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a b s t r a c t

Attention has been paid to the environmental distribution and fate of nanomedicines. However, their
effects on the toxicity of environmental pollutants are lack of knowledge. In this study, the negatively
charged poly (ethylene glycol)-b-poly (L-lactide-co-glycolide) (mPEG-PLA) and positively charged
polyethyleneimine-palmitate (PEI-PA) nanomicelles were synthesized and served as model drug carriers
to study the interaction and combined toxicity with dichlorodiphenyltrichloroethane (DDT). DDT exerted
limited effect on the biointerfacial behavior of mPEG-PLA nanomicelles, whereas it significantly miti-
gated the attachment of PEI-PA nanomicelles on the model cell membrane as monitored by quartz crystal
microbalance with dissipation (QCM-D). The cytotoxicity of DDT towards NIH 3T3 cells was greatly
decreased by either co-treatment or pre-treatment with the nanomicelles according to the results of
real-time cell analysis (RTCA). The cell viability of NIH 3T3 exposed to DDT was increased up to 90% by
the co-treatment with mPEG-PLA nanomicelles. Three possible reasons were proposed: (1) decreased
amount of free DDT in the cell culture medium due to the partitioning of DDT into nanomicelles; (2)
mitigated cellular uptake of nanomicelle-DDT complexes due to the complex agglomeration or elec-
trostatic repulsion between complexes and cell membrane; (3) detoxification effect in the lysosome upon
endocytosis of nanomicelle-DDT complexes.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

With the rapid development of nanotechnology, the demand
and production of manufactured nanoparticles (MNPs) are under-
going unprecedented growth, consequently resulting in growing
discharges into the environment (Sun et al., 2016; Sun et al., 2014;
Yin et al., 2017). Thus, significant attention has been paid to the
environmental fate and ecological impact of MNPs, such as
fullerene, metal oxide, carbon nanotubes, and graphene, etc
(Colvin, 2003; Mueller and Nowack, 2008; Petersen et al., 2011;
Tsang et al., 2017). Nowadays, the application of MNPs is extended
e by Charles Wong.

ript.
to nanotherapeutics and at least 250 nanomedicines have been
approved or under approval for clinical applications (Etheridge
et al., 2013). The global market of nanomedicines is estimated to
be USD 178e528 billion in 2019 (Evers, 2012). Baun and Hansen
first claimed the necessity to explore the environmental exposure
and risk of nanomedicines in 2008 (Baun and Hansen, 2008).
Manufacturing processes and disposal of containers are regular
pathways that lead to the discharges of nanomedicines into the
environment. In addition, some of the administered nanomedicines
can be excreted from the patients via renal or hepatic clearance,
producing partial-, fully-, and non-metabolized nanomedicines
(Baun and Hansen, 2008; Yegin et al., 2017). Afterwards, the
released nanomedicines can reach the sewer system in hospitals,
pharmaceutical factories, and residential areas, and eventually go
through thewastewater treatment plants (WWTPs) (Sanchez et al.,
2011). However, almost one-third of the world's population are not
provided with sewage systems (Mahapatra et al., 2013) and the
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traditional WWTPs cannot completely eliminate nanomaterials
(Chen et al., 2011; Limbach et al., 2008). As a result, nanomedicines
can enter into rivers, lakes, and oceans after being discharged with
the effluents from WWTPs. Therefore, attention should be paid to
the environmental fate and risks of nanomedicines (Chen et al.,
2015; Yegin et al., 2017; Zhang and Akbulut, 2011).

Polymeric nanomicelles have been recognized as one of the
most commonly used drug carriers for nanomedicines because of
their superior properties, including solubilizing hydrophobic mol-
ecules, high payload capacity, increased bioavailability, excellent
stability in the aqueous solution, and prolonged blood circulation
(Cheng et al., 2012; Peer et al., 2007; Petros and DeSimone, 2010).
However, nanomicelles have received inadequate concern
regarding their environmental risks since they are normally highly
biocompatible and nontoxic. However, once they enter into the
natural environment, nanomicelles will inevitably encounter the
co-existing pollutants and interact with them (Qu et al., 2013).
Given the excellent ability of nanomicelles to solubilize hydro-
phobic drug molecules, it is reasonable to expect that they will
interact also with hydrophobic pollutants. According to previous
studies, the interactions of pollutants with MNPs could change
their bioavailability and toxicity (Bruton et al., 2015; Caballero-Díaz
et al., 2014; Cui et al., 2016; Deng et al., 2017; Zheng et al., 2012). For
instance, synergistic toxicity of nano-TiO2 with DDT or bisphenol A
was induced owing to the efficient interactions (Shi et al., 2010;
Zheng et al., 2012), in which nano-TiO2 served as carriers to
concentrate the organic pollutants and to increase their bioavail-
ability via “Trojan horse effect” (Deng et al., 2017). The combination
of non-toxic concentration of Ni2þ and single walled carbon
nanotubes (SWCNTs) exhibited elevated toxicity towards macro-
phages, which was attributed to the inhibition of exocytosis-
dominated P2X7 receptor by Ni2þ, leading to the higher accumu-
lation of SWCNTs (Cui et al., 2016). The complexation of nano-
particles and pollutant molecules could also alleviate their
individual toxicity by decreasing the bioavailability (Glomstad
et al., 2016; Li et al., 2015). Therefore, the effects of interactions of
organic pollutants with nanomicelles on their combined bioavail-
ability and toxicity are worthwhile to understand.

Dichlorodiphenyltrichloroethane (DDT) was widely used as an
organochlorine pesticide for several decades all over the world.
Considering its adverse impacts on the ecological environment and
human health, it has been forbidden since 1980s (Smith et al.,
2012). However, due to its long-term persistence, lipophilicity,
and low degradability, DDT is still existing in the environment in
many areas nowadays (Van Dyk et al., 2010). For example, it was
detected in the surface soil from Xianfeng County in China, with a
mean level of 40 ng/g and a maximum concentration of 430 ng/g
(Ma et al., 2016). Thus, DDT was chosen as a model hydrophobic
pollutant in this study. To facilitate study of the fate and toxicity
experiments, the concentrations used for the laboratory experi-
ments were greater than typical environmentally relevant levels.

Herein, we studied the interaction of DDT with polymeric
nanomicelles and the effect of interaction on their biointerfacial
behavior and combined cytotoxicity. Two model drug carriers,
negatively charged methoxy poly (ethylene glycol)-poly (lactide)
(mPEG-PLA) and positively charged polyethyleneimine-palmitate
(PEI-PA) nanomicelles were fabricated and applied to interact
with DDT. Supported lipid bilayers (SLBs) composed of zwitterionic
1,2-dioleoyl-sn-glyero-3-phosphocholine (DOPC) were used as
model cell membranes to investigate the biointerfacial behavior of
DDT, polymeric nanomicelles, and their complexes by quartz crystal
microbalance with dissipation (QCM-D). The combined cytotoxicity
towards NIH 3T3 (mouse fibroblast cells) was determined by a
label-free real-time cell analysis (RTCA) technique.
2. Materials and methods

2.1. Materials

DDT was purchased from Beijing Bailingwei Chemical Technol-
ogy Co. Ltd. mPEG5000-PLA10000 was obtained from Shanghai
Yare Biotechnology Co. Ltd. N-succinimidyl palmitate was bought
from Saen chemistry Technology Co. Ltd. N,N-dimethylformamide
(DMF) was purchased from Beijing Hanlongda Development
Technology Co. Ltd. Polyethyleneimine (PEI, branched,
Mw¼ 1800 g/mol) was purchased from Beijing Yinuokai Technol-
ogy Co. Ltd. 1,2-Dilauroyl-sn-glycero-3-phosphocholine (DLPC) was
obtained from Shanghai Aladdin biochemical Technology Co. Ltd.
N-(2-hydroxyethyl)-piperazine-N0-(2-ethanesulfonic acid) (HEPES)
was purchased from Shanghai Yuexv Technology Co. Ltd. All the
other reagents were of chromatographic grade unless otherwise
stated. For cell culture experiments, NIH 3T3 cells were cultured in
Dulbecco's modified Eagle's Medium: nutrient mixture F-12
(DMEM/F12) supplemented with 10% fetal bovine serum (FBS) and
100 U/mL penicillin/streptomycin under standard culturing con-
ditions (humidified atmosphere of 5% CO2 at 37 �C).

2.2. Synthesis of polyethyleneimine-palmitate (PEI-PA)

15.9mg PEI was dissolved in 4.8mL DMF in a 50mL flask. N-
succinimidyl palmitate (15mg/mL in DMF) was added dropwise to
the flask and the reaction mixture was stirred overnight. Then the
crude product was transferred to a dialysis tube (molecular weight
cut-off 2000 g/mol) and extensively dialyzed against deionized
water, followed by lyophilization to obtain pure PEI-PA. The
structures of mPEG-PLA and PEI-PA were characterized by 1H NMR
(400MHz). 1H NMR (mPEG-PLA, CDCl3, 25 �C): d¼ 1.5 (CH3-CH-),
3.51e3.63 (-CH2-O-), 5.02e5.14 (-CO-CH-O-) (Fig. 1a); 1H NMR (PEI-
PA, CD3OD, 25 �C): d¼ 0.9 (CH3-CH2-), 1.2e1.3 (CH3-CH2-), 2.3e2.4
(-NH-CO-CH2-), 2.4e3.2 (-NH-CH2- or -N-CH2-) (Fig. 1b).

2.3. Preparation and characterization of polymeric nanomicelles

Both polymeric nanomicelles were prepared by nano-
precipitation method (Zhang et al., 2013). In brief, 2mL PEI-PA
(2mg/mL) acetone solution was added dropwise to 10mL Milli-Q
water under vigorous stirring. After 24 h, acetone was evaporated
and the suspension was filtered through a cellulose membrane
(pore size¼ 0.22 mm) to obtain the PEI-PA nanomicelles, which
were stored at 4 �C. The mPEG-PLA nanomicelles were prepared
following the similar procedure except that water was used as the
solvent and acetone was the precipitant. The size distribution and
zeta potential of the polymeric nanomicelles were measured by
dynamic light scattering (DLS, Zetasizer Nano ZS90, Malvern). The
morphology of polymeric nanomicelles was visualized by trans-
mission electron microscope (TEM, JEOL JEM 2100F, Japan).

2.4. Interaction of DDT with polymeric nanomicelles

0.2mg PEI-PA or mPEG-PLA nanomicelles were added into
different concentrations of DDT aqueous solution (2e140 mg/mL,
containing 0.1% methanol) in a 300mL glass bottle. The glass bot-
tles were sealed with Teflon-lined screw caps and continuously
shaken at 150 rpm under 25 �C for 5 days. After centrifugation for
30min to precipitate the nanomicelles, 40mL of supernatant was
removed and extracted with n-hexane to obtain DDT. The con-
centration of extracted DDT from solution without nanomicelles
was used as control. All the experiments were performed in trip-
licate and the results represented the mean value.

The concentration of DDT in the extract was determined by gas



Fig. 1. 1H NMR spectra of mPEG-PLA in CDCl3 (a) and PEI-PA in CD3OD (b); Size distributions of mPEG-PLA (c) and PEI-PA (e) nanomicelles in Milli-Q water by DLS measurements;
TEM images of mPEG-PLA (d) and PEI-PA (f) nanomicelles.
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chromatograph (GC, Agilent 6890N) equipped with a63Ni electron
capture detector (Liu et al., 2014; Shi et al., 2010). Separation was
conducted on a HP-5 quartz capillary column (30m� 0. 32mm� 0.
25 mm). High purity nitrogen was used as the carrier gas at a linear
velocity of 1mL/min. The injected volume was 1 mL and the tem-
perature of injector and detector was 250 and 300 �C, respectively.
The column temperature was initially 100 �C, increased at a rate of
15 �C/min to 180 �C and held for 0.5min, followed by rising at a
speed of 20 �C/min to 250 �C and holding for 1min, and finally,
raised at a rate of 5 �C/min to 295 �C and held for 3min. Each
sample was analyzed in triplicate. The calibration curve of DDT was
calculated to be linear (R2¼ 0.999) in the concentration range from
0.1 to 800 ng/mL.

2.5. Preparation of DLPC vesicles

The DLPC vesicles were prepared according to the previously
reported technique (Cho et al., 2010; Liu and Chen, 2015; Liu and
Chen, 2016; Zhang and Yang, 2011). Briefly, 0.2mL of 25 g/L DLPC
solution in chloroform was dried in an Erlenmeyer flask with a
gentle nitrogen stream to form a DLPC thin film on the bottom of
the flask, followed by desiccation under vacuum for at least 4 h to
remove the residual chloroform. The DLPC film was hydrated by
adding 5mL HEPES buffer (10mM HEPES, 150mM NaCl, pH 7.4)
and the suspension was magnetically stirred for 30min. Then the
suspensionwas extruded using amini-extruder (Avanti Polar Lipids
Inc.) through a polycarbonate membrane (50 nm, Whatman) back
and forth for at least 15 times to produce unilamellar vesicles with
the average hydrodynamic diameter of 70.03± 0.49 nm
(PDI¼ 0.091). The stock suspension was sealed in glass vials with
nitrogen and stored at 4 �C, which was used within 4 days after
preparation.

2.6. Effect of partitioning on biointerfacial behavior of DDT and
nanomicelles

The interactions of nanomicelles, DDT, and their complexes with
the model cell membrane were monitored by QCM-D (E1, Q-Sense,
Biolin Scientific, Sweden). A 5MHz AT-cut quartz crystal sensor
with a silica-coated surface (QSX 303, Q-Sense) was mounted in
each module (Yi and Chen, 2013). The measurements were per-
formed at several harmonics (z¼ 3, 5, 7, 9, 11, and 13) and all the
data presented were recorded at the third harmonic (Frost et al.,
2016). Before the experiments, SiO2-coated sensors were treated
in UV-ozone for 30min, then rinsed with deionized water, and
dried in air. All measurements were conducted under constant flow
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rate (100 mL/min) at 37 �C. A SLB was generated on a SiO2-coated
crystal sensor according to the published method (Keller and
Kasemo, 1998). First, the sensor was rinsed with HEPES buffer un-
til a stable baseline (frequency signal drifts of less than 0.2 Hz
within 10min) was obtained. Then 5mL of 0.05 g/L DLPC vesicle
suspension was introduced into the flow module and a DLPC SLB
was formed due to the deposition and self-assembly of vesicles.
After rinsing the sensor with HEPES buffer to achieve a stable
baseline, the nanomicelles (100 mg/mL), DDT (1 mg/mL), or their
complex mixtures (the weight ratio of nanomicelles to DDT was
100: 1) prepared in the same buffer solutionwere introduced to the
chamber. At the end of the experiments, the chamber was rinsed
with HEPES buffer for 10min to remove the un-adsorbed com-
pound. All the complex mixtures were prepared in accordance to
the method described in Section 2.4.

2.7. Cytotoxicity

The effect of interaction with nanomicelles on DDT's toxicity
towards mammalian cell line, NIH 3T3, was evaluated by RTCA. The
electrode in E-plate 16 (ACEA biosciences, USA) can detect the
changes of impedance during cell attachment, which was reflected
by the cell index (CI). NIH 3T3 cells were seeded into the E-plate
16 at a density of 5000 cells/well and incubated for 24 h. After-
wards, the culture medium was replaced with fresh medium con-
taining polymeric nanomicelles, DDT, or their complex mixtures at
predetermined concentrations (polymeric nanomicelles: 5 mg/mL;
DDT: 0.4, 4, 10, 20, 30, and 40 mg/mL). The complex mixtures were
prepared following the procedure described in Section 2.4. Cells
without any treatment were used as control. For statistical analysis,
the CI values were normalized at the point of treatment and
expressed as NCI. The percentage of response represented the NCI
ratio of the testing group to the control group (Zhang et al., 2017).

The effect of nanomicelles on the cytotoxicity of DDT was
further investigated by sequential treatment with nanomicelles
and DDT. Cells were seeded at a density of 5000 cells/well and
incubated for 24 h. Then the nontoxic concentration of nano-
micelles (5 mg/mL) was introduced. After 6.5 h, the culture medium
containing nanomicelles was removed and the cells were rinsed
with PBS for three times to get rid of the nanomicelles attached on
the cell surface. Then the cells were supplemented with fresh cul-
ture medium containing various concentrations of DDT (10, 20, 30,
and 40 mg/mL) and further incubated for 24 h. The cell viability was
monitored by RTCA.

3. Results and discussion

3.1. Fabrication and characterization of mPEG-PLA and PEI-PA
nanomicelles

Both mPEG-PLA and PEI-PA nanomicelles were constructed by
the self-assembly of amphiphilic polymers in the process of
nanoprecipitation. By adjusting the initial polymer concentration
and volume ratio of water to organic solvent, monodispersed
spherical mPEG-PLA and PEI-PA nanomicelles were obtained
(Fig. 1d, f). They exhibited similar hydrodynamic diameters of
87.2± 5.3 and 85.6± 1.8 nm (Fig. 1c, e) and inverse zeta potentials
of �11.7± 1.4 and 49.9± 1.4mV, respectively.

3.2. Interaction of DDT with mPEG-PLA and PEI-PA nanomicelles

The experiments were performed using a batch equilibration
technique at 25 �C. Linear partitioning isotherms were obtained for
both mPEG-PLA and PEI-PA nanomicelles (Fig. 2a), suggesting
partitioning rather than physical adsorption was the main process
for the interaction of DDT with nanomicelles (CHIOU et al., 1979).
Previous studies also confirmed a partitioning mechanism of hy-
drophobic drug loading into mPEG-PLA nanomicelles (Huh et al.,
2005). The partitioning affinity of DDT to mPEG-PLA nanomicelles
was much higher than that to PEI-PA nanomicelles, which might be
originated from the different micelle structures (Fig. 2b). The
amphiphilic mPEG-PLA copolymer formed a uniform core-shell
nanomicelle that contained a hydrophilic PEG shell surrounding a
single hydrophobic PLA core. In contrast, the self-assembly of
branched PEI-PA could generate multiple hydrophobic domains in
the nanomicelle structure. It is reasonable that the partitioning of
DDT to the homogeneous hydrophobic core of mPEG-PLA nano-
micelles was much easier than that to the multiple hydrophobic
domains of PEI-PA nanomicelles. Therefore, the partitioning of DDT
in mPEG-PLA nanomicelles was more preferable compared to that
in PEI-PA nanomicelles.

3.3. Effects of partitioning on the biointerfacial behavior of
nanomicelles and DDT

Biological membranes are important barriers and interfaces
between many living organisms and pollutants. In order to un-
derstand the effect of partitioning on the bioavailability of nano-
micelles and DDT, the affinity of nanomicelles, DDT, and their
complexes to the cell membrane was evaluated by QCM-D. SLBs
composed of DOPC were used as model cell membranes. HEPES
buffer was introduced into the QCM-D chamber until stable fre-
quency and dissipation baselines were obtained (Fig. 3a). When
DOPC vesicles in HEPES buffer were allowed to flow through the
chamber, decreased Df and increased DD were initially established
due to the deposition of vesicles on the sensor. Then Df was
partially recovered within 2min, which was ascribed to the release
of encapsulated solution from the ruptured vesicles, resulting in the
self-assembly of SLBs on the sensor surface. The overall Df and DD
induced by the formation of SLB in this study were �25± 0.50 Hz
and 0.28� 10�6 ± 0.1� 10�6, which was in accordance with the
previous report (Yi and Chen, 2013).

After the SLBs were formed on the surface of SiO2-coated sensor,
DDT solution (1.0 mg/mL in HEPES) was subsequently introduced
(Fig. 3b). The equilibrium was not reached during the entire
experimental period (more than 10 h) with a temporary maximum
frequency decrease of 159 Hz. The massive DDT deposition on the
model cell membrane was probably due to the diffusion of DDT
molecules into the hydrophobic inner layer of SLBs. The frequency
and dissipation were almost unchanged upon rinsing with HEPES,
demonstrating a strong and irreversible partitioning of DDT in the
cell membrane.

When the suspension of mPEG-PLA nanomicelles was intro-
duced, Df and DDwere not observed (Fig. 3c), illustrating there was
no specific interaction between the negatively charged mPEG-PLA
nanomicelles and the lipid bilayers. PEG was considered as a
stealth corona for nanoparticles to avoid nonspecific protein in-
teractions and cellular uptake by the mononuclear phagocyte sys-
tem and to prolong the blood circulations (Fontana et al., 2001; Gref
et al., 2000; Sch€ottler et al., 2016). Moreover, PEGylated nano-
particles showed the lowest uptake into the skin cells compared to
those with other surface coatings (Verma and Stellacci, 2010).
Therefore, the PEG shell could protect mPEG-PLA nanomicelles
from adhering on the SLBs.

The complex mixture of mPEG-PLA nanomicelles and DDT
(mPEG-PLA þ DDT) induced a frequency decrease of 4.40 Hz in the
first 4 min after flowing through the chamber, whereas the fre-
quency subsequently rose almost back to the level before intro-
ducing the complex mixture (Fig. 3d and Fig. S1). The negative
charges of mPEG-PLA nanomicelles were partially shielded by the



Fig. 2. (a) Partitioning isotherms of DDT in mPEG-PLA (,) and PEI-PA (△); (b) Schematic partitioning mechanisms of DDT in two nanomicelles.

Fig. 3. Frequency (blue) and dissipation (red) shifts during the formation of DOPC SLBs (a) and the deposition of DDT (b), mPEG-PLA nanomicelles (c), mPEG-PLA þ DDT (d), PEI-PA
nanomicelles (e), and PEI-PA þ DDT (f) on the model cell membrane monitored by QCM-D. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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DDT partitioning with the zeta potential increased from �11.7
to �5.51mV, which allowed slight interaction between the com-
plexes and SLBs due to their alleviated electrostatic repulsion.
However, the interaction was too weak to maintain the complexes
on SLBs, so that the deposition was reversible over continuous
rinse. Therefore, the partitioning interaction reduced DDT's
bioavailability, but did not significantly affect the bioavailability of
mPEG-PLA nanomicelles.

In the case of introducing the positively charged PEI-PA nano-
micelles, significant mass variations were detected on the SLB
covered QCM-D sensor with Df¼�54.4 Hz and DD¼ 9.46� 10�6

(Fig. 3e), which was not affected by rinsing with HEPES buffer,
depicting an irreversible deposition of PEI-PA nanomicelles on the
SLBs due to electrostatic interactions. It has been reported that
cationic PEI could cause significant membrane damage of
mammalian cells, which was, on the one hand, due to the elec-
trostatic interactions, on the other hand, resulted from the in-
teractions between PEI and membrane proteins and phospholipids
(Fischer et al., 2003; Kunath et al., 2003). Since the zeta potential of
PEI-PA nanomicelles was decreased from 49.9 to 26.0 mV by
complexing DDT, the interaction between the complex mixture of
PEI-PA nanomicelles and DDT (PEI-PA þ DDT) and the SLBs was
mitigated as indicated by the less frequency shift of PEI-PA þ DDT
(Df¼�30.9 Hz) (Fig. 3f) compared to that of free DDT
(Df¼�159 Hz) and PEI-PA nanomicelles (�54.4 Hz) (Fig. 3b,e).
Therefore, the partitioning of DDT in the PEI-PA nanomicelles was
capable of alleviating their individual interactions with the cell
membrane, which would then decrease their bioavailability.

3.4. Cytotoxicity of nanomicelles, DDT, and their complexes

Co-existence of nanoparticles and environmental pollutants is
possible to impose unexpected toxic effects on human health. In
Fig. 4. The proliferation profiles of NIH 3T3 cells incubated with mPEG-PLA þ DDT (a) and
DDT, and their complex mixtures; (d) Cell viability after 24 h treatment with PEI-PA nanom
nanomicelles was 5 mg/mL and DDT's concentration was from 0.4 to 40 mg/mL in both com
the previous study, nontoxic concentration of nano-TiO2 increased
the cytotoxicity of trace amount of DDT or bisphenol A due to the
improved cellular uptake (Shi et al., 2010; Zheng et al., 2012). Other
reports claimed that nano-TiO2 could reduce the internalization
and cytotoxicity of benzo [a]pyrene to lung carcinoma cells (A549)
by competitively binding with the aromatic hydrocarbon receptors
(Dhasmana et al., 2014). Therefore, it is essential to assess the
combined cytotoxicity of DDTand nanomicelles upon simultaneous
or sequential exposure tomammalian cells. RTCAwas performed to
evaluate the cytotoxicity of DDT, nanomicelles, and their complexes
to NIH 3T3 cells. DDT induced a dose-dependent inhibition of the
cell proliferationwhen the concentrationwas increased from 0.4 to
40 mg/mL reflected by the decreased NCI (Fig. S2a). The inhibition of
cell proliferation occurred at a dose of 10 mg/mL or above (Fig. S2b).
Then we screened the cytotoxicity of nanomicelles at the concen-
trations of 5, 40, and 100 mg/mL via RTCA (Figs. S2c and d) and chose
5 mg/mL, which was nontoxic to NIH 3T3 cells for both nano-
micelles, to conduct the following toxicity evaluations.

When the cells were exposed to different concentrations of
mPEG-PLA þ DDT and PEI-PA þ DDT complex mixtures, the cell
viability (NCItreated group/NCIcontrol) was comparable to control
(NCIcontrol¼ 100%) after 24 h (Fig. 4), indicating there was no
cytotoxicity induced by mPEG-PLA þ DDT and PEI-PA þ DDT. Ac-
cording to the partitioning equation, the amount of free DDT in the
complex mixtures was calculated to be 0.003 and 5.17 mg/mL for
mPEG-PLA þ DDT and PEI-PA þ DDT, respectively (Table S1), which
were both lower than the toxic concentration of DDT (above 10 mg/
mL). The hydrodynamic diameter of mPEG-PLA and PEI-PA nano-
micelles was increased from 87.2± 5.3 and 85.6± 1.8 to 252± 35.9
and 164± 6.4 nm, respectively. The reason was attributed to that
some DDT molecules partitioned on the nanomicelles’ surface,
which lowered the surface charge, enhanced the surface hydro-
phobicity, and therefore, promoted the micelle agglomeration. It
PEI-PA þ DDT (c); (b) Cell viability after 24 h treatment with mPEG-PLA nanomicelles,
icelles, DDT, and their complex mixtures. The concentration of mPEG-PLA and PEI-PA
plex mixtures.



Fig. 5. The proliferation profiles of NIH 3T3 cells first exposed to 5 mg/mL of mPEG-PLA nanomicelles (a) and PEI-PA nanomicelles (b) for 6.5 h and then incubated in DDT-containing
culture medium (10, 20, 30, and 40 mg/mL) for another 24 h; Cell viability after sequential exposure to mPEG-PLA nanomicelles (b) or PEI-PA nanomicelles (d) and various con-
centrations of DDT.
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has been reported that cells preferred to internalize smaller
nanoparticles with PEG shell (Hu et al., 2007). Thus, agglomeration
of mPEG-PLA nanomicelles induced by DDT partitioning might
mitigate their cellular uptake. Likewise, the decreased surface
charge of PEI-PA nanomicelles due to DDT partitioning would
suppress their affinity to the cell membrane, which was discussed
in detail in Section 3.3. Thus, the partitioning of DDT in both
nanomicelles could decrease its available concentration in the
culture medium and its bioavailability, which subsequently low-
ered the cytotoxicity. Furthermore, given endocytosis was a general
pathway for the cell internalization of nanomicelles, the
nanomicelle-DDT complexes would be located in the lysosome,
where macromolecules, carbohydrates, dead organelles, and other
unwanted materials could be digested due to the presence of
dozens of hydrolytic enzymes (de Duve, 2005). In contrast, free
DDT, as a small molecule, could diffuse directly into the cells
(Hjelmborg et al., 2008). Accordingly, the partitioning of DDT in the
nanomicelles could alter its cellular uptake process, and thereby
decrease its cytotoxicity.

We also evaluated the effect of nanomicelles on DDT's cyto-
toxicity by sequentially treating the cells with nanomicelles and
DDT (Fig. 5). The viability of DDT treated cells was obviously
enhanced upon pre-treatment with mPEG-PLA or PEI-PA nano-
micelles. Similar observation was reported in a previous study,
which demonstrated that the toxicity of polychlorinated biphenyls
(PCBs) was dramatically attenuated by pre-treatment with gra-
phene oxide (Liu et al., 2016). The underlying mechanism was
needed to further explore in the future.
4. Conclusion

The interaction of DDT with both negatively charged mPEG-PLA
and positively charged PEI-PA nanomicelles was a partitioning-
induced process instead of physical adsorption that was suitable
for most nanomaterials. The DDT partitioning could induce
agglomeration, shield the surface charge, and enhance the surface
hydrophobicity of both nanomicelles. The partitioning of DDT
exerted negligible influence on the biointerfacial behavior of
mPEG-PLA nanomicelles, but significantly alleviated the interaction
between PEI-PA nanomicelles and the model cell membrane. The
cytotoxicity of nanomicelle-DDT complexes was much lower than
that of free DDT. There are three aspects contributing to the low-
ered toxicity: (1) The available concentration of free DDT in the
culture medium after partitioning was much lower than the toxic
DDT concentration; (2) The bioavailability of DDT was decreased
due to partitioning in the polymeric nanomicelle; (3) The endocy-
tosis of nanomicelle-DDTcomplexes facilitated them locating in the
lysosome, where the cells were protected from outside substances’
attack by enzymatic digestion. Also, the tolerant capacity of NIH
3T3 cells towards DDT was enhanced by the pre-treatment with
nanomicelles, but the underlying mechanism was not clear and
needed to explore in the future. The results in this study will pose
important implications to the interaction of polymeric drug carriers
with hydrophobic organic pollutants and their combined toxicity in
the aquatic environment.
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