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Efficacious cancer treatment largely relies on accurate imaging diagnosis and imaging-guided surgery,
which can be achieved by combining different mode imaging probes on one single nanoplatform. Herein,
a novel radiolabeled NIR-II nanoprobe (*°I-MT NP) was developed to enable versatile single-photon
emission computed tomography (SPECT) and second near-infrared (NIR-II) fluorescence dual-modal
imaging against breast cancer. '?°|-MT was precipitated with an amphiphilic triblock copolymer
(PEO-PPO-PEQ) to form *2°I-MT NPs. The 2°I-MT NPs exhibited high labeling efficiency (98 + 2%) with a
hydrodynamic diameter of 91.3 + 5.5 nm. In vitro and in vivo studies demonstrated that '2°|-MT NPs
emitted intensive NIR-1I fluorescence and SPECT signals, and possessed good biocompatibility. By using a
breast tumor xenograft mouse model after intravenous injection of 2°|-MT NPs, the SPECT imaging and
NIR-1I' imaging showed clear images of tumor tissues at 8 h and 48 h postinjection, respectively,
suggesting the feasibility of using 12°I-MT NPs to detect tumors before surgery and visualize the dissection
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area during surgery. In addition, the SPECT scan of a lymph node mapping was performed at 1 h postin-
jection and NIR-II fluorescence imaging was carried out at 4 h postinjection. This further guarantees the
accurate imaging of lymph nodes before and during surgery for lymphadenectomy. Overall *2°|-MT NP is

rsc.li/biomaterials-science a promising, practical imaging probe for sequential imaging and precision cancer therapy.

imaging-guided surgery (i.e., surgical resection of the primary
tumor and metastatic tissues)."”> To improve the surgical accu-
racy, dual-modal and multimodal imaging have been success-
fully employed for tumor diagnosis and imaging-guided
surgery. A combination of nuclear imaging and optical
imaging integrating the advantages of high sensitivity and
real-time imaging has attracted considerable interest.>®
Nuclear imaging, such as single photon emission computed
tomography (SPECT), is a widely applied clinical noninvasive
functional imaging technique that uses a radionuclide-labeled
probe to specifically target tumor and tissue for diagnosis with
unlimited penetration, high sensitivity, and precise quantifi-
cation.” Optical imaging, also called fluorescence imaging, is
commonly performed in the visible and near-infrared wave-
lengths (~400-1700 nm) for simplicity and real-time imaging.® A
combination of SPECT and fluorescence imaging overcomes the

Introduction

In clinical practice, imaging of tumor tissues is often carried
out to locate and monitor tumors as a diagnostic tool and for
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limited spatial resolution and long scan time of SPECT in
surgery, as well as the non-quantitative capability and short pene-
tration of fluorescence in diagnosis.”'® More importantly, dual
modality contrast agents can ensure that the signals obtained
from each modality are collected from the same contrast agent,
realizing the cross-validation of each imaging modal."* ™
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A simple combination of fluorescent dye and radio-
nuclides could not effectively target tumor sites, thus a
carrier or targeting agent is generally required, for example,
peptides, antibodies and nanocarriers.'®>' However, a small
molecular dye can commonly be excreted rapidly due to its
short blood circulation time, which is not desirable for
efficient tumor targeting and prolonged imaging. Antibodies
have very good specificity for a certain kind of tumor, but for
tumor diagnosis, especially early diagnosis, it is very impor-
tant to have probes that can diagnose a variety of tumors.
Nanocarriers can accumulate in tumors through an enhanced
and permeation retention effect, and are suitable for tumor
diagnosis, especially early diagnosis. To date, the most often
reported fluorescent dye was the first near-infrared fluo-
rescent (NIR-I) dye which emits from 650 nm to900 nm with
several millimeter penetration depth, such as indocyanine
green (ICG), that has been approved by the Food and Drug
Administration (FDA) for clinical applications.>”> Compared to
NIR-I fluorescence imaging, second near-infrared (NIR-II)
fluorescence imaging (900-1700 nm) has attracted enormous
attention, due to the high spatio-temporal resolution,
decrease of photon scattering, negligible tissue autofluores-
cence, and deep tissue penetration.>**° These features could
provide a novel platform for image-guided surgery. However,
so far, most reported SPECT/NIR dual probes are radio-
nuclides combined with NIR-I dye.

Furthermore, according to the time and aims of using
imaging technologies for surgery, medical imaging includes
preoperative, intraoperative, and postoperative imaging.*' For
preoperative imaging, noninvasive and deep penetration is
required, while a high spatio-temporal resolution is required
for intraoperative imaging. Different agents have been used for
each step of imaging without a combination of preoperative
and intraoperative imaging. To achieve the same diagnostic
capability, it is better to develop an agent that is useful for
both preoperative and intraoperative imaging with two
imaging windows.

It is well known that aggregation-caused quenching is a
major cause of weak emission for hydrophobic fluorescent
dyes at high concentrations.>® Hence, the fluorescence of a
hydrophobic fluorescent dye encapsulated into polymeric
nanoparticles could be turned on after decomposition. In this
work, we designed a facile nanoengineering approach to con-
struct a nanoprobe (**’I-MT NP) that was fabricated by encap-
sulating a radiolabeled hydrophobic NIR-II dye (**’I-MT) into
an amphiphilic block copolymer, realizing dual modality
imaging including SPECT and NIR-II fluorescence imaging.
The SPECT and NIR-II imaging capability of '*’I-MT NPs were
demonstrated with a subcutaneous tumor and lymph node
metastatic tumor in vivo. The maximum accumulation of sub-
cutaneous tumor was found at 8 h postinjection from SPECT
imaging but at 48 h postinjection from NIR-II imaging. In
general, different imaging time windows of SPECT and NIR-II
fluorescence imaging provide dual modality and sequential
imaging opportunity for diagnosis and image-guided surgery
as shown in Scheme 1.
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Scheme 1 A schematic illustration shows the preparation of 25-MT
NPs with SPECT and NIR-II sequential imaging of cancer.

Results and discussion

Preparation and characterization of MT nanoparticles (MT
NPs) and "*’I-MT nanoparticles (*>’I-MT NPs)

The preparation of water-soluble '*’I-MT NPs involved three
main steps: the synthesis of a hydrophobic small-molecular
dye (MT) which emits NIR-II fluorescence and provides a func-
tional group for radiolabeling, '*’I-labeling of MT, and the
nanoprecipitation of ">>I-MT with an amphiphilic block copo-
lymer poly(ethylene glycol)-b-poly( propylene glycol)-poly(ethyl-
ene glycol) (PEO-PPO-PEO). First, MT was synthesized via a
nucleophilic substitution reaction using NIR-II dye (compound
4) and 4-mercaptophenol in N,N-dimethylformamide solution
according to our previously reported protocol,>*** as shown in
Scheme S1.f Second, using the chloramine-T oxidation
method, MT dissolved in DMSO was radiolabeled with *°T at
the ortho-position of the phenol group at room temperature.
The radiolabeling efficiency of '*’I-MT reached 98 + 2% as
quantified by thin layer chromatography (Fig. S1t). The radio-
stability of **I-MT was analyzed in PBS and 10% FBS by TLC.
As shown in Fig. 2,1 less than 6% of free '>°I was found in
the solution within 4 h and then no free '*°I was found up to
96 h, indicating that "*I-MT was very stable. Finally, an amphi-
philic triblock copolymer PEO-PPO-PEO was used to transform
hydrophobic '*’I-MT into water-soluble nanoparticles. The
radiolabeling efficiency of '**I-MT NPs was 73 + 2%. The non-
radioactive nanoparticles (MT NPs) were prepared by the same
method using MT instead of '*’[-MT. The transmission elec-
tron microscopy (TEM) image revealed the spherical mor-
phology of MT NPs with an average diameter of 42 + 10 nm
(Fig. 1a). The average hydrodynamic diameter of MT NPs was
found to be 91.3 + 5.5 nm with a polydispersity index (PDI) of
0.12 by dynamic light scattering (DLS) (Fig. 1a). Moreover, the
stability of MT NPs was measured by DLS up to 96 h; the
results show a variation of the diameter and the PDI was in the
error range, and no obvious sediment was observed during
storage, indicating excellent stability of the MT NPs (Fig. 1b).
To assess the optical properties, the absorption and fluo-
rescence spectra of MT and MT NPs in PBS were recorded on a
UV-vis-NIR and fluorescence spectrometer (FLS908), respect-
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Fig. 1 (a) Diameter and morphology of MT NPs were characterized by
DLS and TEM. (b) Colloid stability of MT NPs in PBS. (c) UV absorbance
spectra of MT and MT NPs and NIR-II fluorescence emission spectra of
MT and MT NPs. (d) Radiostability of *2*I-MT NPs in PBS and 10% FBS.

ively. MT NPs exhibited a maximum absorption peak at 760 +
3 nm, which was at 730 + 3 nm for MT. Such a slight red-shift
for MT NPs was probably caused by the aggregation of MT
within the nanoparticles. Similarly, MT NPs had an emission
peak at 1076 + 3 nm compared to that for at 1072 + 2 nm, con-
firming that MT NPs can act as excellent contrast agents for
NIR-II fluorescence imaging (Fig. 1c). Furthermore, the optical
stability of MT-NPs was evaluated in PBS over time. The results
showed that the UV absorption changed from 0.52 at 0 h to
0.41 at 48 h, which could be induced by the leakage of MT
from MT NPs (Fig. S37).

To evaluate the radiostability of '**I-MT NPs in different
solutions, the prepared dispersion was dialyzed in the phos-
phate buffer solution (PBS) and 10% fetal bovine serum (FBS)
over time. The detected activity signals of '*°I in the buffer
increased within the first 24 h and reached a plateau at 96 h,
confirming that 20% and 25% of the incorporated '*I-MT
slowly leaked from '*’I-MT NPs in PBS and 10% FBS, respect-
ively (Fig. 1d). We further tested the radiostability of 10 times
diluted "™°I-MT NPs in PBS and 10% serum. The results
showed that a similar loss was found at 96 h (Fig. S47%).
According to the literature, the loaded hydrophobic agent was
slowly released from the polymeric nanoparticles especially
without crosslinking of the polymeric nanoparticles, likely
owing to the dissociation of nanoparticles, caused by the weak
interaction between the agent and nanoparticle core, and the
unstable encapsulation of the agent.*>’

In order to investigate the NIR-II fluorescence imaging
capability of MT NPs, the phantom water, MT in H,O, MT NPs
in H,O, MT in 10% FBS, MT NPs in 10% FBS, and MT in
DMSO with the same concentration of 3 x 10~ pmol mL™"
were imaged on an NIR-II imaging system. The results showed
that MT in DMSO was brilliantly bright, while MT in 10% FBS
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and MT-NPs in 10% FBS were bright. In contrast, the fluo-
rescence signal of MT or MT NPs in PBS was not observed
(Fig. S5at). Generally, hydrophobic dyes aggregate in poor sol-
vents and cause quenching.*® As shown in Fig. S5b,} quantifi-
cation of the NIR-II images of phantom showed that the fluo-
rescence intensity increased with increasing the mixing time
of MT in 10% FBS and MT NPs in 10% FBS. The strong emis-
sion of cyanine dyes in serum has been attributed to the inter-
action between the fluorescent dyes and the hydrophobic
segment of plasma proteins.>®*

Cytotoxicity

To investigate the biosafety of the resultant nanoprobes, the
cytotoxicity of MT, MT NPs and '*’I-MT NPs was evaluated
with 4T1 tumor cells by the methyl thiazolyl tetrazolium (MTT)
assay. It was found that no obvious toxicity was observed for
MT NPs even at a concentration of 52.5 pg mL™" while MT
remarkably decreased the viability of 4T1 cells under the same
conditions (Fig. 2a). Similarly, "**I-MT NPs also exhibited no
obvious toxicity to 4T1 cells at a radioactivity of 10 pCi (corres-
ponding to 6.56 pg mL™" of MT NPs) (Fig. 2b). Notably, the
overdose of "*°I potentially induced radiotoxicity due to the
damage of DNA by Auger electrons emitted from '*°1.*"*?
Furthermore, the radiotoxicity of >’I-MT NPs was examined by
the immunofluorescence assay and no DNA double strand
breaks were found, further validating that no radiotoxicity of
I2’I.MT NPs was observed at a dose of 10 pCi (Fig. S67).
Moreover, the cytotoxicity was tested by colony formation of
4T1 cells. The results indicated that the colony formation of
125-MT NPs was similar to that of the control group (Fig. S77).
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Fig. 2 (a) Cell viability of MT and MT NPs at MT concentrations of O to
52.50 ug mL~* in 4T1 cells during 24 h incubation (n = 6). (b) MTT assays
of 12°|-MT at activities varying from 0 to 10 pCi mL™* in 4T1 cells follow-
ing 24 h incubation (n = 6). (c) The pharmacokinetics of ?°I-MT and
1251-MT NPs in mice following intravenous injection (n = 3). (d) The bio-
distribution of 2°|-MT and *?°|-MT NPs in mice at 24 h post injection (n
=3).
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The above results demonstrated that '**I-MT NPs have good
biosafety for further in vivo study.

Pharmacokinetics and biodistribution

To assess the pharmacokinetics and biodistribution of "*I-MT
NPs, the in vivo behavior of *’I-MT NPs was examined in
BABL/C mice. The mice were intravenously injected with
25LMT and "*’I-MT NPs at a dose of 30 pCi (corresponding to
2.22 x 107" mmol mL™" of MT, 50 uL). The blood sample was
collected from the retinal vein for radioactivity measurement
at different postinjection times. The blood circulation of nano-
particles could be fitted by a two-compartment body model.
1251 MT NPs had a biodistribution half-life of 0.21 h (¢;/5) and
an elimination half-life of 10.5 h, which were remarkably pro-
longed compared with those of >’I-MT that had a distribution
half-life and elimination half-life of 0.079 h and 4.1 h, respect-
ively (Fig. 2¢). At 24 h postinjection, the major organs collected
from the injected mice were weighed and the radioactivity was
also measured by a gamma counter. It was found that the per-
centage of injected dose per gram tissue (%ID g ') of '*’I-MT
NPs exhibited higher accumulation in the spleen (16.12 + 1.58
%ID g ") than that in the liver (6.80 + 0.22 %ID g~ '). However,
2’I.MT exhibited much higher accumulation in the spleen
(96.18 + 23 %ID g~ ') which was 6-fold that of "*>I-MT NPs. It
should be noted that the higher activity in the thyroid is due
to the function of the thyroid and absorption of free radio-
active iodine. In clinical practice, patients can be administered
non-radioactive iodine to decrease the absorption of radio-
active iodine (Fig. 2d).

In addition, SPECT was used to monitor the biodistribution
of '**I-MT (5 x 10~* mmol mL™*, 250 pCi) and "**I-MT NPs (5 x
10" mmol mL™", 250 pCi) over time up to one week in healthy
mice after intravenous injection. The resulting maximum
intensity projection (MIP) images demonstrated that both
251.MT NPs and "*°I-MT were mainly accumulated in the liver
and spleen up to the 7 day. However, the accumulation of
25LMT was much higher than that of ">*I-MT NPs in the
spleen (Fig. S8at). The radioactivity in mice postinjection was
measured by a dosimeter. As shown in Fig. S8b,{ the radioac-
tivity in mice with *’I-MT NPs or '*’I-MT treatment was
decreased rapidly from 100% to 36.48 + 1.90% and 27.81 +
2.60%, respectively, at 24 h post injection. The remaining
radioactivities of *’I-MT NPs and "*’I-MT were 16.26 + 0.61%
ID and 27.81 + 2.60%ID at 7 days post injection. Rapid
excretion is a prerequisite of an ideal imaging contrast agent
after it exerts the function.*® At the 7 day, the biodistribution
of "’I-MT NPs and '*’I-MT was mainly concentrated in the
liver and spleen and the distribution of **>MT was higher than
that of ">>I-MT NPs (43.81 + 6.95 %ID g~ vs. 14.59 + 2.13 %ID
g~") (Fig. S8ct). Therefore, the SPECT data were in agreement
with the biodistribution data.

Next, we evaluated the potential toxicity of MT and MT NPs
(150 puCi) after intravenous injection. After 7 days, the major
organs were harvested and stained. As shown in Fig. S9,t
hematoxylin and eosin (H&E) staining showed that no obvious
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toxicity was observed in the major organs, indicating that MT
NPs are safe for further in vivo study.

In vivo NIR-II fluorescence and SPECT imaging

In order to explore the dual-modal imaging capability, 4T1
subcutaneous tumor-bearing BALB/c mice were intravenously
injected with MT NPs (5 x 10~* mol mL™", 200 pL) and "*’I-MT
NPs (150 pCi, 5 x 10~* mol mL™", 200 pL) for NIR-II fluo-
rescence and SPECT imaging, respectively. As shown in
Fig. 3a, the NIR-II fluorescence images of mice with MT NP
treatment indicated that the fluorescence signal of MT could
delineate the tumor at 24 h postinjection and became bril-
liantly bright from 48 h postinjection to 96 h postinjection.
The NIR-II fluorescence intensities of MT NPs in tumors
increased from 1.57 x 10* at 1 h to 3.95 x 10 at 48 h, and then
gradually decreased to 3.0 x 10" at 96 h (Fig. 3b), which pro-
vides enough time for surgery. However, the obtained SPECT
images showed an obvious accumulation of **’I-MT NPs in the
tumor immediately after intravenous injection, and reached a
plateau at 8 h postinjection (Fig. 3a). Quantifying the volume
of interest from the SPECT images of tumor uptake, the per-
centage of injected dose per gram of tumor tissues was quickly
increased to 1.8 + 0.16 %ID g ' at 4 h postinjection and
leveled off as a plateau at 2.0 + 0.16 %ID g~' until 96 h, as
shown in Fig. 3c.

Compared with MT NPs and '*’-MT NPs, no obvious
tumor uptake of MT or "**I-MT was found both in NIR-II and
SPECT imaging at 96 h post injection as shown in Fig. 3a.
Generally, nanoparticles accumulate in tumor tissues within
several hours via the enhanced permeation and retention
(EPR) effect.**® Furthermore, compared with the tumor
uptake between SPECT and NIR-II images, it was found that
the signal of SPECT presented earlier than the signal of NIR-II.
To normalize the tumor uptake, the presented signal of SPECT
was found at 4 h postinjection from SPECT images while the
fluorescence signal was found at 24 h postinjection from
NIR-II images as shown in Fig. 3d. It is well known that SPECT
imaging detected the y rays directly emitted from radio-
nuclides and is hardly influenced by the tumor microenvi-
ronment, while the emission of a fluorescent dye is strongly
affected by the surrounding physical properties.** The fluo-
rescence intensity differs drastically in different solvents. As
shown in phantom studies (Fig. S5af), MT NPs emitted bril-
liantly bright fluorescence in 10% FBS. Hence, SPECT could
directly detect the radionuclide signals. NIR-II imaging could
detect the fluorescence signals when the fluorescence dye was
released from the nanoparticles and interacted with the
protein. The mechanism of two imaging techniques offers the
possibility of sequential imaging. Besides, the two scan
windows providing the potential sequential imaging when
using short half-life radionuclides will limit the radiation
exposure to the surgical staff during the surgery.

Lymphatic metastasis is one of the main leading pathways
that cause tumor metastasis and poor prognosis,*® which
underscores the compelling need for mapping of lymphatic
metastasis.””*® A lymph node metastatic model was estab-

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) In vivo NIR-1l and SPECT dual modality imaging of subcutaneous 4T1 tumor-bearing BALB/c mice at 0, 4, 8, 24, 48, 72 and 96 h postinjec-
tion of MT NPs and 2°I-MT NPs. Tumor uptake quantification of MT NPs and *2°I-MT NPs by NIR-II (b) and SPECT images (c). Normalized tumor
uptake of MT NPs and *2°|-MT NPs by NIR-Il and SPECT images (d). The yellow dotted circles show the 4T1 tumor.

lished by inoculating 4T1 tumor cells into footpads of 6-8
week old BALB/c mice. After four weeks, the H&E staining
proved that the 4T1 cells had metastasized to the lymph node
as shown in Fig. S10.} To evaluate the dual modality imaging
capability in lymph node mapping, the probe was adminis-

tered at a dose of 2.22 x 10~* mmol mL™" (30 pCi, 50 pL) via
intratumoral injection, and imaged by the NIR-II system and
SPECT. The NIR-II imaging showed that the MT NP signals
were observed at 1 h postinjection, whereas the *’I-MT NP
signals from the SPECT imaging were observed immediately in
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Fig. 4 (a) In vivo NIR-Il and SPECT dual modality imaging of lymphatic

metastasis 4T1 tumor-bearing BALB/c mice at 0, 4, 8, 24, 48, 72 and 96 h

postinjection of MT NPs and *2°I-MT NPs. Tumor uptake quantification of MT NPs and *?*I-MT NPs by NIR-II (b) and SPECT images (c). Normalized
tumor uptake of MT NPs and *2°I-MT NPs by NIR-1l and SPECT images (d). The yellow dotted circles show the sentinel lymph node.
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the lymphatic metastasis tumor after intratumoral injection.
However, no lymph node uptake of MT and "**I-MT was found
even at 48 h after injection as shown in Fig. 4a. To further
quantify the lymph metastasis, the fluorescence intensity of
MT NPs in the lymph node was found to be 1.84 x 10* at 1 h
and then increased from 2.59 x 10* at 4 h to 2.69 x 10* at 24 h
postinjection (Fig. 4b). Meanwhile, from the quantification of
SPECT images, the lymphatic metastasis uptake of *’I-MT
NPs was above 10 %ID g~ ' after injection until 48 h and
achieved a maximum of 50.99 + 1.42 %ID g~ ' at 1 h postinjec-
tion (Fig. 4b). However, the uptake of **I-MT in the lymphatic
metastasis was less than 1 %ID g™ .

By normalizing the intensity of NIR-II and SPECT signals,
we found that the radio-signal from SPECT images was
observed in the lymph node immediately after injection and
reached a maximum at 1 h, while the fluorescence signal from
NIR-II images was observed at 1 h and then reached a
maximum at 4 h after injection (Fig. 4d). The signal of MT NPs
presented in the lymph node tumor was much shorter than
that in the subcutaneous tumor model, which could be
explained by the fact that the absolute amount of dye that
leaked from the nanoparticles is higher in the lymph node
tumor. From the quantification analysis, the percentage injec-
tion dose of lymph node tumor uptake was much higher than
that of the subcutaneous tumor model. The above results
showed that "**I-MT NPs could be used as a lymph node con-
trast agent for sequential imaging with faster accumulation
and higher lymph node tumor uptake.

Conclusions

In summary, we have demonstrated that '**I-MT NPs can be
used for SPECT and NIR-II dual modality imaging with two
scan windows for diagnosis and image-guided surgery. **’I-MT
NPs were uniform nanoparticles in aqueous solution of one
hundred nanometers in size. In vitro and in vivo studies
showed that the probe possessed good biosafety. The SPECT
scan of a subcutaneous tumor modal could be performed at
8 h postinjection while NIR-II fluorescence imaging could be
carried out 48 h postinjection. In addition, the SPECT scan of
lymph node mapping could be performed at 1 h postinjection
and NIR-II fluorescence imaging could be carried out at 4 h
postinjection. '*’I-MT NPs provide high potential sequential
imaging with two scan windows for diagnosis and image-
guided surgery.
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