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Reversal of cancer drug resistance remains a critical challenge in chemotherapy. Mitochondria-targeted drug
delivery has been suggested to mitigate drug resistance in cancer. To overcome the intrinsic limitations in
conventional mitochondrial targeting strategies, we develop mitochondrial temperature-responsive drug delivery
to reverse doxorubicin (DOX) resistance in lung cancer. Results demonstrate that the thermoresponsive nano-
carrier can prevent DOX efflux and facilitate DOX accumulation and mitochondrial targeting in DOX-resistant

tumors. As a consequence, thermoresponsive nanocarrier enhances the cytotoxicity of DOX and reverses the
drug resistance in tumor-bearing mice. This work represents the first example of mitochondrial temperature-
responsive drug delivery for reversing cancer drug resistance.

1. Introduction

Drug resistance is still one of the principal obstacles for the chemo-
therapy against cancer [1,2]. For instance, small-cell lung cancer nearly
always relapses with drug resistance after the initial chemotherapy [3].
Although the mechanisms underlying cancer drug resistance remain
incompletely understood, multiple lines of evidence suggest that
ATP-binding cassette transporters might be implicated in drug resistance
in a tumor type-dependent fashion [4]. Since these transporters are
mainly ATP-driven multidrug efflux pumps (multidrug resistance pro-
tein (MRP), P-glycoprotein (P-gp)) [5], sabotage of ATP production
would be a promising strategy for reversing drug resistance.

Mitochondria are the intracellular power plant that houses ATP-
synthesizing machinery [6,7]. A critical role of mitochondria emerges
in multidrug-resistant cancers [8], and targeted drug delivery to
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mitochondria has recently attracted much attention [9-20]. Delocalized
lipophilic cations (DLCs) have been commonly harnessed for mito-
chondrial targeting [21]. Although mitochondrial membranes in cancer
cells are generally more negatively charged than those in healthy cells,
the difference could be rather small [22]. As such, DLCs-based targeting
strategy could not specifically target the mitochondria in cancer cells.
Moreover, in vivo imaging has suggested that considerable heterogeneity
of mitochondrial membrane potential exists within individual lung tu-
mors [23], which inevitably compromises the targeting efficacy of DLCs
to mitochondria in tumors. Therefore, mitochondrial targeting that does
not rely on mitochondrial membrane potential may bypass those
limitations.

It has been recently reported that active mitochondria can be phys-
iologically maintained at approximately 48 °C [24]. Moreover, the dif-
ference in mitochondrial temperatures has been suggested to exist
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between normal cells and cancer cells [25]. Such difference might help
circumvent the potential obstacles in nanodrug circulation [26] and thus
facilitate the specific targeting to mitochondria in cancer cells. Herein,
we took advantage of mitochondrial temperature-responsive nano-
carrier to reverse drug resistance in small-cell lung cancer (Scheme 1).
As the demands for reversing drug-resistant cancer continue to rise, it
represents a must-do application of thermoresponsive drug delivery to
combat cancer drug resistance.

2. Experimental section
2.1. Preparation and characterization of nanocarriers

We first synthesized the macromolecular crosslinker as follows.
Briefly, 1,6-Hexanediol diacrylate (452.5 mg, 2 mmol) and 4-(Amino-
methyl)piperidine (114.2 mg, 1 mmol) were added in a bottle contain-
ing 5 mL of DMSO and stirred for three days at 60 °C under argon
protection. Poly(f-aminoester)s containing acrylates as end groups were
obtained and stored in dark at —20 °C prior to use. Poly(N-iso-
propylacrylamide) (PNIPAM)- and polyacrylamide (PAM)-derived
nanocarriers were prepared as follows. N-isopropylacrylamide (226 mg,
2 mmol) or acrylamide (142 mg, 2 mmol), crosslinker (250 pL, 0.05
mmol), poly(ethylene glycol) methyl ether methacrylate (240 mg, 0.25
mmol), sodium dodecyl sulfate (20 mg, 0.07 mmol), N-(3-Aminopropyl)
methacrylamide hydrochloride (14.3 mg, 0.08 mmol) and N,N'-Meth-
ylenebis(acrylamide) (3 mg, 0.02 mmol) were added in 20 mL of ddH;0
and stirred with argon protection. The initiator ammonium persulfate
(22.8 mg, 0.1 mmol) was used to react for 4 h at 70 °C under argon
protection, followed by purification of the nanoparticles through dial-
ysis (MWCO = 10000 Da). Afterward, the nanoparticles were conju-
gated with (4-Carboxybutyl)triphenylphosphonium bromide (TPP) (a
mass ratio of 25:1) through EDC/NHS-assisted coupling reaction. After
being dialyzed with ddH»O for 24 h, the nanoparticles were mixed with
6-Maleimidohexanoic acid N-hydroxysuccinimide ester at a mass ratio
of 35:1 at 30 °C for 30 min. Afterward, iRGD was mixed with the
nanoparticles at a mass ratio of 1:10 overnight at 30 °C. The nano-
particles were dialyzed in ddH2O for 24 h (MWCO = 3500 Da) to remove
free iRGD and collected by lyophilization. PNIPAM/iRGD and PAM/
iRGD nanocarriers were prepared as described above without TPP
decoration step. PNIPAM (no crosslinker) nanocarrier was prepared as
described above except that the crosslinker was replaced by poly
(ethylene glycol) methyl ether methacrylate (48 mg, 0.05 mmol).

The asprepared nanocarriers were characterized by NMR and FTIR.
The morphology of nanocarriers was analyzed by TEM. The nanocarriers
were dispersed in deionized water (200 pg/mL) and sonicated for 15 min
before DLS measurements at 25 °C. TEM samples were prepared by the
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phosphotungstic acid staining method as previously reported [14]. The
lower critical solution temperature (LCST) of the nanoparticles was
determined with pyrene fluorescence according to an established pro-
cedure [14].

For cell imaging experiments, the fluorescently labeled nanocarriers
were prepared as follows: 10 mg of the nanoparticles and Cy5 NHS (200
pg, 0.3 pmol) were incubated in 2 mL DMSO for 24 h, followed by the
dialysis in ddH50 for 24 h (MWCO = 3500 Da).

2.2. Doxorubicin (DOX) loading

The DOX loading into PNIPAM nanoparticles (DOX@PNIPAM) and
PAM nanoparticles (DOX@PAM) was carried out by using a solvent
replacement method as previously described [27]. Briefly, DOXeHCl
(20 mg) was firstly stirred with 1.5 equivalence of triethylamine in 1 mL
of DMSO for 2 h to remove HCI, followed by addition of 10 mL of ethanol
solution containing 20 mg of the nanocarriers with sonication. The
nanoparticles were purified by dialysis in ddH,O for 24 h.

Formula of drug loading efficiency (DLE) and drug loading content
(DLC):

weight of feeding DOX — weight of DOX in dialysate

DLE(%) = 100%
(%) weight of feeding DOX X °
DLC(%) :weight of feeding 'DOXf weight 0].‘ DOX in dialysate
weight of nanoparticles
x 100%

2.3. DOX release in solutions

DOX release from the nanoparticles in PBS was examined as follows.
The nanoparticles were incubated in PBS at 25 °C, 37 °C, 40 °C, 42 °C,
44 °C or 48 °C for different time. After the incubation, the solutions were
centrifuged (10 000 rpm) for 1 min, and the supernatant was obtained
for DOX measurement at 480 nm. After the DOX analysis each time, PBS
solution was refilled to disperse the nanoparticles for further incubation.

2.4. Inhibition of tumor cells

H69AR or H69 cells were cultured in 96-well plates overnight.
Different concentrations of the nanoparticles were added and incubated
with the cells. After 24 h, the cell culture medium was removed. MTT
solution was added and incubated with the cells at 37 °C for another 4 h.
Afterward, the medium was removed and 100 pL of DMSO was added. A
microplate reader was used to record the solution absorbance at 570 nm.
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Scheme 1. Scheme of mitochondrial temperature-responsive drug delivery in a DOX-resistant model of small-cell lung cancer. In contrast to nonthermoresponsive
nanocarrier PAM, thermoresponsive nanocarrier PNIPAM can release DOX upon high mitochondrial temperature, which consequently damages mitochondria and

reverses DOX resistance.
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Cell viability was analyzed according to the solution absorbance.
2.5. Intracellular DOX levels

After H69AR cells were cultured for 24 h, the fresh medium con-
taining DOX-loaded nanoparticles was added to the cells and incubated
for 12-48 h. After PBS washing, a fresh medium was added, followed by
the staining of cell nuclei. Confocal laser scanning microscopy was used
to image intracellular DOX fluorescence that was further analyzed by
ImagelJ.

2.6. Lysosomal escape

After H69AR cells were cultured for 24 h, Cy5-labeled nanocarriers
were incubated with H69AR cells for 1 h or 4 h. After PBS washing, a
fresh medium was added to H69AR cells. Lysotracker Green and Hoechst
33342 were used to stain the lysosomes and cell nuclei, respectively,
according to the manufacturers’ protocols. Confocal laser scanning mi-
croscopy was used to image the lysosomes and the nanocarriers. Pear-
son’s correlation coefficient for colocalization was obtained from NIS-
Elements Viewer.

2.7. Mitochondria targeting of nanocarriers

After H69AR cells were cultured for 24 h, Cy5-labeled nanocarriers
were incubated with cells for another 12 h. After PBS washing, a fresh
medium was added to H69AR cells. Mitotracker Green was used to stain
the mitochondria for 30 min. Confocal laser scanning microscopy was
used to image the mitochondria and the nanocarriers. Pearson’s corre-
lation coefficient for colocalization was obtained from NIS-Elements
Viewer.

2.8. Mitochondrial targeting of DOX-loaded nanoparticles

After H69AR cells were cultured for 24 h, DOX-loaded nanoparticles
or the control samples were incubated with H69AR cells for 12 h. After
PBS washing, mitochondrial staining with Mitotracker Green was con-
ducted as described above. Confocal laser scanning microscopy was used
to image DOX and the mitochondria. Pearson’s correlation coefficient
for colocalization was obtained from NIS-Elements Viewer.

2.9. Mitochondrial membrane potential

After 24 h cell culture, DOX-loaded nanoparticles were incubated
with H69AR cells for 24 h. Afterward, JC-1 staining was conducted
following the manufacturer’s protocols. Intracellular fluorescence was
quantified by ImageJ. The red/green fluorescence ratios were calculated
by OriginPro 2017. The conversion of red fluorescence (aggregates) to
green fluorescence (monomers) indicates mitochondrial depolarization.

2.10. Intracellular ATP level

An ATP assay kit was used to analyze the intracellular ATP levels
[28]. H69AR cells were cultured for 24 h and then incubated with
DOX-loaded nanoparticles (equivalent of 20 pg/mL DOX) for another 24
h. After the incubation, 200 pL of cell lysis buffer was used to lyse
H69AR cells, followed by the centrifugation (12 000 rpm, 4 °C) for 5
min. The ATP levels in the supernatants were analyzed with the ATP
assay kit.

2.11. In vivo biodistribution of Cy5-labeled nanocarriers and DOX

100 pL of free Cy5 or Cy5-labeled nanocarriers (Cy5 concentration,
20 pg/mL) were intravenously injected into the BALB/c nude mice
bearing H69AR tumors. Fluorescent images were recorded at 1, 6, and
24 h post injections with in vivo imaging system (Ex/Em = 640/680 nm).
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For DOX imaging in organs, 100 pL of free DOX and the nanoparticles
(DOX concentration, 1.6 mg/mL) were administrated in mice. After 24
h, the imaging of tumors and major healthy organs from the mice was
carried out to analyze the DOX fluorescence (Ex/Em = 465/580 nm).

2.12. In vivo evaluation of the antitumor effects of DOX@PNIPAM

In vivo evaluation of the antitumor effects of nanodrugs was con-
ducted in BALB/c nude mice bearing H69AR tumors. Briefly, 1.0 x 107
cells/100 pL of H69AR cells were inoculated in the right flank of BALB/c
nude mice (4-6 weeks, female, 16 + 2 g, Beijing WeiTongLiHua Animal
Co. Ltd., Beijing, China). When the tumors were ~50 mms, the mice
were randomly grouped for the following experiments. Free DOX,
DOX@PAM or DOX@PNIPAM (equivalent dose of 8 mg/kg of DOX) was
intravenously injected into the mice every three days. After the in-
jections, the tumor growth in mice was recorded every three days.
Relative mouse weight was determined as M/My, where My was the
initial weight. After the treatments, tumors and the major healthy or-
gans were collected from the mice. Hematoxylin and eosin (H&E) and
Ki-67 assays were performed to examine the antitumor effects as pre-
viously described [27].

3. Results and discussion
3.1. Preparation and characterization of nanocarriers

Poly(N-isopropylacrylamide) (PNIPAM) was used to construct a
thermoresponsive nanocarrier, while polyacrylamide (PAM) was a
nonthermoresponsive control. The nanocarriers were prepared via a
step-by-step synthetic routine. First, an acrylate-terminal hyper-
branched poly(f-amino ester) (PAE) was synthesized to serve as the
macromolecular crosslinker. Fourier-transform infrared (FTIR) analysis
validated the existence of PAE crosslinker in obtained nanocarriers
through the appearance of the characteristic absorbance bands of 1735
cm™! ascribed to carbonyl bonds stretching in ester groups and the in-
tensity increment of absorbance bands between 1360 and 1300 cm™!
ascribed to C-N bonds vibration for tertiary amines (Fig. S1). The PAE
crosslinker not only provides the hydrophobic domain for the nano-
carriers to encapsulate DOX, but also facilitates mitochondrial targeting
of the nanoparticles. Next, the amino groups were introduced into the
nanocarriers for further modifications using N-(3-Aminopropyl)meth-
acrylamide. TPP was conjugated to the nanocarriers by EDC/NHS re-
actions. FTIR results showed the decoration of TPP on the nanoparticle
surface through the appearance of multiple absorbance bands at
1400-1600 cm™! corresponding to the typical skeletal vibrations of
benzene (Fig. S2). The appearance of the typical peak at ~7.2 ppm in 'H
NMR spectra indicated the existence of the phenyl groups in the nano-
particles (Fig. S3). Furthermore, the nanocarriers were conjugated with
iRGD by utilizing N-Succinimidyl 6-maleimidohexanoate as a linker.
iRGD is a disulfide-bridged cyclic peptide that can facilitate the nano-
particles to target and penetrate solid tumors [29]. The appearance of a
broad band from 3600 to 3400 cm ! was resulted from the typical
stretching vibration of N-H bonds in primary amines of iRGD (Fig. S2),
suggesting the successful decoration of iRGD to the nanocarriers.
Therefore, FTIR and 'H NMR validated the decoration of iRGD and TPP
onto the nanocarriers.

The uniform spherical morphology of PNIPAM-derived (Fig. 1a) and
PAM-derived nanocarriers (Fig. 1b) was illustrated by transmission
electron microscopy (TEM). Dynamic light scattering (DLS) analysis
indicated that the average size of the PNIPAM-derived nanocarriers
increased to ~286 nm after DOX loading (Fig. S4a), and DOX-loaded
PAM was ~299 nm (Fig. S4b). After DOX was encapsulated into the
nanocarriers, the characteristic DOX peak at ~480 nm was still found in
the UV-vis spectra (Fig. S5), suggesting the DOX loading into the
nanocarriers. The drug loading efficiency (DLE) of DOX@PNIPAM
nanoparticles was ~72.7%, while drug loading content (DLC) was
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Fig. 1. TEM images of PNIPAM-derived nanocarriers (a) and PAM-derived nanocarriers (b). Scale bar = 200 nm. (c¢) Characterization of LCST of PNIPAM-derived
nanocarriers (2 mg/mL) by pyrene fluorescence spectroscopy. DOX release from DOX@PNIPAM (d) and DOX@PAM (e) at 25 °C, 37 °C, 40 °C, 42 °C, 44 °Cand 48 °C.

~36.4%. DLE and DLC of DOX@PAM were around 75.3% and 37.7%,
respectively.

To be suitable for mitochondrial temperature-responsive drug de-
livery, LCST of PNIPAM-derived nanocarrier was well adjusted to
~48 °C by adding an appropriate amount of polyethylene glycol (PEG)
derivative (Fig. 1c). Furthermore, the temperature-responsive property
of the nanoparticle was characterized after loading DOX. DOX release
from DOX@PNIPAM and DOX@PAM was examined at different tem-
peratures. As shown in Fig. 1d, ~12.5% of DOX was released from
DOX@PNIPAM after 48 h at 25 °C. When the temperature increased,
DOX release increased in a temperature-dependent fashion. At 48 °C,
cumulative DOX release from DOX@PNIPAM increased to approxi-
mately 58.6% after 48 h. In contrast to DOX release from DOX@PNI-
PAM, DOX release from the nonthermoresponsive control DOX@PAM
was up to ~17.9% at 48 °C (Fig. 1e). These results confirmed the ther-
moresponsive release of DOX from DOX@PNIPAM in vitro.

3.2. Mitochondria-targeted DOX delivery by DOX@PNIPAM

Mitochondria-targeted DOX delivery was analyzed by staining
mitochondria with MitoTracker. Results showed that the colocalization
of free DOX with mitochondria was poor (Fig. 2a). In contrast to free
DOX, both DOX@PNIPAM and DOX@PAM could enhance the colocal-
ization of DOX with mitochondria (Fig. 2a). Further analysis indicated
that DOX was colocalized with mitochondria to a lesser extent in
DOX@PAM group (Pearson’s correlation coefficient, 0.75) than in
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DOX@PNIPAM group (Pearson’s correlation coefficient, 0.94) (Fig. 2b).
In addition, we examined the mitochondrial targeting of TPP-DOX
(Fig. S6) in H69AR cells. Results showed that TPP-DOX was poorly
colocalized with mitochondria (Pearson’s correlation coefficient, 0.67)
(Fig. 2b), suggesting that TPP alone is not sufficient to deliver DOX to
mitochondria in H69AR cells. These results highlighted the advantage of
PNIPAM-based nanocarrier for enhancing the colocalization of DOX
with mitochondria.

We next asked whether the difference in DOX colocalization with
mitochondria between DOX@PNIPAM and DOX@PAM groups was
derived from the mitochondrial targeting capacities of the two nano-
carriers. The nanocarriers were labeled with Cy5 for cell imaging. The
mitochondrial colocalization of PAM-Cy5 (Pearson’s correlation coeffi-
cient, 0.81) was comparable to that of PNIPAM-Cy5 (Pearson’s corre-
lation coefficient, 0.80) (Fig. 2c). In the nanocarriers, TPP can help the
nanoparticles escape from lysosomes [30]. The lysosomal escape ca-
pacities of the nanocarriers were confirmed by examining the colocali-
zation of the nanoparticles with lysosomes over time (Fig. S7).
Moreover, TPP could assist in the colocalization of the nanocarriers with
mitochondria, as suggested by the negative controls (Fig. S8). Similarly,
the PAE crosslinker as cationic polymers also facilitated the mitochon-
drial targeting of the nanocarriers (Fig. S9). These results suggested that
both nanocarriers could moderately target the mitochondria to a similar
extent. Apart from the mitochondrial targeting capacities of the nano-
carriers, the thermoresponsive DOX@PNIPAM could further facilitate
DOX delivery to mitochondria. To further verify the high temperature of
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DOX@PNIPAM

Fig. 2. (a) Confocal images of H69AR cells incubated with 10 pg/mL of DOX or DOX-loaded nanoparticles (containing 10 pg/mL of DOX) for 12 h. Scale bar = 50 pm.
(b) Colocalization analysis of mitochondria (green) with TPP-DOX, DOX@PAM and DOX@PNIPAM (equivalent dose of 10 pg/mL of DOX) after 12 h incubation.
Scale bar = 10 pm. (c) Colocalization analysis of mitochondria (green) and Cy5-labeled nanocarriers (Cy5 concentration, 1 pg/mL, red) after 12 h incubation of the
nanocarriers with the cells. Scale bar = 10 pm. The cell nuclei were visualized by Hoechst 33342 (blue).

mitochondria in H69AR cells, we used a temperature-sensitive and
mitochondria-targeted fluorescent probe to compare the mitochondrial
temperature between H69AR cells and a normal cell line (human um-
bilical vein endothelial cells, HUVEC) [31]. Results indicated that the
mitochondrial temperature in H69AR cells could be relatively higher
than that in HUVEC (Fig. S10).

Subsequently, the intracellular DOX levels in H69AR cells were
examined. As shown in Fig. S11, DOX fluorescence was much weaker in
free DOX group than in the other two groups, suggesting that free DOX
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could not be retained in H69AR cells. By contrast, time-dependent
accumulation of DOX inside H69AR cells was found in DOX@PNIPAM
group, suggesting that DOX@PNIPAM might inhibit the efflux of DOX
from H69AR cells (Fig. S12).

3.3. Invitro antitumor effects of DOX@PNIPAM

DOX accumulation in DOX-resistant cells was a positive sign of
reversing DOX resistance. We then examined the cytotoxicity of
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DOX@PNIPAM in H69AR cells. H69AR is a cellular model of DOX-
resistant small-cell lung cancer. Compared with the parental H69 cells,
H69AR is approximately 32-fold resistant to DOX [32], and therefore
H69AR represents one of the highly DOX-resistant cell lines [33]. In
H69AR cells, the overexpression of MRP1, instead of P-gp, is considered
most responsible for DOX resistance [34,35]. H69AR cells were incu-
bated with different samples for 24 h, followed by the cytotoxicity as-
says. Results showed that DOX@PNIPAM was considerably more
cytotoxic to H69AR cells than free DOX or DOX@PAM (Fig. 3a). Simi-
larly, the potent antitumor effect of DOX@PNIPAM was also found in
H69 cells (Fig. S13). ICso of DOX@PNIPAM was approximately 35
pg/mL for H69AR cells, which was much lower than ICs9 of DOX@PAM
(>100 pg/mL). The relatively high cytotoxicity of DOX@PNIPAM was in
agreement with increased intracellular DOX accumulation and
enhanced DOX colocalization with mitochondria by DOX@PNIPAM.
Besides the enhanced DOX colocalization with mitochondria, DOX levels
in nuclei were also increased by DOX@PNIPAM (Fig. S11). Because the
main targets of DOX are DNA and topoisomerase II that reside in both
nuclei and mitochondria [36,37], thermoresponsive release of DOX and
subsequent DOX accumulation in nuclei/mitochondria may account for
the enhanced cytotoxicity of DOX@PNIPAM. Collectively, these results
indicated that the thermoresponsive nanocarrier could enhance DOX
accumulation in mitochondria and consequently reverse drug resis-
tance. In addition, the nanocarriers were not cytotoxic (Fig. 3b), and
they were generally biocompatible as suggested by hemolysis assays
(Fig. 3c and d).
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3.4. Mechanisms of overcoming drug resistance

In light of the cytotoxicity of DOX@PNIPAM, we next asked whether
mitochondria-targeted delivery of DOX would alter mitochondrial
membrane potential. JC-1 assays were carried out after H69AR cells
were incubated with DOX or the nanoparticles for 24 h. Both DOX@PAM
and DOX@PNIPAM could considerably depolarize mitochondrial
membranes (Fig. 4a). This is because accumulation of DOX in mito-
chondria can induce mitochondrial oxidative damage [38]. Mitochon-
dria were more depolarized in DOX@PNIPAM group than in DOX@PAM
group (Fig. 4b), which was consistent with higher accumulation of
intracellular DOX in DOX@PNIPAM group. Moreover, mitochondrial
depolarization disfavoured the electrostatic interactions between the
positively charged nanoparticles and mitochondrial membranes, and
therefore adversely affected mitochondrial targeting of the nano-
particles. Despite mitochondrial depolarization, DOX@PNIPAM, as
compared with DOX@PAM, could still enhance DOX accumulation in
mitochondria (Fig. 2), suggesting that thermoresponsive delivery DOX
to mitochondria was less compromised by mitochondrial depolarization.

Subsequently, we examined ATP levels in H69AR cells upon the
treatments. Results showed that intracellular ATP levels were signifi-
cantly reduced by DOX@PNIPAM (Fig. 5a). Since ATP-driven trans-
porters pump out intracellular drugs typically against the concentration
gradient at the expense of ATP hydrolysis, reduced ATP levels can
adversely affect the activity of ATP-dependent drug efflux pumps [8,28].
Rhodamine 123 (Rh123) assays indicated that the activity of drug efflux
pumps in H69AR cells was attenuated by DOX@PNIPAM (Figs. 5b and
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Fig. 3. (a) Cytotoxicity of free DOX and the nanoparticles was determined in H69AR cells at 24 h of incubation. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (b) Cell
viability was examined in H69AR cells treated with the nanocarriers at 24 h. Percent hemolysis of red cell suspension incubated with PAM-derived nanocarriers (c)
and PNIPAM-derived nanocarriers (d) at 37 °C for 1 h. Deionized water was used as a positive control of hemolysis, while PBS was a negative control.
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Fig. 4. (a) Confocal microscopic images of JC-1 staining in H69AR cancer cells after 24 h incubation with DOX or DOX-loaded nanoparticles (containing 20 pg/mL of
DOX). Scale bar = 10 pm. (b) Red/green fluorescence ratio of JC-1 in (a). ###, P < 0.001 as compared with the control; **, P < 0.01; ***, P < 0.001 between two

treatment groups.
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Fig. 5. The effects of DOX or DOX-loaded nanoparticles (containing 20 pg/mL of DOX) on intracellular ATP (a) and inhibition of Rh123 efflux (b) were shown. ###,
P < 0.001 as compared with the control; ***, P < 0.001 between two treatment groups.

S14), which was in agreement with DOX accumulation in
DOX@PNIPAM-treated cells (Fig. S11). Similarly, DOX@PNIPAM
treatment increased the intracellular glutathione (GSH) levels in HO9AR
cells, as compared with the DOX group (Fig. S15). These results sug-
gested that thermoresponsive delivery of DOX to mitochondria can
reduce ATP production and consequently inhibit drug efflux in HG9AR
cells.

3.5. In vivo antitumor effects of DOX@PNIPAM

A DOX-resistant mouse model was established by inoculation of
H69AR cells in mice. Cy5-labeled nanocarriers were used to analyze the
in vivo distribution of the nanocarriers at 1, 6 and 24 h. Results showed
that in vivo fluorescence of Cy5 increased in tumor regions of
nanocarriers-treated mice over time, whereas the fluorescence in free
Cy5 group fluorescence was barely seen (Fig. S16). Tumor targeting
capacity could be ascribed to the iRGD moiety of the nanocarriers
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(Fig. S17). Furthermore, we examined DOX distribution in mice treated
with free DOX or the nanoparticles. Ex vivo images of different mouse
organs indicated that DOX@PNIPAM could enhance DOX accumulation
in tumors while decreasing DOX levels in heart (Fig. S18). Since car-
diotoxicity is the primary adverse effect of DOX [38], reducing DOX in
heart tissues can help reduce the adverse effects of the nanodrugs.

The antitumor effects of DOX-loaded nanoparticles were examined
after intravenous injections in tumor-bearing mice. Tumor growth pro-
files of the mice indicated that only DOX@PNIPAM could potently
suppress tumor growth in mice (Fig. 6a). Both free DOX and DOX@PAM
could hardly suppress the tumor growth. The body weights of mice
implied that there was no excessive systemic toxicity in all the treatment
groups (Fig. 6b), which was in line with the low cytotoxicity of the
nanocarriers (Fig. 3). In addition, blood routine analysis also suggested
minimal systemic toxicity (Fig. S19). H&E staining indicated minimal
lesions to healthy organs after the treatments (Fig. S20). These results
suggested that the nanodrugs were generally biocompatible. After the
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Fig. 6. (a) Tumor growth profiles of the mice following the treatments with PBS, free DOX, DOX@PAM and DOX@PNIPAM (equivalent dose of DOX of 8 mg/kg of
body weight). (b) The body weights of mice were monitored every three days. (c) Photos of the tumors excised from the mice after the treatments. (I) PBS, (II) free
DOX, (III) DOX@PAM, (IV) DOX@PNIPAM. (d) The tumor weight of each group was averaged (mean + SD, n = 5). # P < 0.05; **# P < 0.001 between indicated
group and the control; *, P < 0.05; ***, P < 0.001 between indicated groups. (e) H&E and Ki-67 stainings of the tumors. Scale bar = 50 pm.

treatments, the shrinkage of the tumors from the mice further corrob-
orated the antitumor effects of DOX@PNIPAM (Fig. 6¢ and d). Stainings
of tumor sections with H&E or Ki-67 also indicated DOX@PNIPAM-
induced lesions to the tumor cells (Fig. 6e). Therefore, the antitumor
effects of thermoresponsive drug delivery to mitochondria were
consistently validated in vitro and in vivo.

4. Conclusion

We have developed a mitochondrial temperature-responsive drug
delivery strategy for reversing DOX resistance in small-cell lung cancer.
Compared with the nonthermoresponsive control, thermoresponsive
nanocarriers could increase intracellular DOX levels, enhance the
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mitochondrial targeting of DOX and facilitate tumor-specific accumu-
lation of DOX. Consequently, thermoresponsive delivery of DOX to
mitochondria reversed DOX resistance in the cellular and mouse model
of DOX-resistant small-cell lung cancer. These results suggest that
mitochondrial temperature-responsive nanocarrier is a promising tool
for addressing drug resistance in cancer.
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