condylar fibrocartilage in humans can reach
0.48 mm as a maximum and is subject to variations caused by age and functional conditions [40,41].
The articular surface of most synovial joints is covered by hyaline cartilage. It is not the case of
the TMJ which has an articular surface covered by a layer of fibrous tissue [42]. This fibrous zone
contains abundant type I collagen, while collagen type II is minimally present. Underlying this
superficial fibrous zone, a fibrocartilage layer is described which can be subdivided schematically
into proliferative and hypertrophic zones [42,43]. The proliferative zone functioning as a cell
reservoir [44] is rich in type I collagen. In the fibrous and proliferative zones, the orientation
of collagen fibers was revealed as anisotropic with initiation of antero-posterior alignment of the
fibers [43,45]. A chondroitin sulfate-based proteoglycan resembling versican predominates in both
of these zones [46,47]. The hypertrophic zone is rich in chondrocytes, in aggrecan and in collagen
type II. Collagen types I and X are also detected [47]. TMJ condylar fibrocartilage contains less
glycosaminoglycans (GAGs) than hyaline articular cartilage [48] (Figures 3 and 4).

Figure 3. Scheme of the composition of the five compartments of TMJ to regenerate. Their cellular and
macromolecular compositions differ of lot. An osteochondral molecular gradient of functionalization
able to orchestrate the 3D formation of different TMJ tissues is the key of its regeneration.
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Figure 4. Expression of different conjunctive macromolecules in murine TMJ detected by
immunofluorescence. TMJ observed by phase contrast microscope (A,B), Aggrecan expressed by
chondrocytes in hypertrophic layer of mandibular condyle (C,D), type I collagen in the disc and in
the fibrocartilage layer of mandibular condyle (E,F) and type II collagen in the fibrocartilage layer of
mandibular condyle (G,H). Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). Condyle
(C); Disc (D); Glenoid fossa (G).

The TMJ disc attached to the condyle and temporal bone by fibrous connective tissue measures
14 mm antero-posteriorly and 23 mm medico-laterally in humans [49]. Its periphery is thicker than
the center, consequently its shape is biconcave. Populations of cells found in the TMJ disc differ from
those of hyaline cartilage and are heterogeneous: fibroblasts, fibrocytes and fibrochondrocytes [50].
The periphery and attachments of the disc are well-vascularized but its central heart is avascular [51].
Type I collagen predominates but other collagens are found: types II, III, VI, IX, and XII [52].
Collagens in the disc are mostly anisotropic [53]. Orientation of fibers is antero-posterior in
the center and more circumferential in the peripheral area [53]. Human disc mechanical tensile
properties in anteroposterior and mediolateral directions reflect this anisotropy of the collagen fiber
arrangement [49]. The particularity of these collagen fibers is to be crimped. It may improve
the mechanical properties of the disc, in particular under tension [54]. TMJ disc contains less
glycosaminoglycans (GAGS) than hyaline articular cartilage [55]: fraction of GAGS ranges from
1 to 10% by dry weight. Dermatan sulfate and chondroitin sulfate are the most abundant GAGS [56]
(Figures 3 and 4).
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4. TMJ Tissue Engineering

4.1. Cell Strategies

Two methods are possible in cartilage and bone engineering: (1) in situ tissue engineering,
which involves an incorporation of an acellular scaffold matrix attracting local cells (cell homing)
guiding the process of regeneration; (2) ex vivo cell seeding on the scaffold, which provides enough
competent cells to orchestrate the regenerative mechanism [57]. The second strategy appears better for
TMJ regeneration because of its limited capacities of self-repair and the rapid regeneration expected.
Whatever the cell origin, low-intensity pulsing ultrasound on mandibular condyle enhances its
regeneration [58]. In the same way, culture in spinner flasks, increases matrix production of TMJ disc
cells as compared to static conditions [59].

Autogenic cells are the ideal cell source for tissue regeneration. Fibrochondrocytes from
mandibular condyle seeded on polyglycolic acid (PGA) scaffolds showed weaker regenerative
capacities than chondrocytes from ankle joint. Notably, they produced less GAGS and collagens [44].
In the same way, TMJ disc cells as compared to costal chondrocytes have inferior biochemical qualities
and so produce less GAGs and collagens [60–62]. These limited capacities of TMJ fibrochondrocytes
and the fact that it would be very difficult to have enough competent cells from the diseased TMJ,
lead to find another sources of competent cells [63].

To regenerate TMJ condylar cartilage, primary costal-chondrocytes or hyaline cartilage cells
from all cartilages in the body can be used [44,62]. Stem cells from the synovial capsule surrounding
the joint can be extracted to generate new cartilage but their properties are reduced compared with
other stem cells [64]. Human umbilical cord-derived mesenchymal-like stem cells (HUCM) are also
proposed for TMJ regeneration [63]. Compared with the fibrochondrocytes from mandibular condyle,
they promoted higher collagen types I and II, GAGs and cell colonization inside PGA scaffolds [63].

Bone marrow mesenchymal stem cells (BMSCs) provide a high rate of cell growth and division.
Their advantage is the important volume of cells available and the numerous kind of possible
differentiation. They can promote bone and cartilage regeneration of TMJ. Their disadvantage is
their tendency to endochondral ossification [64–67].

Adipose stem cells (ADSCs) could be a potential cell source for TMJ engineering [65]. They are
pluripotent mesenchymal stem cells that present multilineage differentiation [68]. These stem cells
reaped from adipose tissue are easily obtainable whatever the quantity needed [67]. The implantation
site of TMJ having a low vascularization, the capacity of ADSCs to undergo a low oxygen environment
is very interesting. They can replicate the extracellular matrix environment of the implantation site,
with the different types of collagen [65].

Different tooth-derived stem cells are also potential competent cells for TMJ regeneration.
periodontal ligament stem cells (PDLSCs) and stem cells from apical papilla (SCAPs) similar
to mesenchymal stem cells (MSCs) [69,70] are able to differentiate into chondrocytes and
osteoblasts [71,72]. Dental follicle progenitor cells (DFPCs) which are stem cells from dental
follicles involved in early tooth formation phases [73] can also differentiate into chondrocytes and
osteoblasts [69,74].

Dental pulp stem cells (DPSCs) mesenchymal stem cells from dental pulp [75] are known to
differentiate into different kinds of cells, such as osteoblasts and chondrogenic cells [69]. They are
particularly adequate for regeneration of mineralized tissue [76]. Their multipotency, proliferation rate
and availability appear better than those of BMSCs.

The capacity of osteogenic differentiation of DPSCs is well-documented [77–79]. DPSCs and
collagen sponges showed excellent results inside human mandibular defects [71]. In a rabbit model of
alveolar bone defects, it has shown high expression of BMP-2 by DPSCs as well as a high amount of
bone formation [80]. This high expression of BMP-2 is the key for the differentiation of DPSCs [81–83].
The simple immobilization of DPSCs in scaffolds activates their osteogenic differentiation [84].
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For regeneration of discal fibrocartilage, dermal fibroblasts are promising. Easily available,
these autologous cells seeded in quantity and treated with IGF-1 showed a high chondrogenic
potential [85]. For disc regeneration, seeding density must be carefully controlled in order to not
decrease biomechanical properties. Increasing the cell number up to 1.2 × 108 cells/mL of scaffold
volume enhanced fibrocartilaginous deposition but modified mechanical properties. The lowest
seeding density that promotes functional properties close to in vivo conditions must be identified for
each cell source to regenerate TMJ disc [85].

These stem cells able to undergo both chondrogenic and osteogenic differentiation are crucial
for TMJ regeneration. The best strategy should be to use a unique stem cell type able to support in
a unique scaffold biphasic osteochondral regeneration orchestrated by active pro-chondrogenic and
pro-osteogenic molecules.

4.2. Scaffolds for TMJ Cartilage Regeneration

Hyaluronic acid (HA) is a polysaccharide abundant in cartilaginous matrices, which constitutes
an ideal chondrogenic microenvironment, ideal for cartilage regeneration [86]. HA hydrogels promote
the differentiation of stem cells into chondrocytes and their synthesis of cartilaginous matrix [87]
and support a level of chondrogenic protein expression required for cartilage regeneration [88].
Incorporation of other molecules improves mechanical properties of HA scaffolds to support cartilage
tissue regeneration.

Agarose is a polysaccharide extracted from seaweed, used as agar for cell culture. Its advantage
is its adaptable stiffness, which allows an easy variation of mechanical features of the scaffold [89].
Agarose scaffolds promote differentiation of different stem cells, such as MSCs and ADSCs into
chondrocytes [90–92].

Poly-vinyl alcohol (PVA) is a hydrophilic polymer which is also very appropriate for cartilage
regeneration due to its high water content and its elastic properties [93]. Its capacity to promote
repair of articular cartilage is well-documented [94–96]. Modifications of parameters in PVA hydrogel
synthesis allow suitable tensile strength [97] and elastic modulus [98] to sustain cartilage regeneration.
PVA scaffolds retain long enough their chondrogenic and mechanical properties in vivo. Indeed,
the rate of degradation of PVA is enough low enough to give time for cartilage to regenerate [99].

Poly-L-lactic-coglycolic acid (PLGA) is a synthetic polymer approved by the FDA for clinical
applications which is greatly interesting for cartilage regeneration. The versatility of its structure allows
also a modulation of mechanical properties of the scaffold. PLGA scaffolds promote colonization and
differentiation of MSCs in vivo [100]. PLGA interacts positively with chondrocytes and other resident
cells of the TMJ disc to regenerate. Nevertheless, it does not interact well with native collagens of the
TMJ disc [101]. Incorporation of other polymers in PLGA scaffolds improves theirs chondrogenesis
capacity and reduces the process of degeneration [102].

4.3. Scaffold for Fibrocartilage Regeneration

For the specific regeneration of TMJ disc, a variety of scaffolds have shown their efficacy
in vitro and in vivo [103,104]. An aporous scaffold of polyglycerol sebacate (PGS), an elastomer,
was used for regeneration of the TMJ disc. PGS scaffolds revealed to be favorable for culture of
goat fibrochondrocytes and therefore for TMJ disc regeneration [105]. Poly-glycolique acid (PGA) is
a biodegradable polyester. An engineered disc was proposed, made by PGA mesh scaffold-included
cells [106]. Scaffolds of PGA have shown their capacity to support the culture of stem cells from
human umbilical cord, their chondrogenic differentiation and expansion [63]. Poly-L-Lactic acid
(PLLA) is interesting for its slow degradation rate. PLLA scaffolds seeded with porcine TMJ cells
and treated with TGF β-1 improved mechanicals properties and showed higher collagen and GAGS
deposition as compared to PGA scaffolds [4,107]. A mixed scaffold made by polytetrafluorethylene
monofilaments, PLA monofilaments, polyamide monofilaments, and natural bone has been shown to
support human and porcine disc cells culture and expansion [108]. An acellular regenerative template

195



Int. J. Mol. Sci. 2018, 19, 446

for reconstruction of TMJ disc made of porcine-derived extracellular matrix was studied. Implantation
of this scaffold after six months showed attractive results [109].

4.4. Scaffold for Osteochondral Regeneration

Collagens are natural polymers very convenient for osteochondral regeneration and also for
total TMJ disc reconstruction [110]. Collagens can be used as a gel which gives the opportunity to be
injected into the narrow space of TMJ. Rigidity must be weak enough to allow intra-articular injection
and important enough to allow cell adhesion and proliferation. Composite scaffolds incorporating
collagens optimize the mechanical properties of osteochondral regenerative implants [111]. A collagen
scaffold associated with GAGs increased chondrogenic differentiation of mesenchymal stem cells
in a rat model [112]. Collagen scaffolds with hydroxyapatite and platelet-rich plasma promoted
regeneration of entire TMJ condyles in children and adolescents suffering of TMJ ankyloses. Other
clinical investigations are required to evidence the long-term efficiency of these scaffolds [113].

Gelatin, derived from the lysis of collagen is also appropriate for osteochondral regeneration.
Gelatin extracellular environment is favorable to the adhesion and colonization of chondrocytes [114].
Gelatin scaffolds with chitosan have shown their capacity to support chondrogenic differentiation
in vitro and in vivo [115,116].

Nanofibers constitute pro-regenerative biomimetic extracellular matrices very interesting
for tissue regeneration. The electrospinning technique makes it possible to obtain different
matrices made of synthetic and natural polymers whose nanofiber diameter is close to the size
of the collagen nanofibers (50–500 nm). The network of electrospun nanofibers as well as the
micropores formed (less than 100 μm in diameter) mimics the structure of the connective tissue
matrix [117,118]. Poly(ε-caprolactone) (PCL) is a biodegradable synthetic polymer, approved by the
FDA for clinical applications. Electrospun matrices of PCL show favorable results for osteochondral
regeneration [119–121] (Figure 5).

Figure 5. Scanning electron microscopy (SEM) observations of nanofibrous pro-regenerative biomimetic
implants: Poly(ε-caprolactone) implant with an electrospun nanofiber network mimicking the pattern
of the connective tissue matrix (A); Poly(ε-caprolactone) implant functionalized with nanoreservoirs of
growth factors on the surface of nanofibers (B). Scale bar: 3 μm.

Fibrin presents a great interest for osteochondral regeneration. Most of studies deal with fibrin
scaffolds for culture and differentiation of stem cells [89]. Fibrin-based scaffolds functionalized with
adequate active molecules sustain differentiation of mesenchymal stem cells for cartilage [122,123] or
bone [124,125] regeneration.
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These scaffolds, able to support both cartilage and bone regeneration are crucial for TMJ
regeneration. They give the opportunity to build an osteochondral construct in the same scaffold, i.e.,
a sole scaffold but biphasic due to its functionalization.

4.5. Growth Factors of Interest

Growth factors help tissue regeneration at different levels. They can promote the differentiation
and proliferation of cells. They can support extracellular matrix synthesis and its mineralization [126].
They can also biologically modulate the regeneration in order to be self-limited and prevent ossification
and fibrous adhesion [37].

The three key growth factors for TMJ regeneration are basic fibroblast growth factor (bFGF),
insulin-like growth factor 1 (IGF-1) and transforming growth factor-β1 (TGF-β1). They are able to
maintain disc-like tissue in culture [127,128] and to induce BMSCs differentiation into fibroblast-like
cells, synthesizing discal matrix of type I collagen and glycosaminoglycans (GAGS) [129,130].

The effect of IGF-1 on stimulating chondrogenesis is well-documented in vitro and in vivo.
In particular, it increases both GAG and collagen contents of the engineered cartilage [131,132].
The fibrochondrocytes from mandibular condyle are less responsive to IGF-1 than hyaline
chondrocytes [44].

TGF-β1 shows some positive effects on cellular proliferation and on the production of extracellular
matrix in TMJ disc implants [133]. It induces a significant increase in the total fraction of
collagen and matrix deposition inside the engineered cartilage [134]. TGF-β1 and IGF-1 promote
cellular proliferation and secretion of type I collagen and GAGs in vitro on engineered mandibular
condyle [130]. TGF-β1 increased collagen synthesis, Young’s modulus and compressive stiffness in
co-culture of articular chondrocytes and fibrochondrocytes [133].

The stimulating effect of bFGF on cell proliferation and production of collagen is well-known.
GAGS synthesis is also significantly stimulated by bFGF [7]. bFGF and IGF-1 synergistically better
promote the proliferation of disc cells [106] than the synthesis of the TMJ disc matrix [65]. In 2D culture,
10 ng/mL of bFGF increased the proliferation of fibrochondrocytes from mandibular condyle more
than the 10 ng/mL of TGF-β1 and IGF-1 [135].

Platelet derivative growth factor (PDGF) significantly increases the proliferation rate of the
TMJ-disc derived cells, collagen and hyaluronic acid synthesis in engineered TMJ disc. It upregulates
RNA levels of type I and II collagens, matrix metalloproteinases (MMPs), and their specific tissue
inhibitors (TIMPs) [136]. PDGF also significantly increases GAGs synthesis [7].

Over-expression of some interesting growth factors for tissue regeneration has been evidenced in
malignant tumors. The debate about their oncogenic capability still hounds their clinical employment
for tissue regeneration of the oral and maxillofacial region [137]. Finally, it is the drug delivery system
of the active molecule, which is crucial.

5. Drug Delivery Systems

Various technologies for incorporation of growth factors into scaffolds are possible. The release
of growth factors must match the rate of healing and regeneration [138,139]. The best drug delivery
system can be achieved by incorporating active molecules into the scaffold. Immersion of scaffold
in a solution of growth factors allows a snappy release in random distribution. Covalent binding of
growth factors to the scaffold improves the control of the release. The covalent linkage may be sluggish
and allows a more suitable release corresponding to cellular requests [140].

Functionalization can otherwise be accomplished by gene therapy. Gene transfer can also
be conducted by viral or non-viral transduction. For tissue regeneration, the most appropriate
method for gene transfer uses retroviruses, adenoviruses or adeno-associated viruses [141–143].
These functionalizations are optimized through nanotechnologies. Nanotechnologies could meet
the challenge of the regeneration of ATM. To build drug delivery systems at a nanoscale level increases
the quality of targeting and the control of distribution of the active molecules. It allows reduction of
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their quantity, thereby their side effects and their cost. Concentration of different active molecules
allowed by nanotechnologies is also very advantageous for orchestration of different stages of TMJ
regeneration and for synergetic action of growth factors.

Nanofunctionalization of scaffolds made of electrospun nanofibers is possible by different
techniques: plasma or wet chemical treatment, surface graft polymerization and co-axial
electrospinning [144]. The co-axial technique consists of incorporating active molecules into the
polymer solution to be electrospun and so of encapsulating them inside the nanofibers for a delayed
action [145]. Electrospinning can be associated with electrospraying in order to functionalize nanofibers
during their production [146]. The strategy of nanofibers functionalization by BMP-2 or BMP-7
nanoreservoirs is very effective for bone regeneration. This strategy also allows the differentiation of
MSCs, and accelerates the tissue regeneration in vivo [147–149]. Besides, co-functionalization allowed
by nanoreservoirs on nanofibers can promote regeneration but also normalization of inflammation at
the implantation site [150] (Figure 5B).

Intra-articular drug delivery methods applied to the TMJ seem very attractive for both pain
management and regenerative strategies. Benefits of current methods of intra-articular injection are
controversial. Some alarming reports describing post-injection complications have discouraged their
use for TMJ pain [151,152]. The risk of complications is correlated to the number of injections and
so reduced by increasing the half-life of the drug and by promoting slow-release of intra-articular
medications [151,152]. Hydrogels, polymeric microparticles and liposomes are suitable drug delivery
systems. They limit rapid degradation and clearance of injected active molecules and therefore
avoid frequent injections and high concentrations [153]. Intra-articular drug delivery can be
convenient to modify the joint environment prior to implantation or to deliver pro-regenerative
molecules in a surgically controlled fashion. It avoids systemic drug release, ectopic effects and other
complications [153]. Microparticles of PLGA have been revealed to be biocompatible and suitable for
intra-articular delivery to TMJ in rat and therefore can support regenerative strategies [154]. Controlled
release of anti-inflammatory siRNA from biodegradable microparticles of PLGA have been proposed
for intra-articular delivery to TMJ [155].

6. Osteochondral Regeneration

Bone and cartilage regeneration occur in very different competing conditions. To engineer a
biphasic osteochondral implant is therefore challenging. Ideal approaches for TMJ regeneration
are a single scaffold functionalized by an osteochondral molecular gradient and a unique stem
cell population associated using rapid and synchronized tissue engineering techniques [156].
Understanding molecular interactions between cells of the osteochondral interface is crucial for
engineering innovative osteochondral implants [157].

In large osteochondral defects of goat condyles, PLGA composite implants seeded with
Nel-related protein 1 (NRP1) modified-autologous BMSCs were able to regenerate bone and cartilage
tissue after transplantation. The fibrocartilage was regenerated six weeks after transplantation and the
subchondral bone native articular cartilage after 24 weeks [158].

Promising results in mandibular condyle tissue regeneration were obtained after subcutaneous
implantation of athymic mice with PGA and PLA scaffolds seeded with calf osteoblasts and
chondrocytes in athymic mice. Analysis after 12 weeks of implantation evidenced the condylar
shape of the neoformed bone and the formation of hyaline cartilage on the articular surface and of
trabecular bone [159].

Hyper-hydrated collagen gels seeded with MSCs preconditioned in two different media were
proposed with one osteogenic and one chondrogenic medium at each extremity. After seven days
of in vitro culture, distinct bone-like and cartilage-like areas were observed which resembled to
primordial joint-like structure [156].

The same strategy of gradient-based scaffolding was proposed with PLGA microspheres: implants
were functionalized with TGF-β1 at the cartilaginous end and BMP-2 at the bony end. It promoted
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neoformed osteochondral tissue after six weeks of implantation in mandibular condyle defects of New
Zealand rabbits [158,160].

A hybrid compartmented implant was proposed with cartilage-promoting alginate/HA hydrogel
at the cartilaginous end and bone-promoting nanofibrous collagen membrane at the bony end.
This biphasic scaffold promoted in vitro osteogenic and chondrogenic differentiation of a single
stem cell population (human MSCs). A gradient of mineralization for articular cartilage and a natural
‘glue’ at the osteochondral interface were obtained in vitro [161].

7. 3D Regeneration of TMJ

Whatever the strategies used, the regeneration of TMJ must match the anatomic, structural,
and functional particularities of the mandibular condyle and its disc.

A bone implant of biodegradable PLGA seeded with porcine bone marrow MSCs was designed
as mandibular condyle [162]. Similarly, implants of TMJ disc were engineered in the shape of TMJ
discs [58,163]. Rat MSCs seeded into condyle-shaped PEG hydrogel were able to differentiate into
chondrogenic and osteogenic cells [164]. Porcine derived extracellular matrix scaffolds were designed
to mimic the size and shape of the TMJ. Their implantation in a canine model of TMJ discectomy led to
regeneration of a functional TMJ disc [109].

The application of static uniaxial load on shape-specific TMJ disc engineered by co-culture of
articular chondrocytes and meniscal fibrochondrocytes increased its functional properties. It optimized
GAG synthesis and anisotropic properties resembling those of a TMJ disc [165].

Current TMJ replacement is made by prostheses. These alloplastic strategies are constantly
improving in order to obtain personalized 3D prosthesis. Personalized prostheses of TMJ fabricated
by 3D-printing were designed and implanted in patients. Compared with stock devices, these
personalized 3D prostheses present better biomechanical and clinical outcomes. This 3D-printing
technique also improves the surgery. Indeed, the positioning of an implant is easier, due to its optimal
shape and to the opportunity to have an optimal 3D surgical guide [166–170].

These crucial clinical advances of personalized 3D prosthesis benefit regenerative strategies.
Indeed, personalized 3D scaffolds can be considered. In that direction, the computer-designed
nanofibrous and microporous scaffolds proposed by Chen et al. are very attractive and lead the
way of a personalized 3D bone regenerative nanomedicine [171].

Currently, different techniques exist to produce 3D scaffolds such as phase separation,
self-assembly, electrospinning and bioprinting. As seen previously, two points are necessary for
the 3D scaffold to help and favor tissue regeneration: growth factors and living cells. Electrospinning
can combine these three parameters. It allows 3D and porous structures constituted of nanofibers
mimicking extracellular matrix. It can also be tuned to modulate biodegradability and resistance
depending of the type of tissue to regenerate. Living cells can be added on the 3D scaffold for
colonization of the matrix, or directly be included inside fibers using coaxial techniques [172,173].
3D bioprinting also brings together the three parameters necessary for tissue regeneration. Compared
to electrospinning, 3D bioprinting can reproduce structure and shape of tissues identical to those
found in vivo [174]. This technique works in a layer-by-layer fashion, in which cells and growth factors
can be included, allowing the control of the entire architecture of the tissues to be reproduced. These
technologies participate to significant advances in tissue engineering and are promising for future
clinical regenerative strategies.

A personalized 3D polyamide implant coated by nanoscale hydroxyapatite was rapidly designed
and manufactured by computer in replacement of mandibular condyle. Its implantation into a patient
showed positive clinical outcomes [175].

3D printed scaffolds were engineered with a spatiotemporal delivery of connective tissue
growth factor (CTGF) and TGF-β3 encapsulated in microparticles in order to build a rabbit TMJ disc.
Their implantation evidenced positive results. Significant improvement of regeneration was observed
with the spatiotemporal gradient of functionalization [176]. Same approaches were developed to
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engineer human 3D-printed TMJ discs. 3D-printed scaffolds mimicking anisotropic collagen alignment
of the human TMJ disc were functionalized by microparticles of CTGF and TGF-β3 and then colonized
by human MSCs over six weeks. Synthesis and remodeling of the matrix promoted by this 3D growth
factor delivery system allow the obtainment of an implant with heterogeneous fibrocartilaginous
matrix close to a human TMJ disc. This 3D reproduction of matrix heterogeneity gives to the implant
viscoelastic properties which are region-dependent and so crucial for its function in future clinical
applications [177].

8. Conclusions

Prevalence of affections of TMJ is important. Severe affections are preferentially concerned by
regeneration. Currently, they are treated by arthrotomy and implantation of prostheses. The recent
advances in regenerative medicine for orthopedics may provide solutions for TMJ regeneration.
However, anatomic, structural, and functional regeneration of TMJ is very challenging and specific.
The fibrocartilaginous property of the mandibular condyle and its tight link with its fibrocartilaginous
disk contribute to modifying issues. The difficulty is not to obtain a pure hyaline cartilage with an
underlying bone as for the other articulations. The main issue is to get a long-term fibrocartilage
well-separated from its underlying bone without ossifications or fibrous adhesions which are dramatic
for crucial oral functions of patients. At present, concrete progress of TMJ arthroscopy allows
adequate visualization and manipulation of pathological intra-articular tissues and motivate the
emergence of innovative and specific regenerative strategies of TMJ. Numerous proposals of interest
have been presented focusing on suitable cells, scaffolds or active molecules for TMJ regeneration.
Global strategies, able to support the entire mandibular condyle regeneration, are very attractive. So,
the desired approach is a unique scaffold inducing an osteochondral molecular gradient containing
a single stem cell population able to undergo osteogenic and chondrogenic differentiation such as
BMSCs, ADSCs or DPSCs. The key to this complex regeneration is the functionalization by active
molecules such as IGF-1, TGF-β1 or b-FGF. This regeneration can be optimized by nano/micro-assisted
functionalization and by spatiotemporal drug delivery systems orchestrating the 3D formation of
TMJ tissues.
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