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Computed tomography (CT) is one of the most frequently used
diagnostic imaging modalities in clinics. However, the fast clear-
ance of CT contrast agents through the kidney and short circula-
tion time severely restrict their in vivo applications. Herein, taking
advantage of the biocompatible CBT condensation reaction, we
rationally designed and synthesized a new smart acidic pH/gluta-
thione (GSH) dual-stimuli responsive nanoprobe (1) which can
intermolecularly undergo condensation and form a nanoparticle
assembly (I-NPs) in the tumour microenvironment. In vivo CT
imaging results indicated that probe 1 could be successfully
applied for enhanced CT imaging of tumours in nude mice with a
low dose of 21.79 mg | per kg body weight, which may offer a
promising tool for precise tumor diagnosis.

As a growing biomedical discipline, molecular imaging pro-
vides an effective means to enable the visualization of the cel-
lular function and uncover the mechanism of physiological
and pathological processes such as cancer,' cerebral disease,’
cardiovascular disease,’ etc. To date, many types of imaging
technologies, such as ultrasound, positron emission tomo-
graphy, computed tomography, single photon emission tomo-
graphy, optical imaging, and magnetic resonance imaging,*
have been widely applied in biomedical research and clinical
diagnosis. Among them, CT has been acknowledged as one of
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the clinically most important and frequently used medical
imaging modalities owing to its high resolution, deep tissue
penetration, low cost, and wide availability.” Despite CT
plays a key role in the clinical diagnosis of diseases, its limited
spatial resolution for soft tissues often hampers its broad
applications in clinics. Recently, a variety of CT contrast agents
have been developed to selectively enhance the contrast
between targeted soft tissue and the surrounding tissue for
better visualization of pathological regions.® Iodinated small
molecules such as iohexol, iopamidol and iopromide are typi-
cally used as clinical CT contrast agents for disease diagnosis.”
Nevertheless, there still remain several problems such as rapid
blood clearance, high-dose requirement, probable iodine
hypersensitivity, and contrast-induced nephropathy, which
severely impede their clinical applications.® To address these
limitations, great efforts have recently been made to develop
new CT contrast agents with long blood circulation, low renal
clearance rate and capillary leakage. For example, there has
been a considerable increase of interest in the use of iodinated
organic nanoparticles such as nanoemulsions,’ liposomes,"”
dendrimers,"" and inorganic nanopatrticles (e.g., gold,'* tanta-
lum,™ lanthanum,'* and bismuth'®) as CT contrast agents for
tumour imaging. Unfortunately, these nano-sized CT contrast
agents encounter the problems of biological toxicity, cell mem-
brane translocation and their complicated fabrication. To date,
iodinated small molecules are still the most widely used clini-
cal CT contrast agents because of their relative safety and well-
established protocols for use. It is therefore highly meaningful
to develop new smart iodinated CT contrast agents that can be
specifically triggered to form nanoparticles in the tumour
microenvironment so as to improve their accumulation and
retention in tumours for high-performance CT imaging in vivo.

Herein we have designed and developed a new smart acidic
pH/reduction dual-stimuli responsive nanoprobe that can
specifically form intracellular aggregates under the stimulation
of acidic pH and GSH conditions in the tumour micro-
environment (Scheme 1). When probe 1 reaches cancer cells,
the release of a citraconic motif is triggered by endosomal
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Scheme 1 Schematic illustration of a dually pH/GSH-controlled con-
densation and self-assembly of I1-NPs.

acidic pH, and the disulfide bond of cysteine (Cys) is simul-
taneously reduced by intracellular GSH which is generally
found at elevated levels in tumours,'® resulting in the active
intermediate (1-Core). The condensation of two 1-Core spon-
taneously occurs by the well-known CBT condensation reaction
developed by Rao'” and Liang'® between the cyano group of
CBT and the 1,2-aminothiol group of Cys to yield the amphi-
philic dimer (1-Dimer) that can in situ self-assemble into nano-
particles I-NPs via n-n stacking among each other, which pre-
vents themselves from being pumped out by the cells, leading
to improved accumulation and longer retention time of I-NPs
in cancer cells. This acidic pH/GSH dual-mediated aggregation
approach may provide a valuable tool to achieve enhanced CT
imaging for precise diagnosis of tumours in vivo.

The study began with the synthesis of the active probe (1)
and the control compound (1-Scr) (Fig. 1a). Both compounds
were constructed with a triiodobenzoic group, 2-cyanoben-
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Fig. 1 (a) Chemical structures of 1 and its negative control 1-Scr. (b)
HPLC analysis of 1 (black); HPLC trace of the incubation mixture of 1
(20 uM) in PBS buffer (pH 5.3) at 37 °C for 4 h (blue); HPLC trace of the
incubation mixture of 1 and GSH (10 mM) in PBS buffer (pH 5.3) at 37 °C
for 2 h (red). Absorbance: 350 nm. (c) TEM images of 1 (left) and I-NPs
(right).
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zothiazole (CBT), and the caged Cys moiety linked through a
lysine amino acid according to the synthetic route shown in
Scheme S1 in the ESI.f The chemical structures of the inter-
mediates and the desired products were verified by mass spec-
trometry (MS) and 'H and *C NMR (Fig. S1-S18, ESIf). In
addition, high performance liquid chromatography (HPLC)
analysis reveals that probe 1 has good stability in phosphate-
buffered saline (PBS, pH 7.0) and fetal bovine serum (FBS)
aqueous solutions for 8 days (Fig. S197).

To validate the occurrence of dually pH/GSH-mediated con-
densation and self-assembly, HPLC profiling analysis was
firstly carried out to monitor the reaction of probe 1 after treat-
ments with both acidic buffer and GSH. As shown in Fig. 1b,
after 4 h of incubation of probe 1 (20 pM) in PBS buffer
(pH 5.3) at 37 °C, only one peak on the HPLC trace at a reten-
tion time of 8.51 min (compound 2 in the ESIt) was deter-
mined. After checking by matrix assisted laser desorption
ionization-time of flight mass spectrometry (MALDI-TOF MS),
it was found that the citraconic moiety in 1 was hydrolysed
under acidic conditions to afford an amine group (Fig. S20at).
The above reaction mixture was incubated with 10 mM GSH
for a further 2 h, and then analyzed by HPLC and MS, respect-
ively. One small peak on the HPLC trace of 5.89 min was
identified as the active intermediate (1-Core), indicating that
the disulfide bond of the Cys moiety of 1 can be reduced by
GSH (Fig. S20bt). Additionally, peaks at retention times of
6.19 min (1-D-1) and 7.64 min (1-D-2) shared an identical
molecular weight and were identified as the diastereoisomers
of the condensation products 1-Dimer (Fig. S217).

To characterize the aggregation of I-NPs, transmission elec-
tron microscopy (TEM) was firstly performed for probe 1
before and after CBT condensation. As shown in Fig. 1c
and 2a, the average size of the nanoparticle aggregates is
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Fig. 2 (a) Statistical results of the diameters of nanoparticles in the TEM
images of I-NPs. (b) Size distribution of 1 (black) and self-assembled
I-NPs (red) measured by DLS. (c) Fluorescence emission of 1 (20 pM)
before (black) and after CBT condensation (red). (d) Absorption spectra
(400-650 nm due to the light scattering) of 1 at 20 uM before (black)
and after condensation (red).
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67.5 + 7.2 nm after condensation. However, some amorphous
deposition was only observed for 1 without condensation.
Dynamic light scattering (DLS) was further carried out to
monitor the variation of the hydrodynamic size of the probe
before and after condensation. The hydrodynamic size of
initial 1 was around 105 nm, while that of the resulting nano-
particles after condensation became 825 nm (Fig. 2b), highly
suggesting the formation of a self-assembly of I-NPs. The fluo-
rescence spectra of the above reaction mixture showed a red
shift of the maximum from 420 to 445 nm in comparison with
that of the solution of 1 (Fig. 2c), suggesting the formation of
the cyclized dimer after condensation. The quantum yields of
1 and 1-NPs in methanol were measured and calculated to be
38% and 27%, respectively (Fig. S221). In addition, the UV-Vis
spectra of the reaction mixtures at 400-650 nm presented a
distinct increase of absorbance compared with that of the solu-
tion of 1 alone, which is attributed to the mono-dispersion of
I-NPs after self-assembly (Fig. 2d). These results strongly
suggest that probe 1 can be triggered to self-assemble into
nanoparticles under acidic and reductive conditions.

The cytotoxicity of 1 and 1-Ser was assessed through the
widely used MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) assays. As shown in Fig. S23,T probe 1 and
1-Scr exhibit negligible cytotoxicity to the mouse fibroblast cell
line 3T3 and murine breast carcinoma 4T1 cells below 60 pM.
The overall cell viability for these two types of cells remained
above 75% after 24 h of incubation. To investigate the poten-
tial of the dually pH/GSH-mediated condensation and self-
assembly of 1 for enhancing cellular uptake, confocal laser
scanning microscopy (CLSM) was adopted to image 4T1 living
cells treated with the same concentration of 1 and 1-Ser. The
images were taken under excitation at 405 nm with a
430-480 nm band-pass filter. A weak fluorescence signal was
observed from the control group of cells with 1-Ser treatment.
In contrast, strong blue fluorescence was obtained from the
cells treated with 1 up to 4 h (Fig. 3), indicating that the cellu-
lar uptake and retention of 1 in 4T1 are obviously higher than

Fig. 3 CLSM images of 4T1 cells after incubation with 20 uM 1 and 1-
Scr at different time points. All images share the same scale bar (10 pm).
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those of 1-Scr. These results highly support that the dually
acidic pH/GSH-mediated condensation and self-assembly can
greatly enhance the cellular uptake of 1 in cancer cells.

To further assess the possibility of using 1 as a specific
bioprobe for in vitro cancer cell imaging, CLSM imaging was
performed for both 4T1 and 3T3 cells. A commercial lysosome
tracker was used to visualize the location of the cell lysosome.
The images were taken under excitation at 405 nm with a
430-480 nm band-pass filter for the probe and at 559 nm with
a 570-670 nm band-pass filter for the lysosome tracker. Fig. 4
presents the CLSM images of 4T1 and 3T3 live cells after incu-
bation with 1 for 2 h. Apparently, the 3T3 cells exhibit extre-
mely low fluorescence. In sharp contrast, under identical
experimental conditions, strong fluorescence signals were
obtained from 4T1 cancer cells. The signals can be greatly
reduced when the cells were pretreated with diethylmaleate
(DEM), a commercial GSH depletor, before incubation with 1.
Furthermore, excellent overlap is observed between the fluo-
rescence images of the probe and lysosome tracker, suggesting
that the probe mainly locates at the cell lysosome, which may
be due to its acidic conditions. Collectively, all the above
results firmly demonstrate that probe 1 can potentially be used
for specific detection of cancer cells.

Iodinated organic compounds have usually been employed
as the CT imaging agents due to the high-Z element iodine.
The potential application of probe 1 as a targeted CT contrast
agent in CT imaging was further evaluated. The in vitro CT
images of 1, 1-Scr and a widely used clinical CT contrast agent
(iopromide) were obtained and their CT values were measured
by using a CT imaging system (MILabs, Utrecht, The
Netherlands). As shown in Fig. 5a, the CT images of 1 and
1-Scr have similar intensities with iopromide at equivalent
concentrations, revealing their good potential for CT enhance-
ment. Furthermore, the quantitative CT value analysis
indicated that all three contrast agents had a concentration-
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Fig. 4 Confocal imaging of 4T1 cells (top), 4T1 cells pretreated with
DEM (diethylmaleate, 50 pM) (middle), and 3T3 cells (bottom) treated
with 1 (20 pM) after 2 h of incubation, followed by staining with
LysoTracker Red. The scale bar indicates 20 pm.

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c8nr05061a

Published on 22 October 2018. Downloaded by Universiteit Utrecht on 11/14/2019 12:58:57 PM.

Nanoscale

80.125 0.25 0.5
Conc. (mg I/mL)
D200

&
[ 1-Scr
[ Iopromide

0 50 100 150 200 250
Time (min)

To425 025 05 1 2
Conc. (mg I/mL)

Fig. 5 (a) CT images of three series of aqueous solutions containing 1
(top), 1-Scr (middle) and iopromide (bottom) with different concen-
trations, i.e., 0.125, 0.25, 0.5, 1, 2 and 4 mg | per mL, respectively. (b) The
quantified value in terms of HU of 1, 1-Scr and iopromide as functions of
the concentrations. (c) CT imaging experiments of living mice with a
subcutaneous 4T1 cell xenograft at 0 h, 0.5 h and 2 h after intravenous
injections of 1 (upper) or 1-Scr (lower) via tail veins. (d) Dynamic contrast
enhanced density (AHu) of tumour CT imaging at different time
intervals.

dependent CT enhancement. At a concentration of 4 mg I per
mL, the hounsfield unit (HU) values of 1, 1-Ser and iopromide
were 162.09, 157.01 and 195.58 HU, respectively (Fig. 5b).
These results highly suggest that probe 1 could be potentially
used as a CT contrast agent to visualize the tumour in vivo.

To further evaluate the in vivo application potential, the
body clearances of both probe 1 and iopromide in mice were
firstly investigated by measuring the CT contrast change (AHu)
of the bladder using a consecutive CT scanner over a period of
4 h after intravenous injection. The injected dose was
44.58 mg I per kg for both samples. Enhanced CT contrasts of
both groups of mice were subsequently determined for blad-
ders with increasing time. The mice with an injection of iopro-
mide showed a significant CT signal increase in the bladder
with the highest contrast change of 310 at 16 min post-injec-
tion, while a slow CT signal increase was observed for the mice
receiving 1. AHu was only 156 at 4 h post-injection (Fig. S247),
which is ascribed to the long blood circulation of probe 1
nanoparticles (Fig. S257). All these pieces of evidence suggest
that iopromide has faster body clearance than probe 1. Next,
we also performed the CT imaging of tumours in vivo. 200 pL
of an aqueous solution of 1 (5 mM) was intravenously injected
into the tail vein of living female nude mice bearing 4T1
tumours, and subsequently the cross-sectional CT images of
the tumours were recorded over time. Meanwhile, 4T1 tumour-
bearing mice intravenously receiving 200 pL of an aqueous
solution of 1-Scr (5 mM) were set as the control group. Fig. 5¢
and Fig. S261 show a series of representative CT images of
mice (n = 4) bearing 4T1 tumour xenografts acquired at
selected time points after the intravenous injection of probe 1
or 1-Scr. Clearly, enhanced CT contrasts of both groups of
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mice were observed for tumours with increasing time owing to
the gradual homing of compounds at the tumour site. The
quantitative analysis indicated that the highest contrast
change (AHu) was up to 21 for mice injected with 1 at 0.5 h
post-injection. In contrast, no significant tumour signals were
recorded in the CT images of mice injected with 1-Scr, and the
highest AHu was only 15.91 at 0.5 h post-injection, which is
probably due to the poor retention of 1-Scr at the tumour site.
Additionally, the tumour CT values of mice injected with
probe 1 were always significantly higher than those of the 1-
Scr treated group. These results demonstrate that probe 1 has
a better CT contrast performance than 1-Scr. Besides, the CT
signals from both groups of tumours gradually decreased after
0.5 h post-injection; the tumours receiving 1 at 4 h still
retained 33.1% CT signals (AHu = 6.95) of that at 0.5 h (AHu =
21). However, it was only 9.5% (AHu = 1.52) for 1-Ser (Fig. 5d),
indicating that probe 1 exhibits prolonged retention time at
the tumour site after CBT condensation. Collectively, all these
results demonstrate that the dually acidic pH/GSH-mediated
condensation and self-assembly of the probe enables one to
dramatically improve the uptake and retention time of CT
contrast agents in tumours.

In conclusion, we have successfully developed a novel smart
dually acidic pH/GSH-responsive nanoprobe for enhanced CT
imaging of tumours in vivo. Both in vitro and in vivo studies
have demonstrated that probe 1 can be triggered by acidic pH
and GSH to undergo intermolecular CBT condensation and
form a nanoparticle assembly in the tumour microenvi-
ronment, which in consequence dramatically improves the cel-
lular uptake and retention of the probe in tumours. We thus
believe that the delicate dual stimuli-mediated assembly
concept demonstrated herein may offer a promising theranos-
tic tool for tumour treatment.
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