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Abstract
Gene therapy has been explored as a future alternative for treating heart disease. Among several gene delivery systems aimed at
penetrating specific target cells, we focused on safe and non-viral gene delivery materials with a high transfection efficiency. Al-
though various techniques have been developed, the mechanisms underlying the cellular uptake of gene delivery materials have not
yet been sufficiently studied in cardiomyocytes. The aim of this study was to determine how hydroxyapatite (HAp) nanoparticles
contribute to the delivery of plasmid DNA (pDNA) into cardiomyocytes. We fabricated HAp nanoparticles using the water-in-oil
(W/O) emulsion method and used these nanoparticles as the delivery vector for transfecting cardiomyocyte-derived HL-1 cells.
HAp exhibited particles on the nanoscale and with a low cytotoxicity in HL-1 cells. The transfection assay performed with several
endocytosis inhibitors suggested that the HAp/pDNA complexes were internalized by HL-1 cells through macropinocytosis.
Furthermore, this HL-1 cell uptake was generated in response to HAp stimulation. Thus, HAp is a positive regulator of
macropinocytosis in HL-1 cells and a good system for gene delivery in cardiomyocytes.
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Introduction
Heart disease is one of the major causes of death and accounts
for approximately one in every three deaths worldwide every
year [1]. Since cardiomyocytes have very limited regenerative
functions, the heart becomes fibrotic after the cardiomyocytes
become damaged during certain events such as myocardial
infarction, leading to a decline in the contraction function and
eventually heart failure. Patients with advanced heart failure
only have the option of a heart transplant from limited donor
organs, prompting the need for alternative treatment strategies.
Recently, there has been significant interest in gene therapy,
which is an experimental technique that uses specific targeting
genes to treat or prevent diseases [2]. Since gene therapy for
heart disease will potentially become the standard treatment in
the future, many studies using viral and non-viral vectors have
been conducted in cardiomyocytes. However, most of these
studies still use adeno-associated viral vectors which can be a
potential infection risk. Therefore, safety measures should
always be considered during their usage [3]. Recently, a nano-
technology-based non-viral vector system with the potential to
overcome many limitations regarding safety has attracted sig-
nificant attention [4,5]. The calcium phosphate (CaP) co-precip-
itation method has been extensively used for gene delivery due
to its excellent biocompatibility and simple preparation [6]. CaP
is commonly considered as one of the most important inorganic
materials for medical and dental applications, such as dental
implants, orthopedics, and drug delivery systems, since it has
similar elements found in bone and teeth. In addition, CaP stabi-
lizes the nucleic acid against nuclease degradation, forms ionic
interactions with the phosphates of DNA, and its biodegrada-
tion is pH-sensitive [7-9]. Besides, CaP can be internalized in
targeting cells though the endocytic pathway. Later on, CaP is
dissolved in the endosome under acidic conditions, which con-
tributes to the DNA release into the cytosol before the endo-
some–lysosome fusion. Although there are a number of advan-
tages in using CaP for gene delivery, the transfection efficiency
of CaP/DNA is relatively low according to various preparation
parameters [10]. In particular, particle aggregation needs to be
improved in order to reduce cellular uptake through the endo-
cytic pathway. Hydroxyapatite (HAp, Ca10(PO4)6(OH)2) is one
of the most stable forms of CaP, and diverse methods for pre-
paring HAp nanoparticles have been reported. Among these
methods, the microemulsion method has the advantage of
controlling the spherical-like morphology and the size of nano-
particles by using a surfactant solution [11,12]. Therefore, this
method may provide a solution to the current problem of using
calcium phosphate. The cellular uptake performance is impor-
tant for a successful vector-mediated gene transfection. In the
cellular uptake process, the internalization pathway is an essen-
tial factor to prevent the fate of lysosomal degradation by facili-
tating the release of the gene into the cytoplasm. Endocytosis

has been well known as the main mechanism for cellular uptake
of nanoparticles into mammalian cells [13,14]. The endocytosis
process encompasses four main routes [15]: phagocytosis,
clathrin-mediated endocytosis, caveolae-mediated endocytosis,
and micropinocytosis. These routes depend heavily on the cell
type studied [16,17] and on the vector properties, such as size,
shape, chemical composition, and surface chemistry [18,19].
Therefore, the fate of the vector/DNA complex taken up by a
cell depends on the type of endocytosis involved in the uptake
process [20,21]. Therefore, understanding the cellular uptake
mechanism of HAp nanoparticles may be useful for the design
of more efficient gene-delivery vectors. We previously demon-
strated that the cellular uptake of HAp nanoparticles into endo-
thelial cells (ECs) was mainly through caveolae-mediated endo-
cytosis [22]. In this study, we show that HAp nanoparticles are
vectors that effectively transfect cardiomyocytes in comparison
to ECs and the uptake of HAp in cardiomyocytes is through
macropinocytosis. Furthermore, this pathway can be activated
by the stimulation of HAp. The HL-1 cells were used as the in
vitro model of cardiomyocytes in this study [23]. Since HL-1
cells are derived from mouse atrial myocytes they have an adult
cardiomyocyte phenotype with the expression of cardiac-specif-
ic functional receptors.

Results
Characterization of HAp nanoparticles
The HAp nanoparticles were prepared using the water-in-oil
(W/O) emulsion method. The characterization of the prepared
HAp nanoparticles was carried out using transmission electron
microscopy (TEM), X-ray diffraction (XRD), and Fourier-trans-
form infrared spectroscopy (FTIR). TEM provided insight into
the morphology of the obtained product. As presented in
Figure 1a, the nanometer-sized particles exhibited identical
spherical-like morphology. The average particle diameter of the
prepared HAp was 159 ± 47 nm (Figure 1b). The XRD pattern
of the product is illustrated in Figure 1c. All the diffraction
peaks of the as-prepared sample are consistent with the charac-
teristic peaks of the standard hydroxyapatite peak positions and
with the corresponding intensities of the diffraction peaks for
HAp (International Centre for Diffraction Data, ICDD, no.
09-0432, vertical lines). The FTIR absorption spectra of the
specimens are shown in Figure 1d. The characteristic peaks for
PO4

3− appeared at approximately 1040, 960, and 560 cm−1. The
broad bands at 3410 and 1615 cm−1 correspond to the bending
modes of the hydroxyl group in the absorbed water, while the
peaks at 3570 and 620 cm−1 are attributed to the stretching and
bending modes, respectively, of the hydroxyl group in the HAp
crystalline structure. Furthermore, the carbonate anion (CO3

2−)
group adsorption bands were detected near 860 and 1420 cm−1.
During the wet process, the HAp preparations can become
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Figure 1: Characterization of the prepared HAp nanoparticles using the W/O emulsion method. (a) A representative TEM image of HAp nanoparticles.
The nanoparticles exhibited uniform size and spherical-like morphology. Scale bar: 100 nm. (b) The size distribution of HAp nanoparticles was deter-
mined using nanoparticle tracking analysis (NTA). The mean diameter was 159 ± 47 nm. (c) An X-ray diffractogram of the HAp nanoparticles in the
range of 2θ = 20–60°. The spectra revealed the characteristic peaks of HAp according to ICDD no. 09-0432 (vertical lines). (d) The FTIR spectra of
the HAp nanoparticles in the range of 4000–400 cm−1. The characteristic peaks of HAp are indicated.

easily contaminated with CO3
2− emanating from atmospheric

CO2. This material was found to correspond to the B-type
carbonate-containing HAp in which the phosphate group was
substituted by the carbonate group absorption band in the FTIR
spectrum. The carbonate amount, including the HAp crystalline
structure that was calculated in a previous report, was approxi-
mately 1.3 wt % [24].

Cytotoxicity assay
Dose-dependent cytotoxicity of HAp/pDNA complexes on
HL-1 cells was investigated in the concentration range of
0.1–10 µg/mL. The 3-(4,5-dimethylhiazol-2-yl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) assay was used to assess cyto-
toxicity. No differences in cell viability were observed among
the three concentrations of HAp/pDNA complexes used at 24
and 72 h (Figure 2). The results suggested that HAp exhibits
little cytotoxicity within the concentration range used in this
study.

Figure 2: MTT assay of HL-1 cells treated with HAp nanoparticles for
24 (white bars) and 72 h (black bars) was used to determine cytotoxici-
ty. Non-treated cells were used as the control. Values are presented
as the mean ± SD (n = 4).

Transfection efficiency
To test the gene transfection potential of the HAp nanoparticle
vector in HL-1 cells, we used plasmid-enhanced green fluores-
cent protein (pEGFP) as a model plasmid and evaluated the
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transfection efficiency via fluorescence microscopy. First, we
used HAp (1 µg/mL) mixed with 0.075, 0.30, and 0.75 µg
pEGFP, based on our previous results with endothelial cells.
Fluorescence microscopy images showed that the highest trans-
fection efficiency was observed with 0.75 µg of pEGFP
(Figure 3). No gene expression was obtained by adding only
pEGFP in HL-1 cells (data not shown). The results shown in
Figure 3b demonstrated that the transfection efficiency of
pEGFP increased in a dose-dependent manner. The amount of
0.75 µg was selected for subsequent cell experiments. The
transfection efficiency of the HAp vector in HL-1 cells was
three times higher than that of the endothelial cells in our
previous study [22].

Figure 3: EGFP gene transfection into HL-1 cells using HAp nanoparti-
cles. (a) Representative fluorescence images of HL-1 cells treated with
HAp/pEGFP complexes. The nuclei were stained using Hoechst stain
(blue). Scale bar: 100 µm. (b) The transfection efficiency of the com-
plexes 24 h post-transfection. Values are presented as the mean ± SD
(n = 4). *p < 0.05.

Endocytic pathway
Under physiological conditions, nanoparticles can be taken up
by cells via passive transport or active transport. Most nanopar-
ticles are taken up by endocytosis (i.e., active transport) and
rarely by direct penetration through the plasma membrane (i.e.,
passive transport). The endocytic pathway is an energy-depend-
ent process; therefore, it can be prevented by lowering the incu-
bation temperature to 4 °C. First, to determine whether the in-
corporation of HAp nanoparticles into HL-1 cells is a passive or
an active transport, we examined the transfection efficiency of
HAp/pEGFP complexes at 4 and 37 °C (control). The results
were expressed as percentages relative to the control value. The
transfection efficiency in HL-1 cells was significantly reduced
at 4 °C in comparison to that at 37 °C, suggesting that the cellu-
lar uptake of HAp/pDNA complexes in HL-1 cells is primarily
through an energy-dependent process. Next, we investigated
endocytic pathways associated with the HAp nanoparticle in
HL-1 cells using specific pharmacological inhibitors. Endo-
cytic pathways are divided into clathrin-mediated endocytosis,
caveolae-mediated endocytosis, and macropinocytosis. The
pathways were analyzed by measuring the effect of the endo-

cytosis inhibitors on the transfection efficiency. The inhibitors
used were chlorpromazine, for clathrin-mediated endocytosis;
genistein, for caveolae-mediated endocytosis; cytochalasin D
and the amiloride derivative 5-(N-ethyl-N-isopropyl) amiloride
(EIPA), for macropinocytosis. These inhibitors, at the concen-
tration used in this study, did not generate cytotoxicity in HL-1
cells when added 24 h prior to the experiments (Figure 4a). As
shown in Figure 4b, both chlorpromazine and genistein did not
prevent cellular uptake when compared to non-treated cells.
These results indicated that clathrin-mediated endocytosis and
caveolae-mediated endocytosis were not involved in the inter-
nalization of HAp by HL-1 cells. However, the cellular uptake
efficiency of HAp was reduced by 50% and 79% upon cytocha-
lasin D and EIPA treatment, respectively, when compared to
non-treated cells. These results revealed the importance of
macropinocytosis for the cellular uptake of HAp into HL-1
cells.

Figure 4: (a) Cytotoxicity assay of HL-1 cells incubated with endo-
cytosis inhibitors for 24 h. (b) Effects of the endocytosis inhibitors on
the transfection efficiency of HAp/pEGFP complexes into HL-1 cells.
Values are presented as the mean ± SD (n = 4). *p < 0.05.

Macropinocytosis activity assay
To further understand the mechanism of gene delivery into
HL-1 cells using HAp, we investigated the HAp-induced
macropinocytosis activity using neutral tetramethylrhodamine-
conjugated dextran (TMR–dextran). TMR–dextran is common-
ly used as an indicator of the macropinocytic pathway [25],
enabling the quantification of macropinocytosis. The quantifica-
tion of TMR–dextran was performed by measuring the fluores-
cence intensity per cell, using fluorescence microscopy images,
in accordance with a previous report. As shown in Figure 5a,
more red spots corresponding to TMR–dextran fluorescence
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signals were observed in HAp-treated cells in comparison to
non-treated cells. Quantitative analysis revealed that the
increase in macropinocytosis activity depends on the pretreat-
ment time: The macropinocytosis activity following a 4 h-HAp-
treatment was observed to be four times higher than in the cor-
responding non-treated group (Figure 5b). An enhanced activi-
ty was not observed when cytochalasin D and EIPA were added
together. These results imply that the gene delivery vector HAp
effectively enhances macropinocytosis in HL-1 cells.

Figure 5: Macropinocytosis activity induced by HAp nanoparticles
(1 µg/mL) in HL-1 cells. (a) HL-1 cells were pre-incubated in the pres-
ence or absence of HAp for 1, 2, and 4 h, and then treated with
TMR–dextran for 30 min. Nuclei were stained using Hoechst stain
(blue). Scale bar: 10 µm. (b) Quantification of fluorescence intensity
per cell number. Values are presented as the mean ± SD (n = 25).
*p < 0.05.

Discussion
The development of gene therapy is essential for generating
new treatment options for cardiovascular disease. We focused
on safe non-viral vectors using nanotechnology. Although nano-
particle-based gene-transfection methods have been proposed
for gene delivery into target cells and tissues, there are still
many limitations, such as low transfection efficiency and repro-
ducibility, that must be overcome for these methods to be suc-
cessfully used in clinical applications. We were able to success-
fully produce HAp nanoparticles with less aggregation using the
W/O emulsion method, as shown in a previous study. HAp
nanoparticles have been extensively investigated in various bio-
medical applications. However, the cellular uptake mechanism

of HAp nanoparticles into cardiomyocytes remains unknown. In
the present study, we focused on verifying whether the
cardiomyocyte cell line HL-1 was able to internalize HAp nano-
particles and the mechanism through which these cells per-
formed the internalization. First, the results from transfection
efficiency experiments indicated that HAp nanoparticles had a
higher gene transfection efficiency in cardiomyocytes than they
had in ECs. As shown in previous reports, the transfection effi-
ciency was different for each cell type studied [17,26,27]. Next,
we explored the cellular uptake mechanism of HAp nanoparti-
cles into HL-1 cells. In ECs, HAp nanoparticles were internal-
ized via caveolae-mediated endocytosis. Endocytosis experi-
ments showed that both cytochalasin D and EIPA inhibited the
endocytosis of HL-1 cells, whereas chlorpromazine and genis-
tein had no significant inhibiting effects. These results implied
that the uptake of HAp nanoparticles into HL-1 cells did not
occur via clathrin and caveolae-mediated endocytosis, but rather
via macropinocytosis. The physiological mechanism of
macropinocytosis has been recently elucidated [28,29]. In
previous reports, macropinosomes have been considered to be
inherently leaky vesicles comparable to other types of endo-
somes [21,30-32]. In this study, since lysosomal degradation of
pDNA was low, the macropinocytosis pathway could be high-
lighted as one of the factors that contributed to the increase in
the transfection efficiency in HL1 cells compared to that in
ECs. The cellular uptake through macropinocytosis can be effi-
ciently induced by pretreating the cells with physiologically
active substances, such as the epidermal growth factor (EGF),
phorbol myristate acetate (PMA), and fetuin [32-34]. To eluci-
date the ability of HAp nanoparticles to actively induce
macropinocytosis in HL-1 cells, we measured the number of
TMR–dextran particles internalized by HL-1 cells following the
HAp pretreatment. Large dextran particles are generally used as
a macropinocytosis marker since their uptake is mediated
through micropinocytosis and not through clathrin- or caveolae-
mediated endocytosis [35]. After incubating the cells with
TMR–dextran for 30 min, the number of internalized
TMR–dextran particles was higher in the presence than in the
absence of HAp (Figure 5). Extracellular calcium ions are pro-
posed to act as a stimulant for triggering macropinocytosis in
macrophages and neurons [25,36]. The extracellular calcium-
sensing receptor (CaSR) is expressed in cardiomyocytes as well
as in various other cells [37]. The results suggested that calcium
ions from HAp particles might activate macropinocytosis in
HL-1 cells. CaSR has different functions depending on the cell
type. In osteoclasts, for example, it directs migration toward
bone tissue for bone remodeling, whereas in macrophages it
aids in the antigen acquisition at inflammation sites. Further
studies regarding the role of CaSR and its downstream signaling
pathways in HL-1 cells are required. Although the HAp-based
vector used here has a low transfection efficiency, it has already
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been used as a gene delivery system in in vivo cancer research
experiments [38]. Furthermore, this system might be useful for
increasing the knowledge about cellular uptake mechanisms in
heart cells, which are difficult to transfect.

Conclusion
In summary, we developed HAp nanoparticles as a non-viral
vector system for gene transfection in cardiomyocytes. The
HAp/pDNA complex exhibited enhanced cellular uptake via the
macropinocytosis pathway. Moreover, the macropinocytosis
uptake was induced by HAp. To the best of our knowledge, this
is the first report examining macropinocytosis as the uptake
mechanism of HAp nanoparticles in HL-1 cells. Therefore, we
proposed the usage of the HAp vector to transfect cardiomy-
ocytes since it is safe for the cells and can trigger macropinocy-
tosis.

Experimental
Preparation of HAp nanoparticles
HAp nanoparticles were prepared using the W/O emulsion
method, as described in our previous study. The starting materi-
als included 80 mL of dodecane (CH3(CH2)10CH3) in the oil
phase, 1.0 g of pentaethylene glycol dodecyl ether (C22H46O6)
as a non-ionic surfactant, and 2.5 M of calcium hydroxide.
After stirring these reagents for 1 h at 50 °C, 1.25 M of potas-
sium dihydrogen phosphate was added to these solutions. After
24 h, the product was centrifuged and washed with distilled
water and ethanol to remove oil and surfactant. The resulting
particles were dispersed in distilled water. Physicochemical
characteristics were examined using XRD (D8 Advance,
Bruker), FTIR (FT/IR-4100, Jasco), and TEM (H-7100,
Hitachi). The product was filtered using a 0.45 µm filter to
remove aggregated nanoparticles. The concentration of the
filtered solutions was measured using a calcium assay kit in
accordance with the guidelines of the manufacturer (BioAssay
Systems). TEM was performed to observe the size and shape of
HAp nanoparticles at an acceleration voltage of 75 kV. The par-
ticle size distribution of the HAp nanoparticles was measured
via NTA (NanoSight NS10, Malvern).

Cell culture
HL-1 is a cell line derived from mouse atrial myocytes, which
was originally isolated and characterized by Dr. Claycomb
(University of Louisiana) [39]. HL-1 cells (murine cardiomy-
ocytes) were seeded and grown in Claycomb culture medium
(Sigma) supplemented with 10% of fetal bovine serum (Sigma),
0.1 mM of norepinephrine (Sigma), 2 mM of ʟ-glutamine
(Wako), and 1% of penicillin/streptomycin (Gibco) as previ-
ously published [39]. All cell culture dishes and plates were
coated with a 25 μg/mL fibronectin solution (Wako) prepared in
a 0.02% gelatin solution (Wako) in order to increase cell adhe-

sion. The cells were grown in a humidified incubator at 37 °C
containing 5% CO2.

Cytotoxicity assay
The cytotoxicity of HAp/pDNA complexes or endocytosis in-
hibitors was verified by an MTT colorimetric assay (Dojindo).
HL-1 cells were seeded in 96-well plates at a density of
1.0 × 104 cells/well. After culturing HL-1 cells for 24 h, HAp
nanoparticles (at concentration values of 0, 0.1, 1, and
10 µg/mL) were mixed with 0.75 µg of pEGFP or with endo-
cytosis inhibitors (10 μM of chlorpromazine, 20 μM of genis-
tein, 10 µM of EIPA, and 4 µM of cytochalasin D) and then
added to the medium. After 24 and 72 h of incubation,
the medium was replaced with a fresh medium containing
5 mg/mL of MTT and the cells were incubated for 3 h. Next,
the cells were washed two times with phosphate-buffered
saline (PBS) to remove detached dead cells and the formazan
crystals were solubilized in DMSO. The absorbance was
measured using a microplate reader at 570 nm. The relative cell
viability (%) compared to non-treated cells was calculated by
[abs] sample/[abs] control × 100.

Transfection efficiency assay
HL-1 cells were seeded in 96-well plates and incubated to
achieve 80% confluence 24 h prior to transfection. The medi-
um was then replaced by a solution containing 1 µg/mL of HAp
and 0.075, 0.3, or 0.75 µg of pEGFP dissolved in fresh medium.
After 24 h, HL-1 cells were exposed to HAp/pDNA complexes
and cultured for 24 h. HL-1 cells were stained by using the
nuclear dye Hoechst 33343 (Dojindo) in the medium. The GFP
expression was verified using a fluorescence microscope (20×
magnification) and the transfection efficiency was defined as
the percentage of EGFP-expressing cells. This percentage was
calculated by dividing the number of EGFP-expressing cells by
the total cell number. Data analysis was performed using Meta-
Morph software.

Endocytic pathway assay
Endocytosis mechanisms were inhibited by treating the cells
with pharmacological inhibitors and incubating them at 4 °C.
HL-1 cells were pretreated using different inhibitors, such as
10 μM of chlorpromazine (Sigma) to inhibit clathrin-mediated
endocytosis, 20 μM of genistein (Sigma) to inhibit caveolae-
mediated endocytosis, 10 µM of EIPA (Cayman Chemical) and
4 µM of cytochalasin D (Sigma) to inhibit macropinocytosis.
The cells were incubated for 30 min at 37 °C before the expo-
sure to HAp/pDNA complexes. Energy-dependent endocytic
processes were reduced by preincubating the cells at 4 °C for
30 min prior to HAp/pDNA complex exposure. After preincu-
bation, the complexes (final concentration of 100 ng/mL) were
added and incubated for 4 h, either in the presence of the inhibi-
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tors or at 4 °C. Then, the cells were washed three times using
PBS to remove the remaining HAp nanoparticles and fresh me-
dium was added. The cells were incubated for an additional
24 h before assessment. The relative transfection rate was
normalized to that observed in the absence of inhibitors (100%).

Macropinocytosis activity assay
HL-1 cells were seeded onto 35 mm glass-bottom culture dishes
(Iwaki) and allowed to adhere for 24 h. The cells were preincu-
bated in the presence or absence of 1 µg/mL of HAp nanoparti-
cles for 1, 2, and 4 h. The cells were then incubated with
25 µg/mL of TMR–dextran (Mw: 70,000) (Invitrogen) at 37 °C
for 30 min. The cells were washed three times with PBS, to
remove free TMR–dextran or membrane-bound dextran, fixed
with 4% paraformaldehyde for 10 min, and stained with the
nuclear dye Hoechst 33343. To quantify macropinocytosis ac-
tivity, fluorescence microscopy images were obtained with
BZ-70X (KEYENCE) using a magnification and exposure time
similar to those used in previously published studies [40]. The
macropinocytosis activity (relative fluorescence intensity per
cell, N = 25) was calculated by using BZ Analyzer software.

Statistical analysis
All the values are presented as the mean ± standard deviation
(SD). The mean values were compared using the two-tailed
Student’s t-test or one-way analysis of variance (ANOVA) fol-
lowed by multiple comparisons using Ryan’s test. A value of p
< 0.05 was considered to be statistically significant (ANOVA4
on the Web, Hiroshima Jogakuin University).

Funding
This work was supported by JSPS KAKENHI, grant number
18K09634, 20J13923.

ORCID® iDs
Hiroaki Komuro - https://orcid.org/0000-0002-8249-6761

References
1. Benjamin, E. J.; Muntner, P.; Alonso, A.; Bittencourt, M. S.;

Callaway, C. W.; Carson, A. P.; Chamberlain, A. M.; Chang, A. R.;
Cheng, S.; Das, S. R.; Delling, F. N.; Djousse, L.; Elkind, M. S. V.;
Ferguson, J. F.; Fornage, M.; Jordan, L. C.; Khan, S. S.; Kissela, B. M.;
Knutson, K. L.; Kwan, T. W.; Lackland, D. T.; Lewis, T. T.;
Lichtman, J. H.; Longenecker, C. T.; Loop, M. S.; Lutsey, P. L.;
Martin, S. S.; Matsushita, K.; Moran, A. E.; Mussolino, M. E.;
O'Flaherty, M.; Pandey, A.; Perak, A. M.; Rosamond, W. D.;
Roth, G. A.; Sampson, U. K. A.; Satou, G. M.; Schroeder, E. B.;
Shah, S. H.; Spartano, N. L.; Stokes, A.; Tirschwell, D. L.; Tsao, C. W.;
Turakhia, M. P.; VanWagner, L. B.; Wilkins, J. T.; Wong, S. S.;
Virani, S. S.; On behalf of the American Heart Association Council on
Epidemiology and Prevention Statistics Committee and Stroke
Statistics Subcommittee. Circulation 2019, 139, e56–e528.
doi:10.1161/cir.0000000000000659

2. Ginn, S. L.; Alexander, I. E.; Edelstein, M. L.; Abedi, M. R.; Wixon, J.
J. Gene Med. 2013, 15, 65–77. doi:10.1002/jgm.2698

3. Mearini, G.; Stimpel, D.; Geertz, B.; Weinberger, F.; Krämer, E.;
Schlossarek, S.; Mourot-Filiatre, J.; Stoehr, A.; Dutsch, A.;
Wijnker, P. J. M.; Braren, I.; Katus, H. A.; Müller, O. J.; Voit, T.;
Eschenhagen, T.; Carrier, L. Nat. Commun. 2014, 5, 5515.
doi:10.1038/ncomms6515

4. Liu, M.; Li, M.; Wang, G.; Liu, X.; Liu, D.; Peng, H.; Wang, Q.
J. Biomed. Nanotechnol. 2014, 10, 2038–2062.
doi:10.1166/jbn.2014.1894

5. Park, K. J. Controlled Release 2007, 120, 1–3.
doi:10.1016/j.jconrel.2007.05.003

6. Lee, D.; Upadhye, K.; Kumta, P. N. Mater. Sci. Eng., B 2012, 177,
289–302. doi:10.1016/j.mseb.2011.11.001

7. Kim, H. J.; Kim, A.; Miyata, K.; Kataoka, K. Adv. Drug Delivery Rev.
2016, 104, 61–77. doi:10.1016/j.addr.2016.06.011

8. Brundin, M.; Figdor, D.; Sundqvist, G.; Sjögren, U. J. Endod. 2013, 39,
211–216. doi:10.1016/j.joen.2012.09.013

9. Huang, J.-L.; Jiang, G.; Song, Q.-X.; Gu, X.; Hu, M.; Wang, X.-L.;
Song, H.-H.; Chen, L.-P.; Lin, Y.-Y.; Jiang, D.; Chen, J.; Feng, J.-F.;
Qiu, Y.-M.; Jiang, J.-Y.; Jiang, X.-G.; Chen, H.-Z.; Gao, X.-L.
Nat. Commun. 2017, 8, 15144. doi:10.1038/ncomms15144

10. Jiang, M.; Chen, G. Nat. Protoc. 2006, 1, 695–700.
doi:10.1038/nprot.2006.86

11. Furuzono, T.; Walsh, D.; Sato, K.; Sonoda, K.; Tanaka, J.
J. Mater. Sci. Lett. 2001, 20, 111–114. doi:10.1023/a:1006725931450

12. Wu, Y.; Bose, S. Langmuir 2005, 21, 3232–3234.
doi:10.1021/la046754z

13. Hillaireau, H.; Couvreur, P. Cell. Mol. Life Sci. 2009, 66, 2873–2896.
doi:10.1007/s00018-009-0053-z

14. Sahay, G.; Alakhova, D. Y.; Kabanov, A. V. J. Controlled Release
2010, 145, 182–195. doi:10.1016/j.jconrel.2010.01.036

15. Conner, S. D.; Schmid, S. L. Nature 2003, 422, 37–44.
doi:10.1038/nature01451

16. Rotan, O.; Severin, K. N.; Pöpsel, S.; Peetsch, A.; Merdanovic, M.;
Ehrmann, M.; Epple, M. Beilstein J. Nanotechnol. 2017, 8, 381–393.
doi:10.3762/bjnano.8.40

17. Vanegas Sáenz, J. R.; Tenkumo, T.; Kamano, Y.; Egusa, H.; Sasaki, K.
PLoS One 2017, 12, e0188347. doi:10.1371/journal.pone.0188347

18. Motskin, M.; Wright, D. M.; Muller, K.; Kyle, N.; Gard, T. G.;
Porter, A. E.; Skepper, J. N. Biomaterials 2009, 30, 3307–3317.
doi:10.1016/j.biomaterials.2009.02.044

19. dos Santos, T.; Varela, J.; Lynch, I.; Salvati, A.; Dawson, K. A.
PLoS One 2011, 6, e24438. doi:10.1371/journal.pone.0024438

20. Douglas, K. L.; Piccirillo, C. A.; Tabrizian, M. Eur. J. Pharm. Biopharm.
2008, 68, 676–687. doi:10.1016/j.ejpb.2007.09.002

21. Kim, B.-K.; Hwang, G.-B.; Seu, Y.-B.; Choi, J.-S.; Jin, K. S.; Doh, K.-O.
Biochim. Biophys. Acta, Biomembr. 2015, 1848, 1996–2001.
doi:10.1016/j.bbamem.2015.06.020

22. Komuro, H.; Sasano, T.; Horiuchi, N.; Yamashita, K.; Nagai, A.
J. Biomed. Mater. Res., Part A 2019, 107, 61–66.
doi:10.1002/jbm.a.36523

23. White, S. M.; Constantin, P. E.; Claycomb, W. C.
Am. J. Physiol.: Heart Circ. Physiol. 2004, 286, H823–H829.
doi:10.1152/ajpheart.00986.2003

24. Nagai, A.; Tanaka, K.; Tanaka, Y.; Nakamura, M.; Hashimoto, K.;
Yamashita, K. J. Biomed. Mater. Res., Part A 2011, 99, 116–124.
doi:10.1002/jbm.a.33131

https://orcid.org/0000-0002-8249-6761
https://doi.org/10.1161%2Fcir.0000000000000659
https://doi.org/10.1002%2Fjgm.2698
https://doi.org/10.1038%2Fncomms6515
https://doi.org/10.1166%2Fjbn.2014.1894
https://doi.org/10.1016%2Fj.jconrel.2007.05.003
https://doi.org/10.1016%2Fj.mseb.2011.11.001
https://doi.org/10.1016%2Fj.addr.2016.06.011
https://doi.org/10.1016%2Fj.joen.2012.09.013
https://doi.org/10.1038%2Fncomms15144
https://doi.org/10.1038%2Fnprot.2006.86
https://doi.org/10.1023%2Fa%3A1006725931450
https://doi.org/10.1021%2Fla046754z
https://doi.org/10.1007%2Fs00018-009-0053-z
https://doi.org/10.1016%2Fj.jconrel.2010.01.036
https://doi.org/10.1038%2Fnature01451
https://doi.org/10.3762%2Fbjnano.8.40
https://doi.org/10.1371%2Fjournal.pone.0188347
https://doi.org/10.1016%2Fj.biomaterials.2009.02.044
https://doi.org/10.1371%2Fjournal.pone.0024438
https://doi.org/10.1016%2Fj.ejpb.2007.09.002
https://doi.org/10.1016%2Fj.bbamem.2015.06.020
https://doi.org/10.1002%2Fjbm.a.36523
https://doi.org/10.1152%2Fajpheart.00986.2003
https://doi.org/10.1002%2Fjbm.a.33131


Beilstein J. Nanotechnol. 2020, 11, 1685–1692.

1692

25. Kabayama, H.; Nakamura, T.; Takeuchi, M.; Iwasaki, H.; Taniguchi, M.;
Tokushige, N.; Mikoshiba, K. Mol. Cell. Neurosci. 2009, 40, 27–38.
doi:10.1016/j.mcn.2008.08.009

26. Sokolova, V.; Neumann, S.; Kovtun, A.; Chernousova, S.;
Heumann, R.; Epple, M. J. Mater. Sci. 2010, 45, 4952–4957.
doi:10.1007/s10853-009-4159-3

27. Neuhaus, B.; Tosun, B.; Rotan, O.; Frede, A.; Westendorf, A. M.;
Epple, M. RSC Adv. 2016, 6, 18102–18112. doi:10.1039/c5ra25333k

28. Commisso, C.; Davidson, S. M.; Soydaner-Azeloglu, R. G.;
Parker, S. J.; Kamphorst, J. J.; Hackett, S.; Grabocka, E.; Nofal, M.;
Drebin, J. A.; Thompson, C. B.; Rabinowitz, J. D.; Metallo, C. M.;
Vander Heiden, M. G.; Bar-Sagi, D. Nature 2013, 497, 633–637.
doi:10.1038/nature12138

29. Davidson, S. M.; Jonas, O.; Keibler, M. A.; Hou, H. W.; Luengo, A.;
Mayers, J. R.; Wyckoff, J.; Del Rosario, A. M.; Whitman, M.;
Chin, C. R.; Condon, K. J.; Lammers, A.; Kellersberger, K. A.;
Stall, B. K.; Stephanopoulos, G.; Bar-Sagi, D.; Han, J.;
Rabinowitz, J. D.; Cima, M. J.; Langer, R.; Vander Heiden, M. G.
Nat. Med. 2017, 23, 235–241. doi:10.1038/nm.4256

30. Zhang, X.-X.; Allen, P. G.; Grinstaff, M. Mol. Pharmaceutics 2011, 8,
758–766. doi:10.1021/mp100366h

31. Wadia, J. S.; Stan, R. V.; Dowdy, S. F. Nat. Med. 2004, 10, 310–315.
doi:10.1038/nm996

32. Nakase, I.; Kobayashi, N. B.; Takatani-Nakase, T.; Yoshida, T.
Sci. Rep. 2015, 5, 10300. doi:10.1038/srep10300

33. McLendon, P. M.; Fichter, K. M.; Reineke, T. M. Mol. Pharmaceutics
2010, 7, 738–750. doi:10.1021/mp900282e

34. Jersmann, H. P.; Dransfield, I.; Hart, S. P. Clin. Sci. 2003, 105,
273–278. doi:10.1042/cs20030126

35. Li, L.; Wan, T.; Wan, M.; Liu, B.; Cheng, R.; Zhang, R. Cell Biol. Int.
2015, 39, 531–539. doi:10.1002/cbin.10424

36. Canton, J.; Schlam, D.; Breuer, C.; Gütschow, M.; Glogauer, M.;
Grinstein, S. Nat. Commun. 2016, 7, 11284.
doi:10.1038/ncomms11284

37. Sun, J.; Murphy, E. Am. J. Physiol.: Heart Circ. Physiol. 2010, 299,
H1309–H1317. doi:10.1152/ajpheart.00373.2010

38. Forterre, A.; Komuro, H.; Aminova, S.; Harada, M. Cancers 2020, 12,
1852. doi:10.3390/cancers12071852

39. Claycomb, W. C.; Lanson, N. A.; Stallworth, B. S.; Egeland, D. B.;
Delcarpio, J. B.; Bahinski, A.; Izzo, N. J. Proc. Natl. Acad. Sci. U. S. A.
1998, 95, 2979–2984. doi:10.1073/pnas.95.6.2979

40. Freese, C.; Schreiner, D.; Anspach, L.; Bantz, C.; Maskos, M.;
Unger, R. E.; Kirkpatrick, C. J. Part. Fibre Toxicol. 2014, 11, 68.
doi:10.1186/s12989-014-0068-y

License and Terms
This is an Open Access article under the terms of the
Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0). Please note
that the reuse, redistribution and reproduction in particular
requires that the authors and source are credited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(https://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.11.150

https://doi.org/10.1016%2Fj.mcn.2008.08.009
https://doi.org/10.1007%2Fs10853-009-4159-3
https://doi.org/10.1039%2Fc5ra25333k
https://doi.org/10.1038%2Fnature12138
https://doi.org/10.1038%2Fnm.4256
https://doi.org/10.1021%2Fmp100366h
https://doi.org/10.1038%2Fnm996
https://doi.org/10.1038%2Fsrep10300
https://doi.org/10.1021%2Fmp900282e
https://doi.org/10.1042%2Fcs20030126
https://doi.org/10.1002%2Fcbin.10424
https://doi.org/10.1038%2Fncomms11284
https://doi.org/10.1152%2Fajpheart.00373.2010
https://doi.org/10.3390%2Fcancers12071852
https://doi.org/10.1073%2Fpnas.95.6.2979
https://doi.org/10.1186%2Fs12989-014-0068-y
https://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjnano
https://doi.org/10.3762/bjnano.11.150

	Abstract
	Introduction
	Results
	Characterization of HAp nanoparticles
	Cytotoxicity assay
	Transfection efficiency
	Endocytic pathway
	Macropinocytosis activity assay

	Discussion
	Conclusion
	Experimental
	Preparation of HAp nanoparticles
	Cell culture
	Cytotoxicity assay
	Transfection efficiency assay
	Endocytic pathway assay
	Macropinocytosis activity assay
	Statistical analysis

	Funding
	ORCID iDs
	References

