
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
0:

18
:0

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Controllable strip
aCenter for Molecular Imaging and Transla

Molecular Vaccinology and Molecular Diag

University, Xiamen, Fujian 361102, China

li@xmu.edu.cn
bCollege of Materials Science and Engineeri

410082, China

† Electronic supplementary informa
10.1039/d0ra07186b

‡ Hua Li and Lumei Huang contributed e

Cite this: RSC Adv., 2020, 10, 40030

Received 21st August 2020
Accepted 23rd October 2020

DOI: 10.1039/d0ra07186b

rsc.li/rsc-advances

40030 | RSC Adv., 2020, 10, 40030
ping of radiolabeled group in vivo
to optimize nuclear imaging via NO-responsive
bioorthogonal cleavage reaction†

Hua Li,‡a Lumei Huang, ‡a Hailong Jiang,a Jianyang Fang,a Zhide Guo,a Fei Gao,a

Mei Chen,b Duo Xu,a Zijing Li *a and Xianzhong Zhang *a

A novel “turn-off” strategy for controllable radionuclide clearance is established. 1,4-dihydropyridine (DHP)

is used as a conditional linker to connect a radioisotope labeled moiety and nano-agent. A highly specific,

sensitive and effective C–C bond cleavage of DHP happens in vivo when treated with nitric oxide which is

provided by glyceryl trinitrate (GTN). The radioactive cut-off part from the nanoparticle is observed to be

cleared quickly by microSPECT-CT. 3–5 times decreases of radioactivity in the blood, kidneys, intestine,

heart and lungs are observed after GTN treatment in a biodistribution assay. The radioactivity

redistribution indicates that the radioactive leaving part is indeed cut off and the radionuclide

metabolism accelerated. Organ level internal dose assessment reveals the GTN treated groups carry only
1
2 the radiation dose of the control group. Collectively, a feasible pathway for controllable radionuclide

clearance is for the first time provided for high contrast and low radiation nuclear imaging.
Radiolabeled compounds with biological activity, or radio-
tracers, have been widely used for nuclear imaging and radia-
tion therapy. Compared with other imaging modalities,
a unique problem in radiotracer-based imaging is that the
radioactivity cannot be simply “turned off”. As a result, it is
impossible to carry out multi-scans of the same organ with
different tracers in a short period. For instance, there are three
kinds of marker receptors (ER, PR, HER2) expressed in breast
cancer. Different type of breast cancer expresses a different
combination of these three. Therefore, three kinds of radio-
tracers that aim to bind the corresponding receptors will be
used to distinguish individual breast cancer phenotype. The
uptake of a second tracer can't be quantied accurately before
the radioactivity of the rst tracer decayed to background level,
which may need one or two days depending on the half-life of
radionuclide. So, it's necessary to develop a strategy to “quench”
the radioactivity. Furthermore, nonspecic binding is inevi-
table, and the “noise” or “background” from non-specic
binding of radiotracers to non-target proteins cannot be easily
differentiated from the specic binding component.
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Therefore, it's meaningful to develop a kind of reaction that
could strip the radiation by control. To achieve this goal, the
metabolism of the radioactive part should be accelerated. The
biorthogonal cleavage reaction would perfectly meet the needs,
if (1) cleavable reactions could happen by the control in vivo; (2)
the cut-off part has a relatively fast metabolism; (3) radionuclide
is linked on the cut-off part.1 One of the key issues that bio-
orthogonal reactions resolve is to bind two components into
one, and make the different metabolic rate of different
components synchronized.2 As the reaction in the opposite
direction of bio-orthogonal reaction, the bio-orthogonal
cleavage reaction can extinguish the radiation by diversifying
the metabolism of radionuclides and the slow metabolic tar-
geting components.

Dihydropyridine (DHP) and its cleavage-triggering partner
nitric oxide (NO) can perfectly meet the three conditions. NO,
a hydrophobic signal molecule, could spread without any
transmembrane transporter, which means NO could spread
quickly and spend little energy.3–5 Many kinds of NO donor
drugs are commercially available, such as glyceryl trinitrate
(GTN), sodium nitroprusside, etc. In our previous work,6 it was
demonstrated that the physiological concentration of NO is
high enough to cleave the C–C bond of DHP. Furthermore, NO
donor drugs could offer a circumstance with higher NO
concentration than normal physiological concentration.
Therefore, it is possible for the reaction between DHP and NO
from donor drugs to occur in vivo. Herein, a NO-triggerred
“turn-off” system to extinguish the radiation by cleaving the
radionuclides from nanoparticles is present. Benzyl group
This journal is © The Royal Society of Chemistry 2020
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substituted 1,4-dihydropyridine can be cleaved through
controlled NO stimulation by intraperitoneal injection of GTN.

Nanoparticles as the major kind of theranostic agents have
been developed quickly over these years.7–11 During the process
of synthesis, nanoparticles with similar shape, scale and
dispersion properties would be obtained by manipulating
conditions precisely. Therefore, the metabolism of nano-
particles in the living body is more predictable than diverse
small molecules. Especially, radionuclides labeled nano-
particles not only play roles in diagnosis but also work well on
tumor therapy. Enhanced permeability and retention (EPR)
effect make nanoparticles wonderful radiotherapy reagents.12–15

However, nanoparticles mean to be easily captured by the
mononuclear phagocyte system (MPS), which makes the nano-
particles mostly enriched in liver besides in tumor.16–20

Furthermore, metabolism of nanoparticles are quite slow than
most of the small molecules, which means the radionuclides
labeled on nanoparticles have similar slow metabolism to their
carriers. Unnecessarily loaded radiation from the nanoparticles
will also harm normal liver cells where the nanoparticles
accumulate heavily.
Fig. 1 HPLC chromatograms of [127I]/[131I]2 and [127I]/[131I]3.

Result and discussion

A DHP based bifunctional intermediate (compound 1) was used
as an activable linker to accomplish the “on-off” design. The
azide group was labeled with 131I by a “click-like” reaction,21 and
the phthalimide group was reduced to amino group by Gabriel
reaction (Scheme 1) for conjugation of nanoplates.

Radio-HPLC analysis demonstrated that 131I was labeled
successfully to compound 2 with radiochemical yield (RCY)
21%. Themolar activity of [131I]2 is about 8.4 GBq/mM (Fig. 1). In
the previous work,4 we have already veried that even as little as
Scheme 1 Radiolabeling procedure and method of nanoplate decorati
EtOH, N2H4$H2O, RT; (c) H2O, 4 �C; (d) NO solution.

This journal is © The Royal Society of Chemistry 2020
radiolabeled compounds, DHP could react with NO specically.
Herein, the radio-TLC analysis was used to detect the cleavage
reaction aer stimulation by NO (Fig. S1†), which demonstrated
[131I]3 could be split by NO into two fractions. The gold nano-
particle is one of the most widely studied and used nano-
particles with many mature surface modication methods
developed,22–24 therefore we modify Pd@Au nanoplates with
DHP for proof of concept.25,26 To prevent the hot molecules from
on. Reagent and condition: (a) CH3CN, [131I]I�, CuCl2, Et3N, 50 �C; (b)

RSC Adv., 2020, 10, 40030–40034 | 40031
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Fig. 3 Biodistribution result of [131I]4 in mice after saline (as control) or
GTN treatment, P < 0.05, with statistical difference.
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being adsorbed by nanoplates, functionalized polyethylene
glycol (NHS-PEG-SH) was employed to conjugate NHS onto
nanoplates. The free PEG was removed by ultraltration
centrifugation. Aer then, the NHS parts reacted with the
amino group on compound 3, so that the radioactive 131I was
linked to the nanoplates by DHP ([131I]4). Ultraltration
centrifugation was used to remove the unattached radiolabeled
molecules.

MicroSPECT-CT imaging showed in Fig. 2 was employed for
monitoring if the radio-modied nanoplates could response to
NO in vivo. From previous literature, almost all the nano-
particles would become enriched in the liver 24 hours post
injection.25,26 So, the time point of NO interventions was per-
formed at 24 hours. GTN was chosen as the NO donor for
cleavage triggering, according to previous literature in which
the metabolism of GTN in vivo has been studied very thor-
oughly.27 Aer i.p. injection of GTN, the NO concentration in
liver, heart and red blood cell were signicantly elevated and
reached the concentration required for the DHP cleavage. At the
beginning, it was assumed that aer the injection of GTN, the
radioactivity uptake of the liver will decrease due to cleavage of
the radionuclide part from the nanoplates. However, from the
imaging, 1 hour post i.p. injection of GTN, the radioactivity of
the liver increased. From the second hour post injection of GTN,
the radioactivity of the liver began to decrease. As to the control
group, there was no signicant change in the radioactivity
uptake of the liver in the rst two hours post injection of normal
saline. Aer 24 h injection of GTN, the radioactivity of the liver
was signicantly reduced. From the images, it could be
concluded that the GTN treated group has fewer radioactivity
residues than that in the control group.

We were still very curious about what happened in the
experimental group in the rst 2 hours post injection of GTN.
Biodistribution study was performed to gure out what factors
contribute to the increased uptake in the liver. Signicant
differences were showed between GTN treated group and the
control group in the rst hour post injection showed in Fig. 3.

The decreases of liver uptake were occurred once, which
matches our expectation. In the second hour post injection, the
liver uptake in GTN treated group signicantly increased. These
data conrm the results of imaging. Due to the rst-pass
metabolism, plasma, red blood cell (RBC), liver and heart are
important sites for the metabolism of GTN. From the previous
literature, we know that there are tens to hundreds of mmol rises
in NO concentrations in RBC, heart, kidney post i.p. GTN
Fig. 2 SPECT-CT images of mice livers (solid white lines) with [131I]4 aft

40032 | RSC Adv., 2020, 10, 40030–40034
injection.27 In our previous work, we have already demonstrated
that the DHP will cleave at nmol level, which means the NO
concentration post GTN injection is high enough to trigger the
er i.p. injection of saline (as control) and GTN.

This journal is © The Royal Society of Chemistry 2020
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DHP cleave in these organs. The radioactivity in heart, blood,
kidney in the control group was 12.1 times, 8.5 times, and 11.5
times that of the GTN treated group aer 1 h injection of saline
and GTN respectively. Other sufficient blood supply organs,
such as lung and intestine had the same process as in liver and
heart. The radioactivity in the intestine, lung of the control
group was 8.3 times and 6.0 times that of the GTN treated
group. The radioactivity in the heart, blood, kidney, intestine
and lung of the control group was 9.1 times, 14.4 times, 11.1
times, 9.9 times, 5.0 times that of the GTN treated group aer
2 h injection of saline and GTN respectively. Aer treated with
GTN, the metabolism of the cut-off part with radionuclide has
the same metabolic behavior. The cut-off parts cleaved from the
nanoplates in other organs brought about the increased liver
uptake 2 h post GTN injection. The cut-off part distribution
caused the radionuclide secondary distribution. The bio-
distribution of cut-off part was demonstrated that this part has
a typical behavior as lipophilic small molecules (Fig. S2†), high
liver uptake and high blood uptake. We suppose the reason why
there is a time gap between biodistribution data and imaging is
that SPECT scanning process lasted 50 min, while the bio-
distribution data were collected on precise time points.

To validate the clearance of radionuclide indeed reduce the
radiation dose loading. Organ dosimetry values were calculated
by using organ level internal dose assessment soware
(OLINDA, version 1.1, Vanderbilt University).28 Biodistribution
data of three time points were used to get the dosimetry values
of all organs. In biodistribution study, organs like blood, heart,
Table 1 Portion of sample output from OLINDA 1.1

Target organ

Mean absorbed radiation dose (mS V�1/MBq)

Control group GTN treated group GTN/Ctrl

Adrenals 8.65 � 10�5 4.82 � 10�5 56%
Brain 2.33 � 10�6 1.19 � 10�6 51%
Breasts 4.42 � 10�5 8.76 � 10�6 20%
Gallbladder wall 5.20 � 10�5 3.99 � 10�5 77%
LLI wall 1.24 � 10�5 6.81 � 10�6 55%
Small intestine 2.86 � 10�5 1.63 � 10�5 57%
Stomach wall 2.09 � 10�4 7.26 � 10�5 35%
ULI wall 3.27 � 10�5 1.87 � 10�5 57%
Heart wall 4.05 � 10�4 3.51 � 10�5 9%
Kidneys 4.02 � 10�4 1.97 � 10�4 49%
Liver 1.73 � 10�4 2.56 � 10�4 148%
Lungs 2.21 � 10�4 6.46 � 10�5 29%
Muscle 2.71 � 10�5 1.35 � 10�5 50%
Ovaries 1.38 � 10�5 7.86 � 10�6 57%
Pancreas 1.65 � 10�4 1.01 � 10�4 61%
Red marrow 3.19 � 10�5 1.32 � 10�5 41%
Osteogenic cell 2.64 � 10�5 1.14 � 10�5 43%
Skin 1.19 � 10�5 5.46 � 10�6 46%
Spleen 4.26 � 10�3 4.23 � 10�3 99%
Testes 1.64 � 10�6 1.28 � 10�6 78%
Thymus 1.20 � 10�4 1.02 � 10�5 9%
Thyroid 9.70 � 10�6 2.70 � 10�6 28%
Urinary bladder 0.00 � 10�1 0.00 � 10�1 N/A
Uterus 1.21 � 10�5 6.79 � 10�6 56%
Total body 3.10 � 10�5 1.49 � 10�5 48%

This journal is © The Royal Society of Chemistry 2020
lung, kidney, and intestine showed a signicant decrease of
radioactivity uptake aer treated with GTN, while these organs
received a less internal dose. The internal dose that heart wall,
thymus, lung, kidney receive in the control group was 10.6
times, 11.8 times, 3.4 times and 2.0 times that of the GTN
treated group respectively. From Table 1, the radiation dose in
the experimental group of which organs in the upper part of the
torso received is much lower than that in the control group. This
result may attribute to the clearance of radionuclides from heart
and lung (because the soware is modeled on human, some
organs (breast) of themouse that are not in the upper part of the
torso may cause deviation in the data). The internal dose that
total body received in the control group was 2.1 times that of the
GTN treated group, which demonstrated this strategy has an
obvious effect on clearance of radionuclides and could reduce
the radiation dose loading effectively.

This strategy can be also used to minimize the cycle of
tracers screen. In general, the most time-consuming and critical
step in the development of new radiotracers is to screen
compounds with different substituents of the same backbone
structures to look for those with desirable pharmacokinetic and
metabolic properties. Even when the radiotracers are thor-
oughly screened and optimized, the non-specic binding is
evitable. The strategy can decrease uptake of blood and liver is
efficient to increase the contrast, which offers chances for the
tracers mediocre in imaging, but cheap in price.

Conclusions

In summary, a “turn off” strategy of controllable clearance of
radionuclide from nanoparticle was established for the rst
time. 131I was labeled on 1,4-dihydropyridine that was deco-
rated on gold nanoplates. A cleavage between radionuclide and
nanoparticle was validated both in aqueous solutions and in
vivo aer treated with NO. MicroSPECT imaging and bio-
distribution assay validated the clearance of radionuclide from
the nanoparticle. Dosimetry calculation betrayed a signicant
decrease of radiation dose in GTN treated group. The clearance
from blood and liver was an effective way to increase the
contrast. This strategy is applicable to other long half-life
radionuclides such as 64Cu, 111In, 124I, and provides the possi-
bility of multi-tracer imaging.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The authors would like to thank Prof. Yiyun Huang for his
helpful advice and comments. This study was nancially sup-
ported by the National Key Basic Research Program of China
(2014CB744503), Fundamental Research Funds for the Central
Universities (20720180050), Scientic Research Foundation of
State Key Laboratory of Molecular Vaccinology and Molecular
Diagnostics (2016ZY002), and Natural Science Foundation of
Fujian Province (2016J05200).
RSC Adv., 2020, 10, 40030–40034 | 40033

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra07186b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
0:

18
:0

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Notes and references

1 J. Li and P. R. Chen, Nat. Chem. Bio., 2016, 12, 129–137.
2 J. Jewett and C. Bertozzi, Chem. Soc. Rev., 2010, 39, 1272–
1279.

3 S. B. Lee, H. L. Kim, H. J. Jeong and D. W. Kim, RSC. Adv.,
2013, 52, 10549–10552.

4 L. J. Ignarro, G. M. Buga, K. S. Wood, R. E. Byrns and
G. Chaudhuri, Proc. Natl. Acad. Sci. U. S. A., Early Ed., 1987,
84, 9265–9269.

5 A. K. Mustafa, M. M. Gadalla and S. H. Snyder, Sci. Signaling,
2009, 2, re2.

6 H. Li, D. Zhang, M. Gao, L. Huang, L. Tang, Z. Li, X. Chen
and X. Zhang, Chem. Sci., 2017, 8, 2199–2203.

7 J. Xie, S. Lee and X. Chen, Adv. Drug Delivery Rev., 2010, 62,
1064–1079.

8 S. M. Janib, A. S. Moses and J. A. MacKay, Adv. Drug Delivery
Rev., 2010, 62, 1052–1063.

9 G. Chen, H. Qiu, P. N. Prasad and X. Chen, Chem. Rev., 2014,
114, 5161–5214.

10 J. V. Jokerst and S. S. Gambhir, Acc. Chem. Res., 2011, 44,
1050–1060.

11 Z. Gu, L. Yan, G. Tian, S. Li, Z. Chai and Y. Zhao, Adv. Mater.,
2013, 25, 3758–3779.

12 I. Brigger, C. Dubernet and P. Couvreur, Adv. Drug Delivery
Rev., 2012, 64, 24–36.

13 R. A. Petros and J. M. DeSimone, Nat. Rev. Drug Discovery,
2010, 9, 615.

14 V. Torchilin, Adv. Drug Delivery Rev., 2010, 63, 131–135.
15 K. Cho, X. Wang, S. Nie and D. M. Shin, Clin. Cancer Res.,

2008, 14, 1310–1316.
40034 | RSC Adv., 2020, 10, 40030–40034
16 N. Khlebtsov and L. Dykman, Chem. Soc. Rev., 2011, 40,
1647–1671.

17 C. He, Y. Hu, L. Yin, C. Tang and C. Yin, Biomaterials, 2010,
31, 3657–3666.

18 P. Aggarwal, J. B. Hall, C. B. McLeland, M. A. Dobrovolskaia
and S. E. McNeil, Adv. Drug Delivery Rev., 2009, 61, 428–437.

19 D. E. Owens III and N. A. Peppas, Int. J. Pharm., 2006, 307,
93–102.

20 F. Alexis, E. Pridgen, L. K. Molnar and O. C. Farokhzad, Mol.
Pharmaceutics, 2008, 5, 505–515.

21 R. Yan, K. Sander, E. Galante, V. Rajkumar, A. Badar,
M. Robson, E. El-Emir, M. F. Lythgoe, R. B. Pedley and
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