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1. INTRODUCTION
Epoxy is a popular thermoset resin formed through polymeriza-
tion reactions. The main molecular structure of epoxy is a high-
molecular polymer with aliphatic, aromatic, or alicyclic as the 
main chain containing two or more oxirane ring groups.1 Epoxy 
resin has the characteristics of easy hardening, good adhesion and 
mechanical properties, low volume shrinkage, insulation proper-
ties, and resistance to acid and alkali chemicals.2 It has been widely 
used for industrial applications including coatings,3,4 electronic 

devices,5 marine systems,6 and aerospace parts.7 Epoxy nanocom-
posites have also been applied in biomedical applications. For 
instance, polymer particles with grafted epoxy polymer chains 
provided a three-dimensional microenvironment to promote the 
growth and differentiation of hematopoietic stem cells.8 Covalent 
conjugation of an epoxy-based negative photoresist, SU-8, with 
!bronectin and collagen type I matrix proteins enhanced adhe-
sion and proliferation of mesenchymal stem cells (MSCs).9 
Modi!cation of magnetite-polymer Fe3O4-poly-ε-caprolactone 
with amino and epoxy groups allowing easy covalent attachment 
of speci!c antibodies for selective isolation of subpopulations of 
human adipose-derived stem cells.10 In addition, epoxy containing 
nanodots exhibited a broad band, and multi"uorescence proper-
ties, which were bene!cial to label cells for biosensing.11

Iron platinum (FePt) nanoparticles (NPs) have been widely 
studied in biomedicine. They have characteristics of high Curie 
temperature, saturation magnetic moment, good magnetocrys-
talline anisotropy, high coercivity, and high magnetic energy.12 In 
addition, due to the good biocompatibility, superparamagnetic, 
and high X-ray absorption properties, FePt nanoparticles have 
applied as a dual modality contrast agent for magnetic resonance 
imaging (MRI) and computed tomography (CT).13 Water-soluble 
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Abstract
Background: Nanoparticles have wide potential applications in biolabeling, bioimaging, and cell tracking. Development of dual 
functional nanoparticles increases the versatility.
Methods: We combined the fluorescent property of nano-epoxy (N-Epo) and the magnetic characteristic of FePt to fabricate the FePt-
decorated N-Epo (N-Epo-FePt). The size in diameter of N-Epo-FePt (177.38 ± 39.25 nm) was bigger than N-Epo (2.28 ± 1.01 nm), both 
could be absorbed into mesenchymal stem cells (MSCs) via clathrin-mediated endocytosis and have multiple fluorescent properties 
(blue, green, and red).
Results: N-Epo-FePt prevented N-Epo-induced platelet activation, CD68+-macrophage differentiation in blood, and intracellular 
ROS generation in MSCs. The induction of apoptosis and the inhibitory effects of N-Epo-FePt on cell migration, MMP-9 activity, 
and secretion of SDF-1α were less than that of N-Epo in MSCs.
Conclusion: N-Epo-FePt was more biocompatible without altering biological performance than N-Epo in MSCs. These results 
suggest that N-Epo-FePt nanoparticle can be used for fluorescence labeling of MSCs and is potential to apply to bioimaging and 
cell tracking of MSCs in vivo by magnetic resonance imaging or computed tomography.
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L-cysteine coated FePt (FePt-Cys) nanoparticles were devel-
oped as MRI/CT imaging contrast agent for the diagnosis of 
malignant gliomas.14 Encapsulation of FePt nanoparticles with 
PEGylated phospholipids to generate stealth immunomicelles 
was reported to detect human prostate cancer cells by MRI and 
"uorescence imaging.15 Superparamagnetic FePt nanoparticles 
(SIPPs) were used as vectors for encapsulated paclitaxel (PTX) 
to produce multifunctional SIPP-PTX micelles combined with 
an antibody against a prostate-speci!c membrane antigen for 
detection by MRI and speci!c targeting therapy in the xenograft 
mice model of human prostate cancer.16

Mesenchymal stem cells can self-renew and differentiate into 
speci!c cell lineages, such as bone, adipocytes, and neuron.17 
Moreover, MSCs have broad anti-in"ammatory and immune-
modulatory properties, in which they selectively migrate toward 
the site of injury, namely “homing” process.18 Due to the 
aforementioned characteristics, MSCs have been considerably 
inspected as potential biomedical applications for cell-based 
therapies of in"ammatory, immune-mediated, and degenerative 
diseases and cancers. To detect and track MSCs, several labe-
ling methods of MSC were developed. Expression a "uorescent 
protein, green "uorescent protein, by lentivirus-delivery into 
human umbilical cord-derived MSCs has been used for long-
term in vitro labeling, and may serve as a "uorescent tracker 
following transplantation in vivo.19 Thulium ion (Tm3+)-based 
nanoparticles were designed for deep tissue penetration as large 
as 2 mm of "uorescence bioimaging excited with near-infrared 
near-infrared.20 In addition to "uorescence labeling, Gadolinium 
ion (Gd3+)-containing carbon nanotube was evolved as MRI 
contrast agent for stem cells labeling.21

In the current study, we aimed to innovate dual functional 
nanoparticles combined the "uorescent property of nano-epoxy 
(N-Epo) and the magnetic characteristic of FePt to fabricate the 
FePt-decorated N-Epo (N-Epo-FePt) nanoparticles for biomedi-
cal applications and determine their physical characteristics, 
biocompatibility, biological effects in MSCs.

2. METHODS

2.1. Preparation of Nano-Epoxy and Nano-Epo-FePt
The Nano-Epoxy and Nano-Epoxy-FePt nanoparticles were 
kindly provided by Professor Shu-Chen Hsieh. In brief, 
3-Glycidoxypropyl trimethoxysilane-containing self-assembled 
SiOx nanodots (GPS-SANDs) were synthesized by the one-step 
heat procedure as followings, 3 mL GPS (Sigma) was stirred in a 
glass vial at 1000 rpm at 350°C for 90 minutes under an ambi-
ent air atmosphere. Afterward, the sample was slowly cooled to 
room temperature with continuously gently stirring to generate 
GPS-SANDs as Nano-Epoxy.11

2.2. Characterization of Physical Properties

2.2.1. Transmission Electron Microscopy
The solution of N-Epo or N-Epo-FePt nanoparticles (0.5 μL) 
were dropped onto a carbon grid with 200 copper mesh (No. 
01801, Ted Pella Inc.) for drying. The dried samples were 
applied to collect transmission electron microscopy (TEM) 
images under a JEOL JEM-2100 electron microscope with the 
conditions of 200 kV at 2 × 10−5 Pa vacuum as previous study.11

2.2.2. Photoluminescence Intensity
The PL spectra were scanned with the excitation wavelengths 
from 340 nm to 540 nm at 20 nm intervals by the F-7000 "uo-
rescence spectrometer (Hitachi). The emission spectra were col-
lected with the wavelengths from 200 nm to 800 nm, followed 
by measuring the (PL) intensity.11

2.2.3. Atomic Force Microscopy
The size of N-Epo or N-Epo-FePt nanoparticles were deter-
mined by an atomic force microscopy (AFM) (MFP-3D, 
Asylum Research). Ten microliters of nanoparticles in toluene 
solution (nanoparticles: toluene = 1:200, V/V) were dropped 
and sprayed onto a silicon wafer substrate. The images  
(512 × 512 pixels) were scanned at 1.0 Hz scan rate by a sili-
con cantilever (Olympus, AC240TS) with nominal spring con-
stant of 2 N/m by an AFM with tapping mode under ambient 
conditions.11

2.2.4. Dynamic Light Scattering
The aqueous solution of N-Epo or N-Epo-FePt nanoparticles 
(0.2 mg/mL) was !ltrated through a 0.45 μm !lter (Millipore). 
The size distribution of these nanoparticles was determined 
with dynamic light scattering (DLS) by using Zetasizer Nano 
ZS90 (Malvern Panalytical, United Kingdom). The data were 
acquired with a He–Ne laser (633 nm) and 90° collecting 
optics at 25°C and analyzed by Zetasizer software (Malvern 
Panalytical).

2.3. Immunofluorescence Staining for Uptake Assay  
and Inhibitor Assay
For uptake assay, cells were seeded on a 15 mm coverslip at a 
density of 2 × 104 cells/well in a 24-well plate, and then treated 
with N-Epoxy or N-Epoxy-FePt nanoparticles for 2 or 24 
hours. For inhibitor assay, the neutralization effect of chlor-
promazine (Sigma), methyl-β-cyclodextrin (Sigma), cytocha-
lasin D (CCD) (Sigma), and Ba!lomycin (Sigma) in response to 
MSCs after uptake of N-Epoxy and N-Epoxy-FePt nanoparti-
cles were examined. MSCs were seeded on a 15-mm coverslip 
at a density of 2 × 105 cells/well in a 24-well plate, and then 
pretreated with 2 μM chlorpromazine (CPZ), 2.5 mM methyl-
β-cyclodextrin (MβCD), 5 μM CCD, or 100 nM Ba!lomycin 
(Bafa) for 1 hour at 37°C. Subsequently, the medium was 
replaced with fresh culture medium and cells were incubated 
for another 2 or 24 hours. After treatment, cells were applied 
to immuno"uorescence staining as below, treated cells were 
washed with Phosphate-Buffered Saline (PBS), followed by !xa-
tion with 4% paraformaldehyde (Sigma) for 15 minutes, and 
permeabilization with 0.5% (v/v) Triton X-100 (Sigma) in PBS 
for 10 minutes. The !xed cells were blocked with 1% (w/v) 
bovine serum albumin at room temperature for 30 minutes, and 
then stained with rhodamine phalloidin (1:1000, Sigma) for 30 
minutes. Finally, the coverslips were mounted onto slides after 
extensively washing, and conducted to obtain images under a 
"uorescence microscope (Eclipse 80i, Nikon, Japan).22

2.4. Biocompatibility Assays

2.4.1. 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide Assay for Cell Viability
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay was performed to measure cell viability. MSCs 
were seeded at a density 1 × 104 per well of into a 96-well dish 
on a day before experiments. Cells were then treated with dif-
ferent concentrations of N-Epoxy or N-Epoxy-FePt nanopar-
ticles for 24, 48, and 72 hours. After treatment, the medium 
was replaced with fresh medium containing 0.5 mg/mL of MTT 
and incubated at 37°C for another 2 hours. After discarding the 
medium, the formazan crystals within cells were dissolved with 
dimethyl sulfoxide (DMSO) and the absorbance was measured 
at 570 nm by a microplate reader (SpectraMax M2e, Molecular 
Devices, USA). The cell viability was calculated by the relative 
fold change of OD570 in the experimental group comparing to 
that in the control group.23
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2.4.2. Platelet Activation Assay
Platelet activation assay was determined as previously described.23 
Platelet-rich plasma were obtained from the Taichung Veterans 
General Hospital, Taiwan. In brief, the indicated concentra-
tions of N-Epoxy or N-Epoxy-FePt nanoparticles and 0.5 mL 
of platelet-rich plasma (2 × 106 platelets/mL) were added in a 
24-well plate and incubated at 37°C for 1 hours. Subsequently, 
the number of adherent platelets was calculated by a cell counter 
(Assistant, Germany).

In"ammatory index was performed as previously described.23 
Monocytes were isolated from whole blood of healthy donors 
(IRB approval number CE12164) by density gradient centrifu-
gation in Percoll solution (Sigma). The puri!ed monocytes 
were seeded at a density of 1 × 105 cells/mL onto the N-Epoxy 
or N-Epoxy-FePt nanoparticles coated 24-well culture plate 
and incubated at 37°C for 96 hours. Afterward, the cells were 
collected and the numbers of monocytes and macrophages 
were counted based on the morphology under an inverted 
phase contrast microscope. The in"ammatory index was cal-
culated by the ratio of macrophages to monocytes. The expres-
sion of CD68 on macrophages after incubation with N-Epoxy 
or N-Epoxy-FePt nanoparticles for 96 hours was examined by 
immuno"uorescence staining with primary antibody against 
CD68 and FITC-conjugated secondary antibody. Cell nuclei 
were counterstained by DAPI (4′, 6-diamidino-2-phenylindole) 
staining.

2.4.3. ROS Measurement
Intracellular reactive oxygen species (ROS) were determined by 
the cell-permeable "uorogenic probe 2′,7′-dichloro"uorescin diac-
etate (DCFH-dA) (Sigma) as previously described.23 MSCs were 
seeded at a density of 2 × 105/well into a 96-well dish on a day 
before experiments. Cells were treated with different concentra-
tions of N-Epoxy or N-Epoxy-FePt nanoparticles and incubated 
at 37°C for 48 hours. Afterward, cells were collected, washed 
with PBS, and incubated with 10 μM of DCFH-dA at 37°C for 
30 minutes. The intracellular ROS was determined according to 
the "uorescence intensity from excitation/emission wavelength of 
480 nm/530 nm at 30 minutes intervals for 4 hours by a "uores-
cence activated cell sorter (FACS) Calibur "ow cytometer (Becton 
Dickinson, USA). The "uorescent cells were further quanti!ed by 
the CellQuest software (Becton Dickinson, USA).

2.5. Cell Cycle Analysis and Cell Toxicity Test
Distribution of the cells in each phase of the cell cycle was deter-
mined by a "ow cytometer. In brief, 2 × 105 cells were collected, 
!xed with 80% ethanol in PBS, and then stained with 0.2 mL of 
propidium iodide (PI) solution containing 0.05 mg/mL PI, 1 mg/mL 
RNase A, 1 mM EDTA, and 0.01% Triton X-100 in PBS for 1 hour, 
followed by a FACS Caliber "ow cytometer (Becton Dickinson) 
analysis. The distributions of cells in G1, S, and G2/M phases of cell 
cycle were analyzed by FACS software, and cells with subdiploid 
DNA content were considered as apoptotic cells in sub-G1 phase.22

Fig. 1 Characterization of N-Epo. A, Chemical structure of GPTMS, (B) the image of N-Epo under a TEM, (C) photoluminescence spectrum of N-Epo (left); the 
schematic diagram in the N-Epo treated MSCs under blue, green, and red emission wavelengths (right). N-Epo = nano-epoxy; GPTMS
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The cell toxicity test was performed as annexin V/PI staining 
as previously described.22 MSCs were treated with or without 
N-Epoxy or N-Epoxy-FePt nanoparticles. Afterward, cells were 
stained with FITC-conjugated antiannexin V antibody and PI 
solution, and the images were observed under a "uorescence 
microscope. Annexin V-positive cells were considered as apop-
totic cell death. For the cytometric analysis of apoptotic cell 
death, treated cells were collected, stained with FITC-conjugated 
anti-Annexin V antibody and PI solution, and then subjected to 
a "ow cytometric analysis. Accordingly, cells were considered 
as live cells with Annexin V negative/PI negative, early apop-
totic cells with Annexin V negative/PI positive, late apoptotic 
cells with Annexin V positive/PI positive, and necrotic cells with 
Annexin V negative/PI positive.

2.6. Assays for Biological Functions

2.6.1. Cell Migration Assay
Cell migration assay was performed by wound healing with 
Oris tricoated plate (Platypus technologies, USA).23 A cell seed-
ing stopper was inserted in the center on top of Oris plate, and 

cells were then seeded onto the plate at a density of 8 × 103/
well and cultured for 24 hours to full con"uence. Initially, the 
stopper was removed from the experimental well, but kept one 
well with stopper as the premigration reference. Subsequently, 
cells were treated with or without N-Epoxy or N-Epoxy-FePt 
nanoparticles, and incubated at 37°C for different time intervals 
(0, 24, 48 hours). After treatment, cells were labeled with 2 mM 
Calcein-AM and the image was obtained at each time interval 
under a "uorescence microscope (Zeiss Axio Imager A1, USA). 
The distance of cell migration inside the boundary was quanti-
!ed by Image Pro Plus 5.0 software.

2.6.2. Detection of Secreted SAF-1 Protein
The secreted SDF-1 was determined with human CXCL12/
SDF-1 DuoSet ELISA Development System kit (R&D system). 
MSCs were treated with or without N-Epoxy or N-Epoxy-FePt 
nanoparticles for 48 hours. The conditioned media were col-
lected for detection of secreted SAF-1 protein according to the 
instruction of the kit. The OD value were measured at 450 nm 
by using an ELISA reader.

Fig. 2 Characterization of nano-epoxy by AFM and DLS. (A) Image of surface topography of N-Epo, (B) the distribution of the particle size of N-Epo, (C) the 
height of Nano-epoxy, (D) the distribution of the particle size of N-Epo (red) and N-Epo-FePt (green) measured by DLS, (E) the quantitative result of N-Epo (red 
bar) and N-Epo-FePt (green bar) particle size. **p < 0.01 comparing to that of N-Epo.
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2.6.3. Gelatin Zymography
Approximately, 2 ×105 cells were seeded into a 10-cm cul-
ture dish on a day before experiments. After treatment for 
48 hours, the conditioned medium was collected and applied 
to gelatin zymography as previously described.23 The condi-
tioned media were separated by SDS-PAGE with 2% gela-
tin. After separation, the gelatin gel was incubated in the 
Zymogram renaturing buffer containing 40 mM Tris-HCl, 
pH8.5, 0.2 M NaCl, 10 mM CaCl2, and 2.5% Triton X-100 
with gentle agitation at room temperature for 30 minutes 
by two times. The gelatin gel was equilibrated in the 1 × 
Zymogram developing buffer containing 40 mM Tris-HCl, 
pH 8.5, 0.2 M NaCl, 10 mM CaCl2, and 0.01% NaN3) with 
gentle agitation at room temperature for another 30 minutes, 
and then immersed with fresh developing buffer and incu-
bated at 37°C overnight. Subsequently, the gel was stained 
with 0.2% Coomassie brilliant blue R-250 in 10% ace-
tic acid and 50% methanol and then washed in destaining 
solution (10% acetic acid, 20% methanol). The clear bands 
represented the gelatin digested areas by activated MMPs.  

The stained gelatin gel was scanned by a densitometer and the 
clean areas were quanti!ed by Image Pro Plus 5.0 software 
(Media Cybernetics). The quanti!ed data were normalized by 
total proteins in the conditioned media.

2.7. Statistical Analysis
Data were showed as mean ± SD. The differences between mean 
values of experimental and control groups were determined 
with one-way ANOVA and Scheffe test by SPSS software (ver-
sion 17.0). Probability value (p) < 0.05 was consider as statisti-
cal signi!cance between groups.

3. RESULTS

3.1. Characterization of Nano-epoxy and Nano-epoxy-FePt
Nano-epoxy (N-Epo) was fabricated from an epoxy resin, 
3-glycidoxypropyltrimethoxysilane (GPTMS) (Fig.  1A).  
The results from TEM showed the evenly distributed 
image less than 50 nm in diameter of N-Epo (Fig.  1B).  

Fig. 3 Validation of biocompatibility of nano-epoxy. (A) The representative image of adherent platelets on uncoated (control), N-Epo-coated, and N-Epo-FePt-
coated well. (B) The relative platelet activation was determined by relative fold of adherent platelets. (C) Approximate 105 monocytes were cultured in the medium 
with or without N-Epo and N-Epo-FePt for 96h. The expression of a macrophage marker, CD68, was determined by immuno-fluorescent staining (green 
color). The cell nucleus was counterstained with DAPI (blue color). (D) The relative CD68 expression was quantified. (E) MSCs were treated with 15 000-fold 
diluted N-Epo or N-Epo-FePt for 48 hours. Subsequently, the amount of intracellular ROS was measured as oxidization of DCFDA to fluorescent DCF by a flow 
cytometer. The relative ROS generation was shown. *p<0.05, ***p<0.001; #p<0.05, ##p<0.01 in comparison with untreated cells (control) and N-Epo treated 
cells, respectively.
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The photoluminescence (PL) spectrum of N-Epo revealed that 
the emission wavelengths of N-Epo were ranged from 480 nm 
to 580 nm and peaked at 505 nm, indicating the multiple "uo-
rescent properties of N-Epo (Fig. 1C, left panel), and the sche-
matic diagram was shown in the N-Epo treated MSCs under 
blue, green, and red emission wavelengths (Fig.  1C, right 
panel). The physical properties of nano-epoxy were further 
characterized by AFM and DLS. The image from AFM showed 
the surface topography of N-Epo (Fig. 2A) with 3.1 ±1.4 nm 
in diameter (Fig.  2B) and 3.9 nm in height (Fig.  2C). The 
results from DLS demonstrated that the size distribution of 
N-Epo-FePt was extremely larger than N-Epo (Fig. 2D) with 
177.38 ± 39.25 nm and 2.28 ± 1.01 nm in diameter, respec-
tively (Fig. 2E).

3.2. Validation of Biocompatibility of Nano-epoxy
To determine the biocompatibility of N-Epo and N-Epo-FePt, 
the effects on platelet activation, macrophage activation, and 
cytotoxicity were examined. The well coated with N-Epo-FePt 
signi!cantly reduced platelet activation as determined by the 
numbers of adherent platelets; however, N-Epo-coated well 
did not (Fig. 3A, C). In terms of macrophage activation, more 

N-Epo-treated monocyte differentiated to CD68-positive mac-
rophage than N-Epo-FePt-treated one (Fig.  3B, D), suggest-
ing that FePt-decorated N-Epo could prevent N-Epo-induced 
in"ammation. Moreover, the intracellular ROS were markedly 
less in N-Epo-FePt-treated MSCs than that in N-Epo-treated 
one (Fig.  3E). The results from MTT assay showed that 
2500×-, 5000×-, and 10 000×-diluted N-Epo and N-Epo-FePt 
were toxic to MSCs after 24, 48, or 72 hours treatment, while 
the cytotoxicity was limited or nontoxic at 15 000×-dilution 
(Supplementary Fig. 1, http://links.lww.com/JCMA/A111). 
Taken together, based on the lower platelet activation, mac-
rophage differentiation, and less intracellular ROS generation 
by N-Epo-FePt, FePt-decorated N-Epo was more biocompat-
ible than N-Epo.

3.3. The Uptake of N-Epo and N-Epo-FePt Into MSCs  
Is Mainly Through Clathrin-mediated Endocytosis
To determine the uptake of nano-epoxy into MSCs, the "uores-
cent images were obtained after treatment of N-Epo (Fig. 4A) 
or N-Epo-FePt (Fig. 4B) for different time intervals. The results 
showed that both N-Epo and N-Epo-FePt could be absorbed 
into MSCs after 30 minutes and their multiple "uorescent 

Fig. 4 The cellular uptake of N-Epo and N-Epo-FePt in MSCs. MSCs were treated with 15 000× diluted N-Epo (A and C) and N-Epo-FePt (B and D) for 30 min, 
2 h, or 24 h. (A and B) The fluorescent images were captured under a fluorescence microscope with different emission wavelengths (blue, green, and red colors). 
(C and D) Fluorescence activated cell sorter (FACS) assay was also applied to observe the uptake efficiency was also quantified based on fluorescent intensity 
by immunofluorescence by flow cytometry. The plots represented the relative fold change of fluorescence intensity by mean ± SD.
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properties were also observed at blue, green, and red wave-
lengths. The quantitative results indicated that the "uorescence 
peaked at 2 hours and sustained for 24 hours in N-Epo treated 
MSCs (Fig. 4C), while the "uorescence increased with time from 
30 minutes to 24 hours in N-Epo-FePt treated MSCs (Fig. 4D). 
In short, both N-Epo and N-Epo-FePt could be absorbed into 
MSCs after 30 minutes and were stable at least for 24 hours 
within cells.

To further clarify the possible pathways of the uptake of 
nano-epoxy into MSCs, the selective inhibitors, CPZ and ba!lo-
mycin A (Baf) against clathrin-mediated endocytosis (CME), 
CCD against phagocytosis-macropinocytosis, or beta-methyl-
cyclodextrin (β-MCD) against caveolae-dependent endocytosis, 
were tested. Pretreating MSCs with CPZ or Baf signi!cantly dis-
rupted the uptake of N-Epo-FePt after treatment for 2 hours 

(Fig. 5A, C) and 24 hours (Fig. 5B, D). However, pretreatment 
of β-MCD or CCD did not affect the uptake of N-Epo-FePt into 
MSCs. Similar phenomena were also observed in the uptake of 
N-Epo into MSCs (Supplementary Figure 2, http://links.lww.
com/JCMA/A111). Taken together, the uptake of N-Epo-FePt 
and N-Epo was mainly through clathrin-mediated endocytosis 
in MSCs.

3.4. The Effects of N-Epo and N-Epo-FePt on Cytotoxicity 
and Cell Cycle Progression in MSCs
To distinguish the cell death caused by nano-epoxy in MSCs, 
annexin V/PI staining was performed. The results showed that most 
of MSCs were viable after 48 hours treatment (annexin V–, PI–).  
Nano-epoxy induced apoptotic cell death (annexin V+, PI±),  
but not necrosis (annexin V–, PI+), whereas the apoptosis was 

Fig. 5 The cellular uptake of N-Epo-FePt is mainly through clathrin-mediated endocytosis. MSCs were pretreated with the selective inhibitors of clathrin-mediated 
endocytosis (CME), chlorpromazine (CPZ), and bafilomycin A (Baf), or inhibitors of phagocytosis-macropinocytosis and caveolae-dependent endocytosis, 
cytochalasin-D (CCD), and beta-methyl-cyclodextrin (β-MCD), respectively, for 1 h, and then treated with N-Epo-FePt for another 2 h (A) or 24 h (B). (A and B)  
The fluorescent images in each time interval were captured under a fluorescence microscope with different emission wavelengths (blue, green, and red colors).  
(C and D) Fluorescence intensity influenced by various inhibitors was also analyzed by flow cytometery. *p < 0.05, **p < 0.01. The bar plots represented the 
relative fold change of fluorescence intensity comparing to that from control cells by mean ± SD (*p < 0.05; **p < 0.01).
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less in N-Epo-FePt-treated MSCs than that in N-Epo-treated 
one (Fig. 6A, C). In addition, the cells at sub-G1 phase were also 
less in N-Epo-FePt-treated MSCs comparing to that in N-Epo-
treated one without alternation of cell cycle progression at  
G0/G1, S, and G2/M phases (Fig. 6D). To sum up, N-Epo-FePt 
and N-Epo were biocompatible and did not alter cell cycle pro-
gression in MSCs.

3.5. The Effects of N-Epo and N-Epo-FePt  
on the Movement of MSCs
The migration of MSCs is important for homing. Therefore, 
the effects of nano-epoxy on the movement of MSCs were 

examined. The results from Oris cell migration assay demon-
strated that N-Epo-FePt did not inhibit the migratory abil-
ity of MSCs, but N-Epo suppressed the boundary moving 
distance of MSCs comparing to the control cells (Fig. 7A, B).  
The secreted MMP-9 activity was signi!cantly reduced in the 
conditioned medium from N-Epo-treated MSCs than that 
from N-Epo-FePt treated one (Fig. 7C). In addition, the SDF-
1α/CXCR4 signaling has been reported to be involved in cell 
migration. Thus, the secreted SDF-1α was determined by ELISA. 
The secretion of SDF-1α was lower in the conditioned medium 
from N-Epo-treated MSCs than that from N-Epo-FePt treated 
one (Fig. 7D). These results revealed that the inhibitory effects 

Fig. 6 The effects of N-Epo and N-Epo-FePt on apoptotic cell death and cell cycle progression. MSCs were treated with N-Epo or N-Epo-FePt for 48 h. (A) the 
representative fluorescent images of cells stained with annexin V and PI. (B) Cells were stained with a FITC-conjugated antiannexin V antibody and PI, followed 
by a flow cytometric analysis. (C) Cell line was subjected MSCs for 48 h, then double stained by Annexin V (green) –PI (red) for fluorescence microscopy and 
flowcytometry investigation. Epoxy (alone) could induce more apoptotic (Annexin V+) and dead (PI+) cells. **p < 0.01. (D) The results evaluated that the amount of 
apoptotic cells was remarkably increased in especially in Epoxy (alone). Cell cycle influenced by various materials was also analyzed by flow cytometery. Further, 
cell population of G0/G1 phase was observed more than G2/M, S, and Sub-G1 phase after N-Epo treatment. *p < 0.05.
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of N-Epo-FePt on cell migration, MMP-9 activity, and secretion 
of SDF-1α were less than that of N-Epo in MSCs.

The summary of the major !ndings of MSCs by N-Epoxy and 
N-Epoxy-FePt as illustrated in the Fig. 8.

4. DISCUSSION
Nanoparticles are potential to be used in wide areas includ-
ing biomedical applications, such as labeling and tracking 
cells, and delivery of drugs, proteins, DNA, or antibodies. 
Therefore, biocompatibility and biological performance are 
important issues to evaluate biosafety and functions of nan-
oparticles in different cell types. Cytotoxicity, genotoxicity, 
and immune responses are the general approaches to assess 
biosafety. For instance, Cytotoxicity is judged by cell viability 
according to mitochondrial dehydrogenases activity and cell 
membrane integrity by tetrazolium-based assay (MTT, MTS, 
or WST-1 assay) and lactate dehydrogenase (LDH) assay, 
respectively. The effects of nanoparticles on in"ammatory 
responses are determined by secretion of in"ammatory bio-
markers, such as IL-8, IL-6, and tumor necrosis factor-alpha 
(TNF-α).24 The in"ammatory responses can also be evalu-
ated by activation of platelets and macrophages.23 Instillation 
of silica nanoparticles induced transient, but severe lung 
in"ammation at an early stage and chronic granulomatous 
in"ammation at the later stage in A/J mice. Cytokines and 
chemokines increased during the early stages, but decreased 

to basal level after 1 week (TNF-α) or 4 weeks (IL-1β, IL-6, 
IL-8, MCP-1 and MIP-2).25 Our results showed that N-Epo-
FePt prevented N-Epo-induced platelet activation, CD68+-
macrophage differentiation in blood, and intracellular ROS 
generation in MSCs (Fig.  3). The results from functional 
assays revealed that apoptotic cell death was increased and 
migration and MMP-9 activities were inhibited by N-Epo, 
but mot by N-Epo-FePt in MSCs (Figs. 6 and 7). These data 
indicated that in"ammatory induction and toxicity were 
lower in FePt-decorated nano-epoxy nanoparticles than that 
in nano-epoxy nanoparticles.

Several factors have been reported to affect toxicity of 
nanoparticles, including association of cell surface to damage 
cell membrane or activate internal signaling pathways, disso-
lution of composites to release toxic ions, and generation of 
ROS to induce oxidative stress.26 Treating human bronchoal-
veolar carcinoma cells with silica nanoparticles (15–46 nm) 
resulted in increasing ROS generation and LDH release in 
a dosage-dependent manner.27 Mitochondrial damage-medi-
ated ROS increase was also observed in 43 nm nonmodi!ed 
amorphous silica nanoparticles-treated HepG2 human hepa-
tocellular carcinoma cells for 3 and 24 hours exposure.28  
In our study, conjugation of FePt to nano-epoxy nanoparticles 
(N-Epo-FePt) reduced ROS production in MSCs (Fig.  3E), 
suggesting that modi!cation of N-Epo by FePt leads to reduc-
ing toxicity at least in part due to decrease of intracellular 
ROS in MSCs.

Fig. 7 (A) The effects of N-Ep treatment was determined by Oris cell migration assay. (B) The boundary moving distance of MSCo and N-Epo-FePt on the 
properties of migration, MMP-9 activity, and SDF-1 α secretion of MSCs. MSCs were treated with or without N-Epo and N-Epo-FePt for 24 and 48 h. (A) The 
migratory ability of MSCs in eachs in each treatment was quantified. (C and D) The conditioned medium in each treatment was collected. Subsequently, (C) 
the MMP-9 activity was measured by gelatin zymography. (D) The amount of secreted SDF-1 α protein was examined by ELISA. *p<0.05, **p<0.01; #p<0.05, 
##p<0.01 in comparison with untreated cells (control) and N-Epo treated cells, respectively.
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Fig. 8 Summary of the major findings. (A) Both N-Epo and N-Epo-FePt nanoparticles could be absorbed into MSCs. (B) The uptake of N-Epo and N-Epo-FePt 
into MSCs was mainly via clathrin-mediated endocytosis. (C) N-Epo-FePt was more biocompatible than N-Epo, as FePt-decorated N-Epo could prevent N-Epo-
induced platelet activation, CD68+-macrophage differentiation, intracellular ROS generation, and apoptosis of MSCs.

It has been reported that size, shape, and surface capping of gold 
nanoparticles (AuNPs) affect cytotoxicity in PC3 human prostate 
cancer cells. The cellular uptake by nanoparticle number was 
increased with decreased size of AuNPs. In terms of cytotoxicity, 
rod- and cube-shaped AuNPs were well tolerated, whereas spheri-
cal and prismatic AuNPs were toxic to PC3 cells.29 Size-dependent 
cytotoxicity and genotoxicity were observed in silver nanopar-
ticles (AgNPs) in HEI-OC1 cochlear cells. Comparing different 
sizes (5, 25, 50, and 110 nm) of AgNPs, the cytotoxicity and ROS 
production decreased with the increased size of nanoparticles.  
The higher level of DNA lesions measured by comet assay occurred 
after treatment with small-sized AgNPs (5 nm) in HEI-OC1 cells.30  
In the current study, the sizes in diameter of N-Epo-FePt and 
N-Epo were 177.38 ± 39.25 nm and 2.28 ± 1.01 nm, respectively 
(Fig. 2D, E). In addition to reduced ROS production, the lower 
cytotoxicity of N-Epo-FePt might be probably in part due to the 
larger size.

In conclusion, we developed the dual functional N-Epo-
FePt nanoparticles by combining the "uorescent property of 
nano-epoxy and the magnetic characteristic of FePt. Both 
N-Epo and N-Epo-FePt nanoparticles could be absorbed into 
MSCs mainly through via clathrin-mediated endocytosis. FePt-
decorated N-Epo could prevent N-Epo-induced platelet activa-
tion, CD68+-macrophage differentiation in blood, and reduce 
N-Epo-induced intracellular ROS generation, apoptosis, inhibi-
tion of cell migration, MMP-9 activity, and secretion of SDF-1α 
in MSCs. Thus, N-Epo-FePt was more biocompatible without 
altering biological performance than N-Epo in MSCs. These 
results suggest that N-Epo-FePt nanoparticle can be used for 
"uorescence labeling of MSCs and is potential to apply to bio-
imaging and cell tracking of MSCs in vivo by MRI or CT.
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