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ARTICLE INFO ABSTRACT

Keywords: The effort of incorporating therapeutic drugs with imaging agents has been one of the mainstreams of nano-
Nanovesicles medicine, which holds great promise in cancer treatment in terms of monitoring therapeutic drug activity and
Metal-drug coordination evaluating prognostic index. However, it is still technically challenging to develop nanomedicine endowing a
?:[};{ oxide spatiotemporally controllable mechanism of drug release and activatable imaging capability. Here, we devel-

oped a yolk-shell type of GSH-responsive nanovesicles (NVs) in which therapeutic drug (Doxorubicin, DOX) and
magnetic resonance imaging (MRI) contrast agent (ultrasmall paramagnetic iron oxide nanoparticles, USPIO
NPs) formed complexes (denoted as USD) and were encapsulated inside the NVs. The formation of USD com-
plexes is mediated by both the electrostatic adsorption between DOX and poly(acrylic acid) (PAA) polymers and
the DOX-iron coordination effect on USPIO NPs. The obtained USD NVs showed a unique yolk-shell structure
with restrained drug activity and quenched T; MRI contrast ability which, on the other hand, can respond to
glutathione (GSH) and lead to drug release and T; contrast activation in a spatiotemporally concurrent manner.
Furthermore, the USD NVs exhibited great potential to kill HCT116 cancer cells in vitro and effectively inhibit the
tumor growth in vivo. This study may shed light on the design of sophisticated nanotheranostics in precision
nanomedicine.

Concurrent theranostics

1. Introduction [8,9]. Engineering nanomaterials as drug delivery vehicles opens up a

new era of DDS by tailoring the delivery and targeting approaches for

Molecular drugs usually suffer from poor biodistribution in vivo
which greatly hinders the effectiveness of therapeutic drugs in disease
treatment [1]. The past decades have witnessed tremendous advances
in nanomedicine which have provided great versatility and feasibility in
revolutionizing traditional disease treatments [2]. Multifunctional na-
nomaterial platforms implicating the physiochemical properties of
polytropic nanomaterials have gained momentum [3-5], which hold
great promise in disease diagnosis, treatment, therapeutic monitoring,
and prognosis [6,7]. Drug delivery system (DDS) is ideally conducted
with targeted delivery and controlled release of therapeutic agents
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improved therapeutic outcomes [10,11]. Besides passive (e.g., en-
hanced permeability and retention effect, EPR) and active (e.g., anti-
body or peptide interactions) targeting strategies [12,13], stimuli-re-
sponsive systems enabling on-demand drug release may achieve
enhanced drug accumulation in desired tissues and reduced systemic
toxicity to healthy tissues [14,15]. For example, the relatively low-pH
milieu, arising from the fast glucose metabolism of most tumors, has
spurred the design considerations of pH-responsive systems for tumor-
specific imaging and cancer therapy [16-19]. Glutathione (GSH) is one
of the most abundant antioxidants in living organisms which is
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revolutionized to an elevated level in most cancers during the tumor
progression and metastasis. The exploitation of GSH-responsive nano-
materials has been widely recognized to facilitate controllable drug
release, which holds great promise for precision nanomedicine [20-24].

On account of monitoring drug release, the physiological fate of
administered drugs is of paramount importance in terms of locating
drug distribution, reporting drug activity, and finally improving the
therapeutic efficacy [25,26]. To this end, cancer theranostics in-
tegrating both therapeutic drugs and imaging agents have emerged as
an important frontier in nanomedicine [27-29]. Nanomaterials can be
easily engineered as vehicles to load both therapeutic drugs and ima-
ging agents. However, one caveat here is that the imaging agents and
therapeutic drugs may have different pharmacokinetics and biodis-
tribution patterns in vivo due to premature release or accidental de-
composition [9,30], which dampens the rationality of monitoring the
drug release through imaging results. Therefore, an ideal system should
be operated with a spatiotemporally concurrent feature for both the
imaging agents and the therapeutic drugs, in which therapeutic drug
release is accompanied by imaging through a single stimulus [31,32].
Based on these design considerations, cancer theranostics with activa-
table imaging and drug releasing profiles in a concurrent manner may
be a promising platform for improving prognostic prediction and
therapeutic outcomes [33,34]. Recently, a variety of activated imaging
techniques has been implicated in nanomedicine to monitor drug re-
lease and screen drug activity [35-41]. However, it is still synthetically
demanding and technically challenging to integrate the two processes
in a concurrent manner due to the difficulty in identifying a single
mechanism eligible to activate both drug release and imaging.

Due to the high stability, flexible lateral fluidity and heterogeneity
of polymersomes over liposomes, polymersome nanovesicles (NVs)
have gained momentum to be utilized as versatile platforms for im-
proved cancer theranostics [42]. Herein, we report a novel design of
using polymersome NVs as concurrent theranostics in which the drug
release and the turn-on effect of T; magnetic resonance imaging (MRI)
signal are stimulated by a single mechanism of GSH-triggered decom-
position of the NVs. The NVs are formed by self-assembly of poly
(ethylene glycol)-poly(propylene sulfide)-SS-poly(ethylene glycol)
(PEG-PPS-SS-PEG) amphiphilic triblock copolymers through a thin-film
hydration method (Fig. 1A). During the self-assembly process, ther-
anostic agents (denoted as USD complexes), composed of ultra-small
paramagnetic iron oxide nanoparticles (USPIO NPs) and doxorubicin
(DOX), are encapsulated into the inner space of the NVs to attain USD
NVs. The as-synthesized USPIO NPs are coated with poly(acrylic acid)
(PAA) polymers which interact with DOX to form USD complexes
through electrostatic interaction and metal-drug coordination effect.
MRI is widely used in clinical diagnosis due to the non-invasive and
non-radiation characteristics, and more importantly, enabling high
spatial resolution especially on soft tissues (e.g., solid tumors). Re-
sponsive MRI systems can be achieved through engineering the para-
meters that influence the T; and T, relaxivities of magnetic nanoma-
terials [43,44]. For example, the chemical exchange between water
molecules and magnetic centers is likely the most important factor for
T; relaxation enhancement [45,46], so that excluding water molecules
from magnetic centers could lead to dormant T; effect and vice versa
[47,48]. In the current work, the formation of USD complexes results in
“quenching” of the Ty MRI contrast of USPIO NPs due to the restricted
water penetration and the elevated T, shortening effect of the system
[48-51]. Upon cellular internalization and exposure to GSH, the clea-
vage of disulfide bonds destabilizes the USD NVs, leading to reverse
micellation and release of the USD cargos (Fig. 1B) [52]. Although there
have been many reports of MRI-monitored drug release studies, very
few of them elaborated on designing a single mechanism that is re-
sponsible for both MRI activation and drug release in a current manner.
Our work reports a spatiotemporally concurrent process of both T; MRI
activation and therapeutic drug release, which may shed light on de-
signing theranostic biomaterials in precision nanomedicine.
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2. Experimental section
2.1. Preparation of ultrasmall paramagnetic iron oxide nanoparticles

The USPIO NPs were prepared by a published procedure in our
previously report [53]. Briefly, 80 mg of PAA (Mw = 1800) was dis-
solved in 20 mL of DI water and purged with nitrogen before heated to
reflux. 0.4 mL of a mixed solution of iron precursors (1 M FeClz and
0.5 M FeSO4) was quickly injected into the hot solution followed by the
addition of 6.0 mL of ammonia solution. The solution was kept at the
reflux temperature for 1 h before cooling to room temperature. The
solution was further dialyzed in water to remove excess of surfactants.
The USPIO NPs solution was stored at room temperature for further use.

2.2. Synthesis of PEG-PPS-SS-PEG amphiphilic triblock polymers

Poly(ethylene glycol) methyl ether (mw 750) were used as source
materials to obtain PEG-Tosyl and PEG thioacetate according to pre-
viously reported procedures (Fig S1, i and ii). The obtained PEG
thioacetate was transformed into PEG-PPS-disulfide pyridine according
to following procedure: 4 mL of THF was used to dissolve 200 mg of
PEG thioacetate and the system was degassed with N,. 16 mg of sodium
methoxide were dissolved in 0.5 mL of MeOH (0.5 M) and added to the
flask through syringe and left for 30 min. After then, propylene sulfide
(750 mg, 40 eq.) were injected to the system through syringe. The
system was left to react for 45 min before adding 165 mg of disulfide
dipyridine in THF and left overnight. The product was collected by
precipitation in ethyl ether for three times and dried under vacuum.
The product PEG-PPS-disulfide pyridine (300 mg) were then dissolved
in THF and HS-PEG-NH, (mw 1k, 160 mg) was added for conjugation.
The reaction was left for 48 h and the final product was collected and
dried under vacuum. The product from each step was dissolved in
CDCl; and characterized by '"H NMR spectroscopy (Bruker, 300 MHz).

2.3. Raman measurement

To collect Raman spectra, the samples were placed on a glass slide
(1 mm Micro slide from Fisherbrand). The thickness of the samples is
around tens of micron. The Raman spectra were collected with a Raman
microscope (Witec Alpha300R confocal microscope, Germany) with a
785-nm excitation line under a 50x dark-field lens in reflection mode.
Each spectrum is collected by accumulating 50 measurements with 2 s
irradiation.

2.4. Preparation of nanovesicles

The NVs of different formulations were formed through the thin-
film hydration method. Briefly, 6 mg of PEG-PPS-PEG copolymers were
dissolved in 1.0 mL of CHCl; in a 25 mL flask. The solution was left in
chemical food hood to allow the evaporation of the solvent which was
further removed by vacuum for 30 min. For the preparation of blank
NVs, 0.5 mL of deionized (DI) water was added to the flask to hydrate
the thin film on the flask for 20 min. The solution was further applied
with sonication for 15 min until the formation of a cloudy solution. The
solution was further purified by centrifugation at 4000 rpm to remove
any possible precipitations and stored at room temperature for further
use. For the preparation of DOX NVs, 0.5 mL of DOX (1 mg/mL) dis-
solved in DI water was added to the flask following a similar procedure
as above. The final solution was purified by dialysis against water for 3
days with multiple changes of outside solvent. For the preparation of US
NVs, 0.5 mL of PAA coated USPIO NPs was added to the flask and
underwent sonication for 15 min. The solution was further purified by
removing free USPIO NPs through centrifugation. For the preparation
of USD NVs, the USPIO NPs (1 mg/mL) and DOX (1 mg/mL) solutions
were mixed immediately before dropwise adding into the thin-film
flask. The procedure was accompanied with sonication to prevent
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Fig. 1. Schematic illustration of the concurrent nanotheranostics. (A) Poly(acrylic acid) (PAA) coated ultrasmall paramagnetic iron oxide nanoparticles (USPIO NPs)
interact with doxorubicin (DOX) forming USD complexes mediated by both the electrostatic absorption between DOX and PAA polymers and the DOX-iron co-
ordination effect on USPIO NPs. During the nanovesicles (NVs) formation by self-assembly of poly(ethylene glycol)-poly(propylene sulfide)-SS-poly(ethylene glycol)
(PEG-PPS-SS-PEG) amphiphilic triblock copolymers through a thin-film method, either USPIO NPs or USD complexes are added to form US NVs or USD NVs,
respectively. (B) After tumor accumulation and cell internalization, the USD NVs are decomposed under GSH environment which lead to drug release and T; MRI

activation phenomenon in a spatiotemporally concurrent manner.

precipitation of the USD complexes. The solution was further purified
by centrifugation to remove large precipitations and stored at room
temperature for further use.

2.5. Cell viability assay

The cell viability was evaluated by MTT (3-[4,5-dimethylthiazole-2-
yl]-2,5-diphenyltetrazolium bromide) assay on two cell models,
HCT116 and A549. Cells were first seeded in a 96-well plate at
1 x 10* cells/well and incubated at 37 °C for 24 h. The NVs of different
formulations and of different concentrations were added to the wells,
and further incubated for 48 h before conducting the standard MTT
procedure. The cell viability was derived from the Uv-vis absorption at
570 nm according to the following equation: [(Absorption of sample —
absorption of background)/(absorption of control - absorption of
background)] * 100%. Date represents to mean * s.d. (n = 3).

2.6. MRI measurements

The MRI study was conducted on a 7 T scanner (Bruker). The
phantom samples with different Fe concentrations were prepared con-
taining acquired amount of GSH. The T; MRI phantom study was
conducted using rapid acquisition with relaxation enhancement with
variable repetition time (RARE-VTR) sequence by the following para-
meters: Multiple Repetition Time = 50, 250, 500, 1000, 2000, 4000,
6000 ms, Echo Time = 12.507 ms, Effective TE = 12.507 ms, Number

of Experiments = 7, Rare Factor = 2, Number of Repetitions = 1,
Number of Averages = 1, Flip Angle = 180, Matrix = 256 x 256. The
T, MRI phantom study was conducted using multi-slice multi-echo
(MSME) sequence by the following parameters: Repetition
Time = 2000 ms, Echo Time = 10 ms, Effective TE = 10, 20, 30, 40,
50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160 ms, Number of
Repetitions = 1, Number of Averages = 1, Flip Angle = 180,
Matrix = 256 x 256. The data was handled by Image J and analyzed
with the MRI Analysis and Calculator plugin to obtain the T; and T,
relaxation time for each sample.

2.7. In vivo MRI of mouse tumors

The in vivo MRI of subcutaneous tumors was conducted on a 7 T
scanner (Bruker). All animal experiments were performed under the
National Institutes of Health Clinical Center Animal Care and Use
Committee (NIH CC/ACUC) approved protocol. Mice were anaes-
thetized by isoflurane (1.0-2.0%) in oxygen and placed in an animal-
specific body coil for data acquisition. The multi-slice T; MRI was ac-
quired with RARE sequence using the following parameters: Repetition
Time = 350 ms, Echo Time = 10.3 ms, Effective TE = 10.3 ms, Rare
Factor = 2, Flip Angle = 180, Number of Repetitions = 1, Number of
Experiments = 1, Number of Averages = 8, Matrix = 256 x 256. The
data was finely analyzed by Image J to obtain the signal intensity for
region-of-interest of tumor and semi-quantitative analysis of the SNR
and CNR of tumor.
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2.8. Cancer therapy study on HCT116 tumor model

All animal experiments were performed under the National
Institutes of Health Clinical Center Animal Care and Use Committee
(NIH CC/ACUC) approved protocol. The HCT116 mouse tumor model
was established by subcutaneously injecting 2 x 10° of HCT116 cells
into the right back flank of each mouse (Athymic nude, Envigo, USA).
After the tumor size reached around 40-50 mm?®, mice were randomly
grouped into 6 groups (n = 5). Mouse groups were treated with dif-
ferent formulations: PBS, free DOX, US NVs, DOX NVs, USD NVs + BSO
and USD NVs, respectively. Each group contains four doses at every
three days. Each dose represents to 4 mg DOX per kg mouse body
weight or equivalent components in different formulations. At the first
time treatments, the mouse groups treated with US NVs, USD
NVs + BSO and USD NVs were subjected to MRI study by multi-slice
T;-weighted MRI sequence as described elsewhere. The tumor size and
body weight for each mouse groups were recorded every two days after
starting the first treatment. The mouse survival rates for each mouse
groups were recorded until 35 days after the first treatment. The mouse
tumor volume was calculated by the equation: V = width® x length/2.
The quantitative tumor inhibition ratios in percentage (%) at the day 20
are calculated by the following equation: (1 — ((éXpday20 - €XPday0)/
(controlgay2o - controlgayo)))* 100.

3. Results and discussion

We first synthesized the triblock PEG-PPS-SS-PEG copolymers
through a modified procedure from literature (Fig. S1) [54]. The for-
mation of triblock PEGy,50-PPS-SS-PEG1¢go copolymer was confirmed
from the integration analysis of the proton nuclear magnetic resonance
(*H NMR) spectrum (Figs. S2 and S3). The Raman spectroscopy shows a
characteristic Raman shift at around 521 cm ™! for the disulfide bond,
further confirming the formation of triblock copolymer (Fig. S4). The
success of liposomal drugs (e.g., Doxil® and Onivyde®) in the treatment
of cancers have spurred great interest in exploring polymersomes as
drug delivery platforms for cancer theranostics [42,55,56]. The syn-
thesized triblock copolymers can form uniform NVs (denoted as block
NVs) with size around 70-90 nm (Fig. S5), which is similar to that of
previously reported results[33]. We further prepared PAA-coated
USPIO NPs by a well-controlled hydrothermal method, which showed
an average diameter of 3-4 nm from the transmission electron micro-
scopy (TEM) and the high-resolution TEM image (Fig. 2A), indicating
great potential to serve as efficient T; contrast agents [53,57,58]. Due
to the presence of PAA polymers on the surface, the as-synthesized
USPIO NPs had an intrinsic pH value of around 4.5 when dispersed in
DI water. It should be noted that the PAA-coated USPIO NPs were stable
in solution without obvious precipitation or dissolution over several
months [53].

We found that USD complexes can be formed by directly mixing
USPIO NPs and DOX solutions. This phenomenon is possibly due to two
factors: first, the electrostatic adsorption between PAA and DOX;
second, the coordination effect between iron ions on nanoparticle sur-
face and the anthracene rings of DOX molecules. Each iron(III) ion may
coordinate with three DOX molecules according to previous spectro-
scopic studies [59,60]. The Fourier transform infrared (FTIR) spectrum
further confirmed the formation of metal-DOX complexes with a weak
N-H stretching peak at around 3450 nm and a broadened O-H
stretching peak at around 3450-3250 cm ™! (Fig. S6). The USD com-
plexes dispersed well in water with a weight ratio of 1:1 for USPIO NPs
to DOX, attaining a spheroidal shape with diameters ranging from 50 to
80 nm according to the TEM image (Fig. 2B). Furthermore, increasing
the weight ratio of USPIO NPs to DOX from 1:1 to 2:1, 3:1, 4:1, and 5:1
resulted in obvious turbulence which could be precipitated under
centrifugation (Fig. 2C). More importantly, the presence of GSH (5 mM,
pH 7.4) could readily decrease the hydrodynamic size of the USD
complexes as monitored by dynamic light scattering (DLS)
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measurements (Fig. S7).

We further showed that the USPIO NPs can be encapsulated into the
NVs, denoted as US NVs (Fig. 2D). Although the average encapsulation
efficiency was measured to be about 46.7%, the purification of US NVs
from the USPIO NPs could be easily conducted by centrifugation due to
the excellent dispersion ability of single USPIO NPs in solution. The
formation of USD NVs was similar to that of US NVs except for the use
of USD solution as feeding materials with the USPIO:DOX weight ratio
of 1:1. In a typical procedure, the loading capacity of DOX to the overall
weight of USD NVs was calculated as 14.3%, which was about 30%
higher than that of the commercial Doxil liposomes (DOX content:
11.1%). Further increasing the loading capacity of USD NVs was also
possible, however, the self-assembly procedure may suffer from sig-
nificant drop of loading efficiency due to the inevitable formation of
micelles rather than polymersomes. Hereafter, we used the USD NVs
with DOX loading capacity of 14.3% for further in vitro and in vivo
studies. The TEM image of the USD NVs showed an interesting yolk-
shell structure in which the yolk was the US complexes and the shell
was the PPS membrane (Fig. 2E-G). DLS analysis results showed that
the hydrodynamic diameters of US NVs and USD NVs were
107.6 * 23.2 and 153.7 * 36.4 nm, respectively (Fig. S8). Further-
more, we prepared free DOX loaded polymersomes, denoted as DOX
NVs, which showed a hydrodynamic diameter of about
112.7 * 29.5 nm, similar to that of blank NVs (Fig. S9). It is of note
that the maximum drug loading capacity of the DOX NVs under an
optimized condition was 4.6% which was about 3-fold lower than that
of the USD NVs, underscoring the great necessity and feasibility of
forming USD complexes for improved drug loading efficiency.

To investigate the GSH-triggered drug release profiles, we incubated
the USD NVs in phosphate buffer solution (pH 7.4) in the presence and
absence of GSH at a concentration of 5 mM. The DOX NVs were used as
a control sample under the equivalent conditions. The drug release was
quantified through the fluorescence measurement of DOX. The bare
USD complexes showed a quick release of DOX, 37.6% in the first hour
and 83.1% at 24 h, due to the instability of the USD complexes under
neutral condition (Fig. 3A). However, the USD NVs had less than 20%
drug release within 24 h, indicating that the vesicular formulation was
able to protect the inside USD complexes from dissociation. Further-
more, the addition of GSH to the USD NVs resulted in an efficient re-
lease of DOX while maintaining other conditions as the same, 33.1% at
1 h and 63.4% at 24 h, which gradually reached 74.3% at 72 h. The
releasing profiles are similar to that of DOX NVs with and without GSH,
respectively, indicating that GSH is responsible for triggering the de-
composition of these NVs and facilitating the drug release.

Meanwhile, we studied the MRI performance of the US NVs and the
USD NVs in the presence and absence of GSH. The T; MRI phantom
results were acquired with different sample concentrations of 0.4, 0.2,
0.1, 0.05, 0.025 mM, with respect to Fe ions. Compared with the US
NVs and the USD NVs only, the GSH treatment led to prominently en-
hanced T; bright contrast with increased sample concentrations, re-
spectively (Fig. 3B). Furthermore, we found that the USD NVs in the
absence of GSH showed slightly dark contrast with increased con-
centrations in the T; MRI probably due to the elevated T, shortening
effect. The r; relaxivity values of the US NVs and the USD NVs were
significantly increased (***p < 0.001) in the presence of GSH by a
factor of about 2 and 13, from 1.7 = 0.3and 0.2 * 0.04t0o 3.1 + 0.4
and 2.7 + 0.4 mM~'s™?, respectively (Fig. 3C). The r; relaxivity value
showed a sharp decrease for the USD NVs + GSH compared with that of
USD NVs only, from 37.4 + 4.3t026.3 + 51 mM™'s™! (Fig. $10). In
contrast, the US NVs showed slightly increased r, values from
18.6 = 2.3t023.7 = 3.4mM ™ s~ ! upon incubation with GSH under
the same conditions as above. This phenomenon could be ascribed to
the interplay between the T; and T, relaxation enhancement effect
upon the formation of USD or USD NVs. The aggregation of USPIO NPs
may prohibit the water penetration and the chemical exchange between
water molecules and paramagnetic centers on the surface, which
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Fig. 2. Characterization of nanoparticles and nanovesicles. (A) TEM image, high-resolution TEM image (inset, lower), and cartoon (inset, upper) of the USPIO NPs.
(B) TEM image and cartoon (inset) of the USD complexes. (C) Photographs of the formation of USD complexes by mixing PAA coated USPIO NPs and DOX in water.
Arrow indicates the concentration of USPIO NPs from low to high, with weight ratio between USPIO NPs and DOX ranging from 0:1 to 1:1 2:1, 3:1, 4:1, and 5:1. (D)
TEM image, high-resolution TEM image (lower right) and cartoon (lower left) of US NVs. (E) TEM image, intensity reversed high-resolution TEM image (lower right)
and carton (lower left) of USD NVs. (F, G) Line (red) and surface profile of the intensity from the high-resolution TEM image of the USD NVs, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

reduces the T; relaxation enhancement effect. Moreover, the aggrega-
tion effect results in an enhanced magnetic field coupling effect be-
tween USPIO NPs which may largely augment the T, shortening effect
of the USD NVs. Taken together, both the decreased T, effect and in-
creased T, effect contribute to the T; “quenching” effect in the USD
NVs. The similar phenomenon was also found when comparing the T;
and T, relaxivities of the USD complexes and the USPIO NPs, respec-
tively (Fig. S11).

The TEM images showed that the USD NVs fused with each other in
the presence of GSH after incubation for 1 h, which was attributed to
the instability induced by the GSH cleavage of PEG chains on the ve-
sicular surface (Fig. 3D and E). At 2 h time point, most of the USD NVs
were decomposed with clear observation of individual USPIO NPs due
to the reverse micellation process and dissociation of the USD com-
plexes. In addition, the vesicular structure disappeared from the TEM
images at 4 h. The DLS results of the USD NVs + GSH revealed a slight
increase of the hydrodynamic size at initial incubation time and a sharp
drop at 24 h, which should be ascribed to the fusion-mediated reverse
micellation process (Fig. S12). These results are consistent with the
drug releasing profiles described above.

To investigate the drug releasing profiles in vitro, we studied the
cellular fate of USD NVs, DOX NVs, and free DOX, and the fluorescence
of DOX was measured by confocal microscopy. r-buthionine sulphox-
imine (BSO) is an inhibitor of gamma-glutamylcysteine synthetase
which consequently lowers the intracellular GSH concentration. Hence,

we studied the cellular fate of USD NVs + BSO and DOX NVs + BSO as
control groups. We hypothesized that the GSH-mediated DOX release
from the USD complexes led to the recovery of the fluorescence, which
otherwise was largely quenched due to the presence of USPIO NPs. The
results showed that both DOX NVs and USD NVs had remarkable
fluorescence signal from cell nucleus which could be attributed to DOX
release and intrinsic tropism to cell nucleus (Fig. 4A). In contrast, the
fluorescence signal was weaker in the USD NVs + BSO and DOX
NVs + BSO groups under the similar conditions, which were compared
semi-quantitatively and summarized in the Fig. 4B. The relatively low
DOX intensity for the free DOX group (i) compared with DOX NVs (ii)
and USD NVs (iv) could be due to the efflux transportation effect of free
DOX by cells, indicating the possible different cellular uptake efficiency
and kinetics of different formulations. We further used flow cytometry
to investigate the reactive oxygen species (ROS) generation in cells
treated with different formulations (Fig. 4C). The results showed that
the USPIO NPs did not increase the intracellular ROS generation, which
could be ascribed to the low cellular uptake of the negatively charged
USPIO NPs. However, the USD NVs attained a significantly increased
ROS level compared with control and DOX only treatment groups.
Furthermore, the addition of BSO decreased the intracellular ROS
generation by USD NVs, probably due to the reduced release of drugs. It
is noteworthy that the presence of both USPIO NPs and DOX co-
operatively increased the intracellular oxidative stress which may serve
as a lethal factor to cells[61,62].
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Fig. 3. GSH-triggered drug release and MRI turn-on phenomenon of the USD NVs. (A) Drug releasing profiles of USD complexes, USD NVs, and DOX NVs with and
without GSH (5 mM) incubation. The drug releasing percentages were measured based on DOX fluorescence. (B, C) MRI phantom and r; values of US NVs and USD
NVs with and without GSH (5 mM) incubation, respectively. Samples with different concentrations were prepared normalized to Fe elements. ***p < 0.001. (D, E)
TEM images and cartoon illustrations of the USD NVs incubated with GSH for different time, respectively.

The cytotoxicity study was evaluated on both human colorectal
carcinoma HCT116 and lung cancer A549 cell models. We used 3-[4,5-
dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay
to evaluate the cell viability after treatment with free DOX, USD com-
plexes, USD NVs, or DOX NVs with normalized DOX concentrations.
The ICso values were obtained by fitting the cell viability against DOX
concentrations. The USD complexes had an ICsq value of 0.237 uM
which was slightly higher than that of free DOX (0.086 pM) on
HCT116 cells (Fig. 4D). However, both USD NVs and DOX NVs showed
less cytotoxicity to HCT 116 cells in vitro with ICs, values of 0.764 and
1.13 pM, respectively, according to the DOX concentration. Interest-
ingly, the cytotoxicity of those DOX-containing formulations on
A549 cells were significantly lower than those on HCT116 cells (Fig.
$13), which could be due to the different internalization fate of those
vesicular formulations on different cell lines. Further investigation on
the cellular uptake efficacy and intracellular activity between those
nanomaterials and different cell lines may help find out the underlying
mechanism. Little to no toxicity to the HCT116 and A549 cells was
found for both the USPIO NPs and blank NVs at a maximum con-
centration up to 160 pug/mL on iron basis and 1000 pg/mL on polymer
weight, respectively (Fig. S14).

According to the present results, hereafter, we used HCT116 cells
for further in vitro and in vivo studies. Flow cytometry assay results

indicated that the USD complexes and the USD NVs caused prominent
apoptotic or necrotic cell death after 12 h incubation with HCT116 cells
using Annex V R-PE and SYTOX Green co-staining method (Fig. S15).
Compared with three parallel groups including blank control, USPIO
NPs, and free DOX treatment with equivalent conditions, the USD
complexes and the USD NVs treated cells had significantly higher per-
centages of early apoptotic cells (Q4) (Fig. S16). In addition, free DOX
treatment induced the highest percentages of overall cell death, in-
cluding apoptosis and necrosis (Q2 + Q4), among those of other
groups. These results were consistent with the cytotoxicity assessment
described in the MTT study.

Encouraged by the in vitro results, we further conducted cancer
theranostic experiments in vivo using the USD NVs and with PBS, free
DOX, US NVs, DOX NVs, and USD NVs + BSO as control groups
(n = 5/group). After the tumor size reached around 40-50 mm?, we
started the treatment through intravenous (i.v.) injection of each for-
mula and repeated every three days for four times. Each dose re-
presented 4 mg DOX per kg mouse body weight or equivalent compo-
nents in different formulations. Three groups including USD NVs, US
NVs, and USD NVs + BSO were further subjected to MRI acquisition
before and after injection of each formulation. As shown in Fig. 5A-C,
we acquired the pre-injection and post-injection (p.i.) MR images at 2,
6, 24, and 48 h p.i. for each mouse. The representative MR images of
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Fig. 4. In vitro cell studies of different formulations. (A) Confocal microscopy of HCT116 cells incubated with free DOX, DOX NVs, DOX NVs + BSO, USD NVs, and
USD NVs + BSO for 2 h and were stained with Hoechst for acquisition. (B) Line profile analysis (white line in A, i-v) of the intensity of DOX in cell nucleus, indicating
the different drug releasing efficacy in cells by different treatments. (C) Intracellular reactive oxygen species (ROS) generation treated with different formulations.
(D) Cell viability curves of HCT116 cells treated with different formulations (48 h) with concentrations normalized to DOX contents.

mouse tumor injected with USD NVs showed enhanced bright contrast
in the tumor region at 2 h p.i. which further increased at 6 and 24 h p.i.
(Fig. 5A). These results indicated that the USD NVs were possibly de-
composed by GSH stimulation, resulting in the dispersion of USPIO NPs
dissociated from the clustering state. Meanwhile, it was conceivable
that DOX molecules were dissociated from the USD complexes which
might facilitate the anticancer activity. In this manner, drug release was
concurrently accompanied by the T; MRI turn-on effect in the USD NVs
which were able to monitor and evaluate the drug activity through
noninvasive MRI. To investigate whether the decomposition of USD
NVs is mediated by GSH, we further conducted the MRI study of mouse

treated with USD NVs + BSO (Fig. 5B). The MRI results showed little
contrast enhancement in the T; images at 2, 6, 24, and 48 h p.i. time
points compared with those of pre-contrast images. These results in-
dicated that BSO treatment could reduce the efficacy of decomposition
of USD NVs, probably due to the reduced tissue GSH level. Similar to
the USD NVs, the US NVs show prominent T, bright contrast in mouse
tumor especially for 6 and 24 h p.i. time points (Fig. 5C).

We further analyzed the T; MRI signal changes in mouse tumors
with different treatments. Signal to noise ratio (SNR) of region-of-in-
terest (ROI) tumor was analyzed according to the methods provided by
the National Electrical Manufacturers Association (NEMA) standards
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Fig. 5. In vivo MRI study of mouse treated with different formulations. (A-C) Transversal plane MRI (upper) and pseudo color images (lower) of tumor of mouse
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this figure legend, the reader is referred to the Web version of this article.)

publication (MS 6-2008, R2014) on single-image measurement proce-
dure for SNR. The following equations were used to calculate SNR and
CNR of tumor: SNRymor = Sliumor/SDnoise (SI: signal intensity, SD:
standard deviation); CNR = |SNRumor — SNRpackground|/SNReumor;
ASNR = |SNRpost - SNRpre|/SNRpre; ACNR = |CNRpost — CNRprel/
CNRpre. The results showed that ASNR at 6 and 24 h p.i. of mouse
treated with USD NVs were about 10-fold greater than those of USD
NVs + BSO, respectively (Fig. 5D). The gradual decrease of the ASNR at
48 h p.i. time point for both cases of the USD NVs and US NVs was
probably due to the dissociation or metabolism (e.g., corona formation,
agglomeration) of the USPIO NPs. The calculated ACNR showed similar
trends as those of ASNR for mice treated with different formulations,
respectively (Fig. 5E). Taken together, the USD NVs hold great promise
in monitoring the drug release through GSH-mediated decomposition of
the vesicular structure and a spatiotemporally concurrent activated T;
MRI turn-on mechanism.

The anticancer activity of the USD NVs was evaluated by a four-time
injection regimen every three days and the tumor size, mouse weight,
survival rate were recorded every two days for each group (Fig. 6A).
The tumor volumes were recorded until 20 days after the first treatment
(Fig. 6B). The results showed that the USD NVs could significantly in-
hibit the mouse tumor growth compared with the control group
(**p < 0.001). However, BSO treatment greatly reduced the antic-
ancer potential of the USD NVs. This is probably due to the GSH
mediated decomposition of USD NVs which greatly facilitates the burst
release of DOX in tumor region. The tumor inhibition ratios at day 20
with respect to the control group were 12.3%, 28.3%, 53.1%, 59.4%,
and 81.6% for the US NVs, free DOX, DOX NVs, USD NVs + BSO and
USD NVs treated groups, respectively (Fig. 6C). Note that the mouse

group treated with free DOX suffered from severe body weight loss
(10-15%), which was not observed in the other groups (Fig. S17). As a
result, the mouse group treated with USD NVs had greatly improved
survival rate compared with those of other groups (Fig. 6D). The
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining results of mouse tumors from different treatments (after four
doses) further confirmed that the USD NVs treated mouse underwent
highly prominent apoptotic cell death compared with other groups
(Fig. 6E). Furthermore, the USD NVs and the DOX NVs exhibited greatly
reduced cardiotoxicity, whereas the free DOX treated mice showed
obvious cytoplasmic vacuolization and necrotic death of cardiomyo-
cytes in heart tissue (Fig. 6F). Although the long-term toxicity of those
formulations to major organs (liver, kidneys, spleen, and lung) were not
obvious from H&E staining results (Fig. S18), DOX-induced cardio-
toxicity and the ensuing cardiomyopathy is a major challenge in cancer
therapy [63,64]. Our results indicate that the yolk-shell structure of the
USD NVs can efficiently avoid DOX release during circulation, thereby
sparing the toxicity to the cardiovascular systems.

4. Conclusions

In summary, we have developed a concurrent theranostic system
based on GSH-responsive USD NVs in which both therpeutic drugs and
diagnostic imaging agents were encapsulated and protected from acti-
vation. The easy formation of USD complexes between chemother-
apeutic drugs and MRI contrast agents offers a convenient way of
constructing MRI-guided cancer theranostics. The formed USD NVs
showed great anticancer effect both in vitro and in vivo against HCT116,
but not A549 tumor cells, probably due to the GSH mediated
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mechanism. More importantly, the USD NVs confer readily monitored
drug release by the T; MRI activation in a spatiotemporally concurrent
manner, which are amenable to report the drug activity and in-
tratumoral distribution for improving the therapeutic efficacy and
prognostic evaluation. This study provides a new paradigm of con-
current nanotheranostics by cooperating nanochemistry and MRI con-
trast mechanism, which may open up new avenues in the field of pre-
cision nanomedicine.
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