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a b s t r a c t

Perfluorooctane sulfonate (PFOS) has been widely used as a surface coating for household products. It
still exists in living environments despite being restricted, due to its bioaccumulation and long half-life.
Studies have shown that PFOS has the ability to induce adipogenic differentiation of human cells. Human
mesenchymal stem cells (hMSCs) distributed within the adipose tissue might be a potential target of
accumulated PFOS. However, traditional end-point toxicity assays failed to examine the subtle changes of
cellular function exposed to low-dose persistent organic pollutants in real time. In the present work,
highly sensitive and long-retained (more than 30 days) fluorescence based polymeric nanosensors were
developed and employed for real-time assessment of cellular functions. hMSCs were engineered with
sensor molecules encapsulated poly (lactic-co-glycolic acid) (PLGA) particles. Once internalized by
hMSCs, PLGA particles continuously release and replenish sensor molecules to cytoplasm, resulting in
prolonged fluorescence signal against photo bleaching and dilution by exocytosis. With this method, the
dynamic changes of viability, ROS induction, and adipogenic differentiation related mRNA expression of
hMSCs were monitored. PFOS with the concentration as low as 0.1 mM can induce cellular ROS and
enhance the PPARg and ap2 mRNA expression, suggesting the effect on promoting adipogenic differ-
entiation of hMSCs.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Persistent organic pollutants (POPs) are compounds that are
extremely stable in environment and are resistant to degradation
by chemical, biological or photolytic processes (Bj€orklund et al.,
2009; Giesy and Kannan, 2001; Paul et al., 2009). They can bio-
accumulate in organisms and the in vitro and in vivo toxicity data
suggest their potential risks to human health. For example, per-
fluorooctane sulfonate (PFOS) listed by Stockholm Convention in
2009 is widely distributed in natural environment and has a half-
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life of serum elimination of 5.4 years (Olsen et al., 2007).
Numerous adverse effects such as immunotoxicity (Zhang et al.,
2013), development toxicity (Chen et al., 2014), neurotoxicity
(Sun et al., 2018; Yin et al., 2018), endocrine disruption (Gao et al.,
2013b) and hepatotoxicity have been found in animal models and
in vitro assays. PFOS is reported that can easily accumulate in or-
ganisms and be sequestrated into the liver, lung and kidney, which
mainly due to its binding to plasma proteins (Kudo et al., 2007;
Garcia et al., 2018). As a repository for PFOS, the interaction of
adipose tissue and PFOS could lead to substantial metabolic and
endocrine disruption (La Merrill et al., 2013). Some studies have
shown that PFOS can promote the adipogenic differentiation of
cells (Liu et al., 2019; Xu et al., 2016). Peroxisome proliferator
activator receptor g (PPARg) and its downstream target genes fatty
acid binding protein 4 (adipocyte protein 2, or ap2) are important
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genes that regulating cellular adipogenic differentiation (Soukas
et al., 2001). Human mesenchymal stem cells (hMSCs) are multi-
potent stromal cells distributed in bonemarrow, umbilical cord and
adipose tissue. They can differentiate into certain cell types to
repair the damaged tissue (Faiola et al., 2015). As adipose tissue is
one of themajor sources of hMSCs, the effects on their expression of
adipogenic differentiation related genes by PFOS need to be
elucidated.

However, most reported studies were conducted at a relatively
high dosage (1e240 mM) of PFOS that is far beyond its serum
concentration (0.02e10 mM) (Lau et al., 2007; Olsen et al., 2007).
Besides, the end-point assays used in traditional toxicity studies
such as quantitative polymerase chain reaction (qPCR) (Kim et al.,
2019), enzyme-linked immunosorbent assay (ELISA) (Al-Shehri
et al., 2019), and staining assays (Liang et al., 2017) failed to
pinpoint the subtle changes of cellular function at low exposure
dosage in real time, leading to false-negative results and misun-
derstanding of the potential mode of action. Real-time fluorescence
based intracellular sensors thus have been developed to address
the aforementioned challenges. These sensors including aptamer-,
graphene quantum dots-, and polyacrylamide-based sensors can be
uptaken by cells and have successfully indicated the expression of
biomarkers such as genes, lysozyme, Fe3þ, and reactive oxygen
species (ROS) (Henderson et al., 2009; Jung et al., 2019; Lesani et al.,
2019). However, fluorescent sensors usually suffer from photo
bleaching and signal dilution due to stability issues and the
exocytosis of cells respectively, leading to inability of long-term
intracellular sensing (Gao et al., 2013a, ; Gao et al., 2015a, 2015b).

Recently, researchers have demonstrated that PLGA particles
can be internalized by hMSCs and stay inside for weeks without any
influence on cellular functions such as viability, proliferation and
differentiation (Yeo et al., 2015; Ankrum et al., 2014). In the present
work, we developed a strategy for real-timemonitoring the cellular
function of cells during a relatively long-term period (approxi-
mately 20e30 days). Specifically, human mesenchymal stem cells
were engineered with poly (lactic-co-glycolic acid) (PLGA) particles
which continuously releasing their sensor molecules with degra-
dation, replenishing active sensors against photo bleaching with
time (Yeo et al., 2015). Once internalized by stem cells, prolonged
cellular retention of sensor particles can be achieved through
exocytosis inhibition mediated by the size effect of the particles
(Ankrum et al., 2014). Multiple detections of biomarkers can be
achieved by simply replacing the loaded sensor molecules within
the PLGA particles. With this method, real-time monitoring of
viability, ROS induction and themRNA expression of PPARg and ap2
of stem cells exposed to low-dose PFOS were performed. PFOS can
enhance the mRNA expression of PPARg and ap2 of hMSCs at the
dosage as low as 0.1 mM.
2. Materials and methods

2.1. Chemicals

Poly (lactic-co-glycolic acid) (PLGA, 50:50), poly-L-lysine solu-
tion (PLL, 0.1% (w/v)), dimethyl sulfoxide (DMSO, � 99.7%), tert-
Butyl hydroperoxide (TBHP, 70 wt % in H2O), polyvinyl alcohol
(PVA), glutathione (GSH, � 98.0%), and perfluorooctane sulfonate
(PFOS, analytical standard) were purchased from Sigma-Aldrich.
Calcein AM, CellROX Deep Red Reagent (CellROX), NucBlue™ Live
Cell Stain (H33342), Dulbecco’s modified eagle medium (DMEM)
high glucose with L-glutamine, fetal bovine serum (FBS), trypsin-
EDTA, penicillin-streptomycin (10,000 UmL�1) and phosphate
buffered saline (PBS, pH¼ 7.4) were purchased from Thermo Fisher
Scientific.
2.2. Preparation of the PLGA sensors

PLGA sensors were synthesized by the established method (Yeo
et al., 2015). Briefly, 50 mL of calcein AM (1 mgmL�1) or 20 mL of
CellROX deep red (25 mgmL�1) in 0.93 mL dichloromethane was
mixed with 20 mg of PLGA at 4 �C. For molecular beacon containing
PLGA sensors, calcein AM or CellROXwere simply replaced by 20 mL
molecular beacons (MBs) dissolved in DNAse/RNAse-free distilled
(50 mM) (b-actin or PPARg or ap2 MB) water for the detection of b-
actin, PPARg or ap2, respectively. Then the resultant mixture was
added to 3% polyvinyl alcohol (PVA) aqueous solution dropwise and
homogenized for 2 min with a homogenizer (SCILOGEX, US). The
emulsion was placed in the distiller (Heidolph, Germany) to evap-
orate dichloromethane. Finally, PLGA sensors were collected
through centrifugation (2300 g, 5 min) and washed 3 times with
deionized water. After freezing-drying, the resultant powders were
stored in dark at �20 �C.

2.3. Characterization

Samples on the silicon pellet were plasma-coated with gold for
25 s and then imaged on the JSM-6700 F field emission scanning
electron microscope (Hitachi, Japan) (5 kV). The hydrodynamic
diameter and zeta-potential of PLGA sensors were measured with
ZetaPALS potential Analyzer (Brookhaven, US).

2.4. Sensor molecules release profile

To evaluate the release of sensor molecules (calcein AM),1mg of
PLGA@calcein AM sensor particles were dispersed in 1 mL of PBS
(pH ¼ 7.4) at 37 �C. The fluorescence intensity of the collected su-
pernatants at pre-determined time points were measured using a
fluorescence spectrophotometer (Shimadzu, US) with excitation
and emission wavelength at 490 and 515 nm respectively. Loading
capacity and encapsulation efficiency were determined by using
the following equations (1) and (2), respectively, where nD is the
amount (mole) of added calcein AM, CD is the concentration of
calcein AM in the supernatant, VD is the volume of supernatant, MD
is the molecular weight of calcein AM, mD is the mass of calcein AM
and mP is the mass of particles, respectively.

Loading Capacity¼ðnD � CDVDÞMD

mP
� 100% (1)

Encapsulation Efficiency¼ðnD � CDVDÞMD

mD
� 100% (2)

2.5. Cell culture

Human mesenchymal stem cells (hMSCs) were purchased from
Cyagen (China), which is pre-validated to be negative for CD29,
CD44, CD105, CD34, and CD45. These cells were cultured in hMSCs
growth media (Dulbecco’s Modified Eagle Medium, DMEM) sup-
plemented with 10% fetal bovine serum (FBS), 1% penicillin-
streptomycin at 37 �C with 5% CO2. Cells were used between the
passages 3e7. The cell seeding density is 2.5 � 104 cells per cm2. To
avoid the variability, all experiments were performed in triplicates.

2.6. Labelling efficiency

Unlabelled hMSCs and hMSCs labelled with PLGA@calcein AM
sensors were washed with PBS before re-suspending in cold cell
medium. Then samples were analysed by flow cytometry (Merck,
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Germany) (Ankrum et al., 2014).

2.7. Longitudinal tracking engineered hMSCs by confocal
microscope

Cells were incubated with nanosensors (PLGA@calcein AM,
0.8 mgmL�1) decorated with PLL for 24 h before washing 3 times
with PBS. As a control group, free calcein AMmolecules (2 mgmL�1)
were used to label cells for 24 h, followed by washing with PBS and
replenishment with fresh medium. The fluorescence of hMSCs at
pre-determined time points was imaged by laser scanning confocal
microscope (Olympus, Japan). The quantification of fluorescence
intensity of cells was performed by Image J software, in which
100 cells were analysed for each group.

2.8. Validation of the viability and ROS sensor by engineered hMSCs

PLGA@calcein AM engineered hMSCs were incubated with fresh
culture medium, 0.25% and 2.5% (v/v) DMSO for 4 h, respectively.
For ROS detection, PLGA@CellROX engineered hMSCs were incu-
bated with fresh culture medium, 5 mM, 30 mM, and 60 mM TBHP
for 30 min, respectively. To validate the specificity of ROS detection,
PLGA@CellROX engineered hMSCs were cultured with the mixture
of 1.5 mgmL�1 GSH and 30 mM TBHP, 30 mM TBHP and fresh
medium. Then cells were washed 3 times with PBS, followed by
staining with H33342 for 20 min. All samples were imaged by
confocal microscope and quantified by Image J software, in which
100 cells were analysed for each group.

2.9. Assessment of cellular function of engineered hMSCs exposed to
PFOS

To monitor the cellular function of hMSCs exposed to PFOS,
hMSCs were co-incubated with PLGA@calcein AM (0.8 mgmL�1)
and PLGA@CellROX (0.8 mgmL�1) sensors for 24 h. After labelling,
cells were washed and cultured with 0.1% DMSO (as control group),
0.1 mM PFOS and 10 mM PFOS, respectively. The fluorescence of
engineered hMSCs at pre-determined time points (12, 24, 36, 48 h
for short-term and 7 and 14 days for long-term periods) were
imaged by confocal microscope and quantified by Image J, in which
100 cells were analysed for each group.

2.10. Assessment of adipogenic differentiation of engineered hMSCs
exposed to PFOS

To monitor adipogenic differentiation of hMSCs exposed to
PFOS, we designed b-actin, PPARg and ap2 mRNA molecular bea-
cons (MB), and all MB sequences can be found in Table S1 in sup-
porting information. The specificities ofmolecular beacons (b-actin,
PPARg, and ap2) were examined by addition of their target se-
quences with different concentrations (0.1e0.5 mM). For cellular
function tracking, hMSCs were co-incubated with 0.8 mgmL�1 of
PLGA@b-actin MB sensors and 0.8 mgmL�1 of PLGA@PPARgMB (or
PLGA@ap2 MB) sensors for 24 h. After labelling, cells were washed
by PBS and cultured in medium containing 0.1% DMSO, adipogenic
differentiation induction reagent, 0.1 mM and 10 mM PFOS, respec-
tively. The adipogenic differentiation induction reagent contains
stem cell adipogenic differentiation basal medium, fetal bovine
serum, penicillin-streptomycin, glutamine, insulin, IBMX, rosigli-
tazone and dexamethasone. It was purchased from Cyagen (China).
The fluorescence of engineered hMSCs at pre-determined time
points (7, 14, and 21 days) was imaged by confocal microscope and
quantified by Image J, in which 50 cells were analysed for each
group.
2.11. Statistical analysis

All experiments were performed in triplicates. All data were
expressed as mean ±
standard deviation (SD). Inter-group and intra-group comparisons
and analysis in each experiment were performed by unpaired
Student’s T-test and one-way analysis of variance (ANOVA) using
SPSS software. Probability (p) values < 0.05 were considered sta-
tistically significant.

3. Results and discussion

PLGA nanoparticles have been widely used in drug delivery
system due to their good biocompatibility (Makadia and Siegel,
2011). Thus, engineering hMSCs with cargo-containing PLGA par-
ticles is an alternative way for stem cell transfection, promoting
efficiency without the concern of mutagenesis by gene transfection.
Labelled with PLGA sensors, cellular functions have been deter-
mined in real-time in the processes of osteogenesis, chondro-
genesis and reprogramming (Jin et al., 2017; Tay et al., 2017; Wiraja
et al., 2016; Wiraja et al., 2018). Inspired by these works, hMSCs
engineered with sensor-containing PLGA particles are used in this
study for toxicity assessment. To better study the effects of PFOS on
hMSCs in both short- and long-term periods, a prolonged cellular
retention of PLGA particles have to be achieved. Previously, we have
demonstrated improved cellular retention by adjusting particle size
from tens of nanometers to approximately 1 mm (Gao et al., 2015a,
2015b). Larger particles will result in limited exocytosis by cells
compared to smaller ones. Thus in this work, we aim to prepare the
PLGA sensors with the diameter around 1 mm.

3.1. Characterization of PLGA sensors

PLGA sensors were first synthesized by encapsulating viability
sensor (calcein AM), ROS sensor (CellROX), PPARg and ap2 mRNA
sensor within PLGA particles. The size can be adjusted by control-
ling the mole ratio of the constituents, the speed and duration time
of the homogenization process. The synthesized PLGA particles
were then coated with poly-L-lysine (PLL) to improve their inter-
nalization by cells due to the positive surface charges (Jin et al.,
2017; Wiraja et al., 2016). The diameter of PLGA particles was
approximately 1 mm in the SEM image (Fig. 1a), which was
consistent with the results obtained from dynamic light scattering
(DLS) analysis (1.12 ± 0.04 mm). The values of zeta-potential of the
PLGA particles were 15.7 ± 5.37 mV, suggesting the successful
functionalization with PLL. When incubated in PBS at 37 �C, PLGA
sensors will undergo degradation with time, resulting in contin-
uous release of encapsulated sensor molecules and reduced size
(~300 nm, Fig. 1b). The cumulative release profile of PLGA@calcein
AM sensors was shown in Fig. 1c, in which a nearly linear release
was observed from day 1 to day 25. The amount of released calcein
AM molecules reached a plateau at day 33. The ability of sustained
release of sensor molecules from PLGA particles replenished new
molecules to surrounding environment, therefore improving their
stability against oxidation and photo bleaching.

3.2. Longitudinal tracking of engineered hMSCs

Without the concern of accumulating mutations that usually
happened in cancer cell lines, stem cells maintain their cellular
functions and the ability of self-renewal. In particular, this platform
is highly relevant to human physiology due to the ability that hu-
man stem cells can differentiate into multiple types of cells and
tissues of human body. Thus, stem cell-based assays are ideal
platforms for toxicity screening for a variety of chemicals ranging



Fig. 1. Characterization of PLGA sensors. SEM images of (a) freshly prepared PLGA sensors and (b) the sensors after 30 days degradation in PBS; scale bar, 5 mm. Dynamic light
scattering analysis of PLGA@calcein AM (left) and size statistics of sensors after 30 days degradation in PBS by Nanomeasure (right) were shown in the inserted image in (a). (c)
Cumulative release of calcein AM from PLGA@calcein AM sensor over 30 days in PBS at 37 �C. (d) Representative fluorescence phase contrast images of calcein AM and PLGA@calcein
AM sensor labelled hMSCs during a culture period of 28 days post labelling. Scale bar, 200 mm. (e) Normalized fluorescence intensity of PLGA@calcein AM sensor and calcein AM
labelled hMSCs in (d). The cellular fluorescence intensities were quantified by Image J (n ¼ 100).
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from pharmaceutical drugs, synthetic materials, industrial chem-
icals to environmental pollutants.

To engineering hMSCs with PLGA sensors, PLGA particles were
added to hMSCs growth medium for 24 h incubation. The labelling
efficiency was then measured by flow cytometry analysis, which
was 91.5% for PLGA@calcein AM (Fig. S1 in supporting information).

To determine whether PLGA sensors can stay inside hMSCs for a
period of time and continuously replenish new senor molecules to
the cells against photo bleaching and signal dilution, a longitudinal
tracking experiment was performed. PLGA@calcein AM sensors and
calcein AM molecules (as a control group) at the equivalent con-
centration (calcein AM) were introduced into cell medium for
labelling respectively. Then the cells were washed by PBS and
imaged by laser scanning confocal microscope (Fig. 1d). As shown
in Fig. 1d and e, the fluorescence intensity of cells labelled with
calcein AM decreased to 47% on day 7, while the fluorescence in-
tensity of cells labelled with PLGA@calcein AM still stayed 56% on
day 28. Free calcein AM molecules were quickly cleared by cells
through exocytosis for 1e2 weeks, while calcein AM encapsulated
in PLGA particles were continuously replenished to the cytoplasm
for more than 4 weeks due to the release profile of the dyes
observed in the in vitro assay. In this case, the PLGA particles serve
as a depot and can release their sensor cargo due to polymer
degradation. It is worth noting that the prolonged retention of
PLGA particles in hMSCs also played key roles for the long-lasting
intracellular sensor signals against signal dilution.

3.3. Validation of the PLGA sensors by engineered hMSCs

Next, we set to examinewhether the PLGA sensors still maintain
their ability to specifically detect cell viability and ROS induction
within cells. To this end, hMSCs were first engineered with
PLGA@calcein AM, and were treated with 0, 0.25% and 2.5% (v/v)
dimethyl sulfoxide (DMSO) for 4 h. DMSO is a reagent that can
inhibit cell growth and reduce the viability of cells. As shown in
Fig. 2a&b, the fluorescence intensity of engineered cells decreased
when it cultured with DMSO compared to the control group. The
response of fluorescence intensity with DMSO confirms the effec-
tiveness of PLGA@calcein AM sensors in cell assays. Similarly, when
PLGA@CellROX engineered hMSCs were treated with tert-butyl
hydroperoxide (TBHP), a known reagent that can stimulate ROS
generation in cells (Shin et al., 2009), increased red fluorescence
were observed with increasing the concentrations of TBHP (from
0 to 60 mM) (Fig. 2c&d). If a reduction regent, say glutathione
(GSH), were added together with TBHP, inhibited red fluorescence
were observed similar to that of the control group (no TBHP)
(Fig. 2e&f). These two experiments validated the effectiveness of
PLGA@calcein AM and PLGA@CellROX sensors within cells,



Fig. 2. Non-invasive monitoring of the function of hMSCs using PLGA-based sensors. (a) Fluorescence images of PLGA@calcein AM labelled hMSCs treated with 0, 0.25% and 2.5% (v/
v) DMSO for 24 h. Scale bar, 200 mm. (b) Quantification of cellular fluorescence intensity by Image J (n ¼ 100, *** represents p < 0.001). (c) Fluorescence images of PLGA@CellROX
labelled cells treated with 0, 5, 30 and 60 mM of TBHP for 24 h. (d) Quantification of cellular fluorescence intensity in (c) by Image J (n ¼ 100, ***represents p < 0.001). (e)
Fluorescence images of PLGA@CellROX labelled cells treated with only TBHP (30 mM) or the mixture of TBHP (30 mM) and GSH (4.88 mM). (f) Quantification of cellular fluorescence
intensity in (e) by Image J (n ¼ 100, * **represents p < 0.001).
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suggesting the capability of real-time monitoring cellular viability
and ROS induction by PLGA sensors engineered hMSCs. To detect
the adipogenic differentiation of hMSCs, we designed three mo-
lecular beacons containing PLGA sensors. One targets a house-
keeping gene b-actin mRNA to provide a reference signal (Reinardy
et al., 2013; Castleberry et al., 2016; Cho et al., 2006). The others
recognize adipogenic differentiation related biomarker, PPARg and
ap2 mRNA. The fluorescence of molecular beacons is quenched
when they keep their hairpin structures, while the fluorescence
will turn on once their complementary target sequences are pre-
sented. As shown in Fig. 3, the fluorescence intensities of b-actin,
PPARg, and ap2 mRNA molecular beacons significantly increased
with the presence of their target sequences in a dose dependent
manner, respectively, suggesting good specificities of the molecular
beacons.

3.4. Monitoring the viability and ROS induction of hMSCs exposed
to PFOS

Most toxicity studies for PFOS were tested in relative high
concentrations (1e240 mM) in literature (Ge et al., 2016; Mao et al.,
2013; Sun et al., 2018; Wang et al., 2013). Among these studies,
PFOS at concentrations bellow 10 mM usually do not produce any
significant toxic effects (Liu et al., 2019; Wang et al., 2013; Yin et al.,
2018). However, the concentration of PFOS detected from human
serum is ranged from 10.6 to 142 ngmL�1 (Olsen et al., 2007), that is
0.02e0.28 mM. A higher concentration of 10 mM of PFOS was found
in occupational groups (such as professional metal plate workers)
(Shi et al., 2016). Therefore, current method should possess high
sensitivity to examine the subtle changes of cellular function
exposed to low-dose of PFOS. Meanwhile, the response of intra-
cellular biomarkers in both short-term and long-term periods have
to be studied due to the bioaccumulation effects of PFOS. Conse-
quently, 0.1 and 10 mM of PFOS which represent the serum con-
centration of normal and occupational people respectively were
used in the present work. The cellular functions weremonitored for
both short-term (i.e. 12, 24, 36 and 48 h) and long-term (i.e. 7 and
14 days) periods.

During short-term monitoring, the viability of cells incubated
with PFOS at the dosage of both 0.1 and 10 mM for 0e48 h did not
show any significant difference compared to the control group that
without PFOS treatment (Fig. 4a&b). This is in good agreement with
reported works (Liu et al., 2019; Wang et al., 2013). For intracellular
ROS induction, engineered hMSCs exposed to 0.1 mM of PFOS
showed similar red signals to the control group during 48-h
Fig. 3. (a) (b) (c) are fluorescence spectroscopy of b-actin, PPARg, and ap2 mRNA molecular
1e6 in (a) (b) (c) represent the addition of 0.5, 0.4, 0.3, 0.2, 0.1 and 0 mM of their target se
incubation (Fig. 4c), indicating no obvious change of ROS. In com-
parison, the ROS induction of engineered hMSCs exposed to 10 mM
of PFOS was 1.7 times higher than the control group starting from
24 h, and maintained similar levels at 36 and 48 h. Yin et al. found
no significant increase of ROS induction of 0.1e10 mM of PFOS on
mouse embryonic stem cell during 0e48 h incubation using fluo-
rescence staining, while Chen et al. reported an increase of intra-
cellular ROS on neuroblastoma cell (SH-SY5Y) at the dosage of
25 mM of PFOS for 48 h. The conflict results obtained by this work
and reported works might be partly attributed to the differences
between tested cell types. And more importantly, methods only
with high sensitivity can detect the subtle changes of ROS induc-
tion. (Chen et al., 2014; Yin et al., 2018).

Fewworks havemonitored the ROS induction and accumulation
by PFOS in human cells for more than 14 days. Thus the ability of
long-term and real-time ROS monitoring for this intracellular
sensor is highly needed in toxicity assays. During long-term
monitoring, there is no obvious changes on cellular viability on
day 7 and day 14 with the treatment of 0.1 and 10 mM of PFOS
(Fig. 5a&b), which is similar to the findings in short-term moni-
toring. However, cellular ROS induction in hMSCs exposed to 0.1 mM
increased significantly (Fig. 5c) on day 7, which were 1.7 times
higher than that of the control group. The increased ROS induction
of 0.1 mM PFOS for 7-day incubation was similar to that of 10 mM
PFOS for 48-h incubation (1.7 times higher than control group),
suggesting the accumulation effect of low-dose PFOS. There was no
significant difference between the increased ROS induction of
0.1 mM PFOS for 7-day and 14-day incubation. Meanwhile, the in-
duction of ROS exposed to 10 mM PFOS reached approximately 1.9
times higher than the control group on day 7, and reached to 3.2
times of the control group on day 14. This sudden increase in ROS
induction levels on day 14 might be attributed to the long-term
exposure of 10 mM of PFOS, leading to the increased intracellular
ROS that exceeded the self-regulation ability of the cells.

Liu et al. has reported that the relative low concentration
(<10 mM) of PFOS did not impair the viability of hMSCs, while the
self-renewal and differentiation abilities of hMSCs were potentially
compromised (Liu et al., 2019). ROS are natural byproducts of cell
metabolism and have important roles in cell signaling and ho-
meostasis. Under environmental stress, such as exposure to envi-
ronmental pollutants, ROS induction might increase dramatically.
Hu et al. reported that the relative high concentration of PFOS
(150e200 mM) lead to up-regulation of the expression of catalase
(CAT), superoxide dismutase (SOD) and glutathione reductase (GR).
In order to balance the ROS level, the cellular concentrations of
beacons (0.5 mM) with different concentrations of their target sequences, respectively.
quences, respectively.



Fig. 4. Monitoring of cell viability and ROS induction exposed to PFOS from 12 to 48 h. (a) Confocal images of engineered hMSCs treated with 0.1 and 10 mM of PFOS. (b) Normalized
fluorescence intensity of green signals that indicating cellular viability of hMSCs in (a). (c) Normalized fluorescence intensity of red signals that indicating cellular ROS induction of
hMSCs in (a). Scale bar, 200 mm; n ¼ 100, ** represents p < 0.01, *** represents p < 0.001.
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glutathione peroxidase (GPx), glutathione-S-transferase (GST) and
GSH were down-regulated due to the reaction with ROS (Hu and
Hu, 2009). Mao et al. and Liu et al. have also reported similar re-
sults, in which high concentrations of PFOS increased ROS induc-
tion in A549 cells and E. coli (Liu et al., 2016; Mao et al., 2013). In the
present work, 10 mM of PFOS can increase ROS induction of hMSCs
both in short-term and long-term periods. Long-term (7e14 days)
accumulation of 0.1 mM of PFOS in cells increased ROS induction
similar to that of 10 mM of PFOS with short-term (48 h) exposure.
Thus, it is concluded that low-dose (i.e. 0.1 mM) of PFOS will not
impair the viability of hMSCs, while might overwhelm the ho-
meostasis of antioxidative systems during a long-term (7e14 days)
accumulation in cells.
3.5. Monitoring the PPARg and ap2 mRNA expression of hMSCs

Adipose tissue is a dynamic organ system involved in nutrient
perception, energy storage, endocrine and immune functions.
PPARg is a major regulator during adipogenic differentiation, which
can enhance the quantity of fat cells and promote the production of
adipocyte triglyceride (La Merrill et al., 2013). Ap2 is the down-
stream gene of PPARg, which is associated with fat storage and fat
metabolism (Soukas et al., 2001).

We first engineered hMSCs with both PLGA@PPARg and
PLGA@b-actin MB sensors. Engineered cells were then exposed to
0.1% DMSO (as negative control), adipogenic differentiation in-
duction reagent (as positive control), 0.1 mM and 10 mM PFOS for 21
days, respectively. Then the fluorescence signal was monitored by
confocal microscope at day 7, 14, and 21 (Fig. 6a). The fluorescence
intensity of each cell presented on confocal images was then
measured by Image J. As shown in Fig. 6a and b, comparing to the
control group, the fluorescence intensity ratio (PPARg/b-actin)
increased by 10.3-, 4.9-, and 8.0-fold on day 7 for exposure of
adipogenic differentiation induction reagent (as a positive control,
PC), 0.1 mM and 10 mM of PFOS, respectively. On day 14 and day 21,
the fluorescence intensity ratio of PC, 0.1 mM and 10 mM of PFOS
treated cells gradually decreased, that was 2.2-, 2.5-, 3.5-fold (on
day 14) and 1.5-, 4.1-, 5.2-fold (on day 21) in comparison to the
control group, respectively. In other words, PFOS can promote the
PPARg mRNA expression of hMSCs when being exposed to PFOS at



Fig. 5. Monitoring of cell viability and ROS induction exposed to PFOS for 14 days. (a) Confocal images of engineered hMSCs treated with 0.1 and 10 mM of PFOS for 7-day and 14-day
incubation. (b) Normalized fluorescence intensity of green signals that indicating cellular viability of hMSCs in (a). (c) Normalized fluorescence intensity of red signals that indicating
cellular ROS induction of hMSCs in (a). Scale bar, 200 mm; n ¼ 100, *** represents p < 0.001.
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the dosage as low as 0.1 mM, while exposure of 10 mM PFOS induces
similar enhancement of PPARg mRNA expression to that by adi-
pogenic induction reagent. Besides, the PPARg mRNA expression
for PC, 0.1 mM and 10 mM of PFOS treated cells all peaked on day 7,
which is in good agreement with reported works (Soukas et al.,
2001; Li et al., 2019).
Next, we monitored the ap2 mRNA expression of hMSCs

exposed to PFOS with the same method. On day 7, the fluorescence
intensity ratio (ap2/b-actin) of PC and 10 mM PFOS group experi-
enced an abrupt increase by 2.3- and 2.5-fold compared to the



Fig. 6. Monitoring of PPARg mRNA expression in hMSC exposed to PFOS for 21 days. (a) Confocal images of engineered hMSCs incubated with adipogenic differentiation induction
reagent, 0.1 and 10 mM of PFOS for 21 days. (b) Quantification of intracellular PPARg and b-actin signal ratio (n ¼ 50). Scale bar, 200 mm; *** represents p < 0.001, ** represents
p < 0.01, PC: positive control (adipogenic differentiation induction reagent).
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control group, while there was no significant difference between
0.1 mM PFOS treated cells and the control group (Fig. 7a&b).
Following this peak, the intensity ratio of PC group gradually
decreased, with no significant difference to the control group on
day 21. Interestingly, the change of the intensity ratio maximized at
day 14 for 0.1 mM and 10 mM PFOS treated cells, with 2.8- and 3.0-
fold the intensity of the control group. Then the intensity ratio
decreased to the same level of the control group on day 21. These
data suggested 0.1 mM of PFOS did not affect the ap2 mRNA
expression of hMSCs on day 7, while the PC and 10 mM PFOS did.
However, there was an accumulated effect of 0.1 mM PFOS that
finally inducing the increase of ap2 mRNA expression of hMSCs on
day 14.

Liu et al. reported that PPARg and ap2 was 1.5 times higher than
the control group when hMSCs exposed to 10 mM PFOS for 21 days
by qPCR (Liu et al., 2019). Theoretically, the sensitivity of qPCR is
higher than those of the fluorescence based methods due to its
amplification of targeted DNA. However, the fold changes are more
significant detected by the nanosensor in the present work than by
qPCR. Such sensitivity achieved by nanosensor might be partially
attributed to the protection and continuous replenishment of mo-
lecular beacons by the PLGA particles. AsmRNA expression is highly
dynamic, real-time intracellular sensors reveal the subtle changes
with high time-resolution, suggesting their promise in toxicity
studies.
4. Conclusions

In conclusion, a real-time and long-term (more than 30 days)
fluorescence-based toxicity screening assay using engineered stem
cells was established in this study. PLGA sensors as a depot can
continuously release and replenish sensor molecules to cytoplasm



Fig. 7. Monitoring of ap2 mRNA expression in hMSC exposed to PFOS for 21 days. (a) Confocal images of engineered hMSCs incubated with adipogenic differentiation induction
reagent, 0.1 and 10 mM PFOS for 21 days. (b) Quantitative of intracellular ap2 and b-actin signal ratio (n ¼ 50). Scale bar, 200 mm; n ¼ 50, *** represents p < 0.001, ** represents
p < 0.01, PC: positive control (adipogenic differentiation induction reagent).
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against photo bleaching and signal dilution. With this method, we
examined the viability, ROS induction, and adipogenic differentia-
tion related gene (i.e. PPARg and ap2) expression of hMSCs under
the exposure of PFOS. PFOS with the concentration as low as 0.1 mM
can induce cellular ROS and enhance the PPARg and ap2 mRNA
expression, suggesting the effect on promoting adipogenic differ-
entiation of hMSCs.
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