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ABSTRACT: Magnetic resonance imaging (MRI) is instrumental /
in the noninvasive evaluation of tumor tissues in patients subjected nDPA
oL i . : OF

to chemotherapy, thereby yielding essential diagnostic data crucial (¢}

for the prognosis of tumors and the formulation of therapeutic
strategies. Currently, commercially available MRI contrast agents
(CAs) predominantly consist of mononuclear gadolinium(III)
complexes. Because there is only one Gd(III) atom per molecule,
these CAs often require administration in high doses to achieve the
desired contrast quality, which inevitably leads to some adverse
events. Herein, we develop a six-nuclei, apoptosis-targeting T, CA,
Gdg—ZnDPA nanoprobe, which consists of a hexanuclear
gadolinium nanocluster (Gdg) with an apoptosis-targeting group
(ZnDPA). The amplification of Gd(III) by the hexanuclear
structure generates its high longitudinal relaxivity (44.67 mM ™' s™', 1T) and low r,/r, ratio (0.68, 1T). Based on the Solomon—
Bloembergen—Morgan (SBM) theory, this notable improvement is primarily ascribed to a long correlation tumbling time (7). More
importantly, the Gdg—ZnDPA nanoprobe shows excellent tumor apoptosis properties with an enhanced MR signal ratio (~74%)
and a long MRI imaging acquisition time window (~48 h) in 4T1 tumor-bearing mice. This study introduces an experimental
gadolinium-based CA for the potential imaging of tumor apoptosis in the context of MRI.
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1. INTRODUCTION Magnetic resonance imaging (MRI) is a widely used
noninvasive technique in clinical diagnosis, acclaimed for its
elevated spatial resolution and remarkable contrast properties
in body tissue visualization. In MR, contrast agents (CAs) are
crucial as they enhance image contrast by affecting the
relaxation efficiency of water protons in the surrounding tissue.

e Sramm The most commonly used CAs for clinical purposes are
cell death (PCD) or apoptosis.”” Nevertheless, individual gadolinium-based CAs (GBC As).” Gadolinium (Gd III), a

Cancer continues to pose a significant threat to global health,
with approximately 10 million fatalities annually.' The
principal therapeutic approach, particularly in pre- and
postoperative contexts, is chemotherapy, which -effectively
eradicates cancer cells through the induction of programmed

differences in response to chemotherapy require prompt trivalent metal ion with seven unpaired electrons, is highly
evaluation of how tumors react to the treatment, allowing for paramagnetic.m While free gadolinium is a toxic heavy metal,
the optimization of individualized antitumor regimens to its complexes are employed in medical applications because of
enhance the treatment efficacy. Apoptosis is characterized by their low toxicity and ability to improve the longitudinal (T;)
plasma membrane asymmetry, culminating in the external- relaxation rates (r,) of surrounding protons and coordinate
ization of phosphatidylserine (PS) on the cell surface.” water molecules.'”'” However, due to the low content of
Annexin V is a protein that is predominantly utilized in cell GA(III) in traditional commercial GBGAs (Magnevist,
biology for the identification of apoptotic cells due to its high Omniscan, Gadavist, etc.), a high dosage is typically
affinity for PS. However, the inherent instability of Annexin V

proteins presents a significant obstacle.’ Currently, an anion Received: January 24, 2024 E“ZL“'EMD”‘““

recognition group, zinc(1I)-dipicolylamine (ZnDPA), has been Revised: ~ March 21, 2024
recognized for its selective binding to PS.”® In addition, Accepted: March 2§, 2024
because it is both affordable and easy to obtain, ZnDPA Published: April 4, 2024
emerges as a promising substitute for Annexin V in the

development of probes specifically targeting apoptotic cells.
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Scheme 1. Schematic Illustration of the Gdg—ZnDPA Manufacturing Process and the Mechanism Underpinning their MR

Imaging Capabilities with Apoptotic Tumor Cells
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administered to patients.'” This can potentially cause severe
adverse reactions such as nephrotoxicity (e.g, nephrogenic
systemic fibrosis), especially in patients with renal injury, as
well as the deposition and retention of Gd(III) metal in human
tissues.'*'® Hence, it is critically important to advance the
development of gadolinium-based contrast agents (GBCAs)
that offer enhanced relaxivity and sensitivity alongside a
reduction in the necessary injection dosage to mitigate
potential adverse effects.

For example, Du et al.'” and Lu et al.'® reported enhanced r,
values through the covalent incorporation of Gd-chelates into
macromolecular complexes. However, a limitation of these
macromolecules is their finite number of coupling sites, which
restricts their payload capacity for metal ions."” Recently,
researchers have been increasingly focusing on gadolinium-
based nanoparticles (Gd-NPs). This interest is driven by the
unique nanoscale geometric confinement of Gd-NPs, which
sets them apart from conventional chemical agents. Examples
include Gd,05,°”*" Gd,4,”* and Gd-IR780>° nanoprobes, each
characterized by a larger surface-area-to-volume ratio and
functionalization properties.”* These nanoparticles effectively
address the payload limitation, achieving a higher r; value and
enabling the conjugation of multiple functional molecules,
thereby improving targeting capabilities.

Herein, we introduce a hexanuclear Gd(III) cluster (Gdy)
conjugated with ZnDPA, forming the tumor apoptosis-
targeting T, CAs known as Gd4—ZnDPA nanoparticles
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(Gd¢—ZnDPA NPs). On the one hand, one hexanuclear
polyhedron loaded with six Gd(III) ions exhibits favorable r,
values. On the other hand, by linking Gdg nanoclusters with
ZnDPA ligands, which demonstrate a strong affinity with PS,
we transition from traditional passive targeting to an active
targeting strategy. This approach significantly enhanced the
site-specific localization efficiency while minimizing non-
specific biodistribution.”> Therefore, Gdg—ZnDPA NPs have
been utilized as MRI CAs to precisely monitor the apoptosis of
4T1 tumors in response to chemotherapy, even at low
intravenous levels (Scheme 1).

2. EXPERIMENTAL SECTIONS

2.1. Material and Reagents. Fluorene, carbon disulfide, 2-
chloro-2-methylpropane, dichloromethane, N-bromosuccinimide, 1,3-
dimethylpropionic acid (‘BuCO,H), and gadolinium(IIl) oxide
(Gd,0;) were purchased from Adamas-f Co. Ltd. Hydrochloric
acid, petroleum ether, tetrahydrofuran, methyl alcohol, and methyl
alcohol were purchased from General Reagent Inc. 2-Distearoyl-sn-
glycero-3-phosphoethanolamine (DSPE)—poly(ethylene glycol),gq0
(PEG,09), DSPE—PEG,40—N-hydroxy succinimide (NHS), and
ZnDPA were purchased from Xi'an Ruixi Biotech Inc. DSPE—
PEG,ggo—fluorescein isothiocyanate (FITC) was purchased from
Ponsure Biotech Inc. Mouse breast cancer cells (4T1) were obtained
from the Shanghai Institutes of Biological Sciences. The Cell
Counting Kit-8 (C0037) was purchased from Beyotime (Jiangsu,
China). Balb/c mice were purchased from Jiesijie Laboratory Animal
Co. Ltd.

https://doi.org/10.1021/acsanm.4c00511
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2.2. Synthesis Processes. 2.2.1. Synthesis of
Gdg(OH),(FIuPO3)5("BuCO,)9(H,0)s. 2,7-Di-tert-butyl-9-methyl-9H-
fluoren-9-yl phosphonic acid (FluPO;) was synthesized according to
a previous report.26 Gd,0; (3.625 g 10 mmol) and 1,3-
dimethylpropionic acid (‘BuCO,H) (50 g, 500 mmol) were added
to a three-neck flask and heated to 160 °C for 24 h. After the mixture
was cooled to room temperature, 100 mL of toluene was added and
heated to 110 °C for 2 h, followed by filtering and evaporation to
produce Gd,(‘BuCO,)4(‘BuCO,H),. FluPO;H (0.0374 g, 0.1 mmol),
Gd,('‘BuCO,)s('BuCO,H)¢ (0.1532 g 0.1 mmol), and BuCO,H
(0.0408 g, 0.4 mmol) were added to a mixture of acetonitrile (8 mL)
and dichloromethane (8 mL) and then stirred for 24 h; the colorless
rhombus-shaped crystal Gdg(OH),(FluPO,);(‘BuCO,),o(H,0)¢ was
obtained after filtering and evaporation.

2.2.2. Synthesis of Gd¢@PEG NPs. 5 mg of Gdg was dissolved in
chloroform (10 mL) by sonicating, and then DSPE—PEG, (10 mg)
was added. Then, sonication and shaking were continued for 10 min.
The well-mixed solvents were added with 10 mL of ddH,O, followed
by another 10 min of sonication and shaking before rotary
evaporation and filtration; the aqueous solution of DSPE—PEG,,
coated with Gdg nanoparticles obtained was referred to as Gd¢@PEG.

2.2.3. Synthesis of Gds—ZnDPA NPs. Five milligrams of Gdg were
dissolved in chloroform (10 mL) by sonication; then, DSPE—PEG,,
and DSPE—PEG,,0—NHS (8 and 2 mg, respectively) were added
and subjected to sonication and shaking for 10 min. The well-mixed
solvents were added with 10 mL of ddH,O, followed by another 10
min of sonication and shaking before rotary evaporation and filtration;
then, the solution was added with 3 mg of ZnDPA and stirred (37 °C,
12 h); after repeating the filtration, evaporation, and centrifugation
(ultrafiltration tube, 10 kDa, 3500 rpm, 8 min), the Gd¢—ZnDPA NP
solution was collected under an atmosphere of flowing dry nitrogen.

2.2.4. Synthesis of Gds—ZnDPA/FITC NPs. Five milligrams of Gdy
were dissolved in chloroform (10 mL) by sonicating; then, DSPE—
PEGyp (6 mg), DSPE—PEG,0,—NHS (2 mg), and DSPE—
PEG,400—FITC (2 mg) were added and subjected to sonication and
shaking for 10 min. The well-mixed solvents were added with 10 mL
of ddH,0, followed by another 10 min of sonication and shaking
before rotary evaporation and filtration; then, the solution was added
with 3 mg of ZnDPA and stirred (37 °C, 12 h); after repeating the
filtration, evaporation, and centrifugation (ultrafiltration tube, 10 kDa,
3500 rpm, 8 min), Gdg—ZnDPA NP solutions were collected under
an atmosphere of flowing dry nitrogen.

2.3. X-ray Crystallography Analysis. The diffraction intensity
for the Gdg cluster was measured using the hemisphere technique on
a Bruker SMART Platform CCD diffractometer at 298 K, with a
molybdenum tube (Aka = 0.71073 A). The absorption correction was
implemented using SADABS program. The structure was then
resolved and refined through a full-matrix least-squares approach
based on F> This was carried out using the SHELXS-97 and
SHELXL-97 program packages, respectively. During refinement, all of
the nonhydrogen atoms were treated anisotropically. The calculations
involved using analytical expressions for the scattering factors of
neutral atoms and corrections for anomalous dispersion were also
incorporated into the analysis.

2.4, X-ray Photoelectron Spectroscopy (XPS) Analysis.
Chemical elements and bonds of the samples were analyzed by X-
ray photoelectron spectroscopy (XPS, Thermo Scientific Escalab
250Xi). Each analysis started with a survey from 0 to 800 eV. The C
1s photoelectron line at 284.79 eV was used for the calibration of
spectra. The O 1s, C 1s, P 2p, and Gd 4d lines were recorded for each
specimen.

2.5. Measurement of the Longitude Relaxivity of Gds@PEG
NPs. The readymade Gd¢@PEG NPs and Gd-DTPA (MAGNEV-
IST) were dispersed into deionized water with a microcentrifuge tube
(1.5 mL), separately. Then, T;-weighted images with different [Gd]
concentrations (0, 0.0125, 0.025, 0.0375, 0.0S, 0.07S, and 0.1 mM)
were observed using the 1T magnetic resonance imaging apparatus,
respectively. Meanwhile, both the longitudinal relaxivity rate (r, = 1/
T,) and transverse relaxivity (r, = 1/T,) of Gd4@PEG NPs and Gd-
DTPA under different [Gd] concentrations were calculated,
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respectively. The measurement parameters were set as follows:
repetition time (TR) = 545 ms; echo time (TE) = 10 ms; field-of-
view (FOV) = 45 mm; slice thickness = 3 mm; average = 2.

2.6. Nuclear Magnetic Relaxation Dispersion (NMRD)
Measurements. Gd-DTPA and Gd¢@PEG NP solutions at a [Gd]
concentration of 0.1 mM were placed in a field-cycling relaxometer
(SMARtracer, Stelar), respectively. The 1/T; NMRD profiles of
solvent protons were measured over the magnetic field range of
0.00025—3T (corresponding to about 10* to 1.27 X 10° Hz proton
Larmor frequency). The longitudinal relaxation time was obtained
from the instruments directly in the range of 0.0025—0.5 T, while the
longitudinal relaxation time in 3T was fitting by formula (1). The
nuclear magnetic relaxation dispersion profiles of MRI contrast agents
were analyzed based on the Solomon—Bloembergen—Morgan (SBM)
theory using Matlab software.

STI = Sx(1 — 23x¢ "/ 7) (1)
where STI is the signal intensity at a given inversion time (T7), S is the
maximum signal intensity that can be achieved if there are no
relaxation effects, e denotes the base of the natural logarithm, T} is the
inversion time, and T is the longitudinal relaxation time.””

2.7. Biocompatibility and Cytotoxicity of Gd;@PEG and
Gd¢—ZnDPA NPs. A hemolysis test was carried out to analyze the
blood compatibility of the Gd4@PEG and Gds—ZnPA NPs in vitro.
All of the steps refer to GB/T 14233.1—2022. A 2% (v/v) erythrocyte
suspension was used in the assay. 2 mL of fresh whole blood of two
Balb/c mice (about 5 weeks old, 25—30 g) were centrifuged at 1500
rpm for 5 min. The obtained erythrocyte suspension was rinsed with
phosphate-buffered saline (PBS) three times, followed by further
dilution to a final concentration of 2% (v/v) erythrocyte suspension.
Next, five centrifugal tubes containing 500 uL of 2% (v/v) erythrocyte
suspension were prepared and then added with 500 yL of Gd4@PEG
or Gdg—ZnPA NPs solutions with different concentrations (12.5, 25,
50, 100, and 200 ug mL™") as two experimental groups, while 500 L
of PBS and 500 uL of ddH,O were considering as the negative and
positive groups, respectively. After incubation at 37 °C for 2 h, these
samples were centrifuged at 1000 rpm for 3 min, the upper
supernatant was then taken into a 96-well plate, and the absorbance
(A) at 545 nm was measured; each group was repeated 3 times, and
the average value was taken to calculate the hemolysis rate.

The mouse breast cancer cells (4T1) were plated at a density of
6000 cells/well in 96-well plates and incubated with 100 uL of
completed medium (high glucose Dulbecco’s modified Eagle’s
medium added with 10% fetal bovine serum and 1% penicillin/
streptomycin) for 2 h, at 37 °C and 5%CO,. When cells were
attached, new medium containing different concentrations (0, 12.5,
25, 50, and 100 ug mL™', which were regarded as control and
experimental groups) of Gd4@PEG or Gd¢—ZnPA NPs was replaced
every 6 and 12 h separately, followed by the addition of CCK-8
reagent. After incubating the mixed solutions, the absorbance values
(A) of each group were detected at 450 nm using a microplate reader
(SPR-960, Sunostik Medical Technology Co. Ltd.). The cell viability
was counted through the following equation.

cell viability (%) = A /A oprol X 100%

)
2.8. Confocal Laser Scanning Microscopy (CLSM) Imaging
for Apoptotic Cells In Vitro. 4T1 cells were separated into three
experimental groups: apoptotic 4T1 cells (apoptosis group), apoptotic
4T1 cells treated with Gdg—ZnPA/FITC (targeting group), and
apoptotic 4T1 cells treated with ZnDPA (50 ug mL™, 1 h) before
Gdg—ZnDPA/FITC treatment (blocking group). 4T1 cells of all three
groups were incubated with Gdg—ZnDPA (50 ug mL™") for 2 h at 37
°C with 5% CO,. Then, the cells were rinsed with PBS, and fresh
media was added for confocal laser scanning microscopy (CLSM).
2.9. T,-Weighted MRI Imaging Performance In Vivo. The
apoptotic tumor model mice were used to evaluate the apoptosis-
targeting performance of Gd4—ZnPA NPs. These mice were
inoculated subcutaneously with approximately 5 X 10° 4T1 cells
into the front flank, obtaining the ideal tumor sizes of 100—200 mm?

experiment

https://doi.org/10.1021/acsanm.4c00511
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Figure 1. (a) Single-crystal X-ray structure of Gdg. (b) Transmission electron microscopy (TEM) images (scale bar: 100 nm) of Gds@PEG. (c)

Size distribution and (d) ¢-potential distribution of Gd4@PEG NPs.

(a)

L —
GIiDTPA 1@ @ @& @ o © ¢
Gd@PEG (@ @® ©® @ O

0 0.01250.0250.0375 0.05 0.075 0.1
[Gd] Concentration(mM)

120} © Test
J—
100 | ps
— —
» 80
=
E

10¢ 108
Proton Larmor Frequency (Hz)

0
104

(b)

7 b — Gd«@PEG r,= 65.86 mM"'s"!
— Gds@PEG r,= 44.67 mM"'s"'
6 Gd-DTPA r= 514mM's"
— Gd-DTPA r,= 3.48 mM‘s
5|
2 47
5 st
2+
1} )
0 L 1 L 1
0 0.025 0.050 0.075 0.100 0.125
[Gd] Concentration (mM)
(d)
151 [0 Test
—T
HS
= —r
w 10}
=
=

10¢ 10°
Proton Larmor Frequency (Hz)

0
10¢

Figure 2. (a) In vitro T;-weighted images, (b) longitudinal relaxation rates (r,), and transverse relaxation rates (r,) of Gd4@PEG and Gd-DTPA
with different [Gd] concentrations of 0, 0.0125, 0.025, 0.0S, 0.07S, and 0.1 mM at the 1T system. Longitudinal relaxivity (r,) distributions of (c)
Gd¢@PEG and (d) Gd-DTPA under different hydrogen proton Larmor frequencies [1 X 10* to 1.27 X 10® Hz (0.00025—3T)] and fitting curves
based on the Solomon—Bloembergen—Morgan (SBM) paramagnetic relaxation theory.

after 7—10 days, to develop 4T1 tumor model mice. Then, they were
injected with 10 mg kg™ doxorubicin hydrochloride (DOX-HCI)
every 3 days for a total of two times in order to establish the apoptotic
tumor model.” The targeting group (i.v. Gdg—ZnPA solutions at a
level of 0.0025 mmol kg™") and the blocking group (i.v. ZnDPA at a
level of 0.008 mmol kg™" for 15 min before injecting the same dosage
of Gd¢—ZnPA solutions) were further assessed for the contrast-
forming properties of Gds—ZnPA NPs in vivo. In addition, mice
bearing only the 4T1 tumor were administrated with Gd-DTPA or

9023

Gd—ZnPA at a level of 0.0025 mmol kg™'; then T-weighted images
of each group were obtained at different time points (0, 1.5, S, 9, 24,
and 48 h) with a 3.0T MRI system. The measurement parameters
were set as follows: repetition time (TR) = 1371 ms; echo time (TE)
= 13.62 ms; field-of-view (FOV) = 35 mmy; slice thickness = 1 mm;
average = 6.

In addition, the relative signal enhancement (RSE %) in the tumor,
heart, bladder, kidney, and liver was calculated to qualify MR signal
intensity changes. The equation is as follows:

https://doi.org/10.1021/acsanm.4c00511
ACS Appl. Nano Mater. 2024, 7, 9020—9030
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RSE % = (SIpost/SImusde' - SIpre /SImuscle)/SIpre /SImuscle

©)

where SI indicates the signal intensity of the region of interest
(ROI),*® Slyre Slyosy Slyuscer and Sl represent the signal
intensities of the corresponding areas before and after injection into
the tail vein of mice, respectively.

2.10. Distribution and Metabolism of Gdys—ZnDPA NPs.
Female Balb/c mice (about S weeks old, 25—30 g) were injected
intravenously with Gd¢—ZnDPA NPs at a dose of 0.0025 mmol kg™".
As the nanoparticles flow into the body along with the bloodstream,
coronal scanning images were acquired via a 3.0T MRI system
(uMR790, United imaging) to determine the accumulation and
metabolism of nanoparticles in specific organs, including the liver,
kidney, and bladder, at 0, 30, 60, 90, 120, 150, and 180 min,
respectively. All animals involved in the experiments were treated
according to the Guidelines for Care and Use of Laboratory Animals
and protocols approved by the Shanghai Normal University.

2.11. Statistical Analysis. Data were expressed as mean =+
standard deviation. Statistical analysis was conducted by one-way
analysis of variance (ANOVA) with Tukey’s significant difference post
hoc test using GraphPad Prism 9.0 (GraphPad Software, Inc.). *P <
0.05, ** P < 0.01, and *** P < 0.001.

X 100%

3. RESULTS AND DISCUSSION

3.1. Characterization of Gdg(OH),(FIuPO;);('BuCO,)-
10(H;0)6. Figure 1la displays the single-crystal X-ray

Table 1. Parameters of Gd4@PEG and Gd-DTPA Based on
the SBM Theory

contrast Gd¢@PEG Gd-DTPA
q 1 1
7 (ps) 600 77
7, (ns) 12 142

diffraction pattern of the Gdy cluster, revealing that Gdy is a
neutral hexanuclear complex that crystallized in the monoclinic
space group C, which contains six Gd(III) ions, three
phosphonate ligands, 10 pivalates, two u;-OH groups, and
six water molecules. The six Gd(III) can be divided into two
trinuclear metal units, which can be viewed as a y1;-OH-bridged
trimer. The trimers are connected by three p;-1':in':'-PO,
groups of three phosphonate ligands, forming a trigonal
antiprism structure with a similar configuration. The specific
crystallographic parameters of the Gdy cluster are presented in
Table SI. In addition, the steric hindrance effect of this trigonal
antiprism Gdg cluster is particularly strong because each of its
trigonal surfaces is wrapped by five tertiary butyl groups from
five pivalates, while its side faces are surrounded by three large
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Figure 4. (a) Confocal laser scanning microscopy (CLSM) images of
apoptotic 4T1 cells incubated with Gdg—ZnDPA/FITC for 2 h at 37
°C (from left to right: different channels of apoptotic 4T1 cells; red
channel: collected from 575 to 595 nm; green channel: collected from
515 to 535 nm; overlay: field between green and red channels). 4T1
cells were incubated with DOX (5 ug mL™") for 4 h to obtain the
“apoptotic group”, Then, apoptotic cells were incubated with Gds—
ZnDPA/FITC (50 ug mL™") for another 2 h to derive the “targeting
group” or they were incubated by ZnDPA (50 ug mL™") for 1 h
before incubating with Gdg—ZnDPA/FITC (50 pug mL™") to obtain
the “blocking group”. (b) Fluorescence intensity ratio of the green
channel to the red channel. ***P < 0.001 versus any other group.

aromatic groups from three phosphonate ligands. The
coordination-driven self-assembly method between metal
ions and organic linkers has been a Eromising strategy for
developing polynuclear Ln-assemblies.””*" The XPS survey
spectra of Gdg are shown in Figure S2a. The peaks at 141.9,
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Figure 3. (a) Hemolysis rate assessment of Gd¢@PEG and Gds—ZnDPA NPs with different [Gd] concentrations. (b) Relative cell viabilities of
4T1 cells after coincubation with Gd¢@PEG and Gd4—ZnDPA NPs at 6h and 12 h (n = 3).

9024

https://doi.org/10.1021/acsanm.4c00511
ACS Appl. Nano Mater. 2024, 7, 9020—9030


https://pubs.acs.org/doi/suppl/10.1021/acsanm.4c00511/suppl_file/an4c00511_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.4c00511/suppl_file/an4c00511_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c00511?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c00511?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c00511?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c00511?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c00511?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c00511?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c00511?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c00511?fig=fig4&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.4c00511?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

Oh

1.5h

—
Q
A

Blocking Targeting

Targeting

Blocking

5h Min

Max

Targeting
—— Blocking
—— Gd-DTPA
— Gde-ZnDPA

i .
20 30
Post-injection (h)

40 " 50
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143.1, 284.8, and 530.8 eV correspond to the P 2p, Gd 4d, C
Is, and O Is peaks, respectively. Figure S2b clearly shows the
peak of C=C (284.16 eV), C—C (288.43 eV), and O=C-0
(284.92 €V);”" the peak area of C—C is very small compared
with other peaks, reflecting the low content of C—C. As shown
in Figure S2¢, O 1s was fitted into four peaks of 529.79,
531.15, and 532.24 eV, respectively, corresponding to Gd—O,
C—0, and adsorbed H,0.”' ™%’ The peaks of Gd 4d centered
at 142.95 and 148.39 €V in Figure S2d are attributed to a pair
of 4d;,, and 4d,/, doublets, which correspond to Gd—0.**
The presence of Gd—O bonds clearly confirmed the formation
of a Gd-based cluster. The P 2p peaks can be deconvoluted
into two peaks, as shown in Figure S2e: 132.41 eV (2p,/, P—
O) and 133.38 eV (2p,;, P—0).” The result of P peak
splitting demonstrated the content of P—O bonds in the
cluster. These observations agree with the single-crystal X-ray
structure of Gdg, as shown in Figure la. Thermogravimetric
analysis (TGA) demonstrated the good thermal stability of
Gdy, the relative weight of which remains above 80% at
temperatures between 0 and 300 °C (Figure Sla). Powder X-
ray diffraction patterns of the as-synthesized Gdg showed good
agreement with the data simulated from the single-crystal
structure, indicating the purity of the bulk sample (Figure
S1b). Gdg was encapsulated using 2-distearoyl-sn-glycero-3-
phosphoethanolamine—poly(ethylene glycol) (DSPE—
PEG,g) in a 1:2 ratio to produce the water-soluble
nanoparticles, Gd4@PEG NPs. As shown in Figure 1b,
transmission electron microscopy (TEM) analysis demon-
strated that monodispersed Gd¢@PEG NPs were uniformly
distributed. Additionally, TEM element mapping and energy-
dispersive X-ray spectroscopy (EDX) spectra of Gds@PEG
displayed in Figure S3 show that Gds was encased with
DSPE—PEG;q successfully to form Gd¢@PEG, and elements
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C, O, P, S, and Gd were uniformly distributed in the NPs.
Hydrodynamic diameters and {-potentials of Gds@PEG were
1151 nm and —2.4 mV, respectively (Figure lc,d). In
summary, the rigid configuration and moderate size of Gds@
PEG provide the advantage for the following application.

3.2. MRI Contrast Enhancement of Gds. T,-weighted
images obtained at a 1T magnetic field of both Gd4@PEG and
Gd-DTPA showed that Gd4@PEG is more effective for
biodiagnosis than Gd-DTPA as the concentration of [Gd]
increases (Figure 2a). R, typically reflects the contrast
efficiency of CAs, with a high r, value indicating superior
contrast performance.36 The longitudinal relaxivity (r;) and
transverse relaxivity (r,) of Gd¢@PEG and Gd-DTPA in an
aqueous solution were measured under a 1T MRI apparatus,
respectively. The linear graph illustrated that not only did the
relaxation rate related to the concentration of [Gd] linearly fit
well, but the r, and r, values of Gd¢@PEG were relatively
higher than those of Gd-DTPA, specifically ~44.67 and
~65.86 mM™' s7! versus ~3.48 and ~5.14 (Figure 2b).
Furthermore, Gd4@PEG appears to be a promising alternative
to T-weighted MRI contrast agents, with a relaxation value of
r/r ~ 147 (<2).%

According to the Solomon—Bloembergen—Morgan (SBM)
theory, the interaction between water protons and para-
magnetic ions determines the relaxivity of GBCAs, which are
classified into three mechanisms, including the inner sphere
("), which means the magnetic center directly coordinates
with water protons, the second sphere (r*°), which means that
water protons coordinate with the paramagnetic center
through hydrogen bonds, and the outer sphere (r°%), which
describes molecules that require relaxation improvement
without direct coordination.”* In general, the T relaxivity of
a contrast agent is positively correlated with the tumbling time
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Figure 6. T;-weighted MR images of the (a) kidney, (b) liver, (c) heart, and (d) bladder of Balb/c mice before and after intravenous injection of
Gdg—ZnDPA NPs (0.0025 mmol kg™') at 3T. The relative signal enhanced ratio (RSE %) in the (e) kidney, (f) liver, (g) heart, and (h) bladder
were recorded at specific time points throughout 180 min post-injection.

of the molecule (zy), the proton residence lifetime (1/7,,), and rate in Gd¢@PEG.”” In conclusion, it is the synergistic
the coordinating number of the proton (g).”* To further functioning of these positive features that achieved the
investigate the properties of Gd4@PEG, we measured the desirable T relaxivity of Gd¢@PEG.

longitudinal relaxivity (r,) values of Gd¢@PEG and Gd-DTPA 3.3. Targeting Property of Gd,—ZnDPA NPs In Vitro.
at different field strengths [1/T, nuclear magnetic relaxation Our preliminary study demonstrated the viability of Gd¢@PEG
dispersion (NMRD) profiles] and compared the relative NPs as the T; CAs. Further exploration of the apoptosis-
physical—chemical parameters based on the SBM theory. targeting potential of NPs is required. Because ZnDPA binds
The NMRD profiles indicated that the r; value of Gd4@PEG powerfully to turnover proteins (phosphatidylserine, PS) on
was consistently significantly higher than that of Gd-DTPA the surface of apoptotic cells,® Gdg was first encased in DSPE—

within a Larmor frequency of approximately 1 X 10* to 1.27 X PEG,yy and DSPE—PEG,,,—N-hydroxy succinimide (NHS)
10® Hz, i.e,, within 0.0002S to 3T. When the proton Larmor to develop water-soluble Gd¢@PEG. Next, Gd4@PEG was

frequency ranges from 2.13 X 107 to 1.27 X 10° Hz (0.5-3T), coupled with ZnDPA to develop Gdy—ZnDPA NPs, which
the r; value of Gd4@PEG NPs, which was predominated by were capable of targeting apoptotic cells. The {-potentials and
the inner sphere, boosts drastically and peaks at 1.27 X 10° Hz hydrodynamic diameters of Gds—ZnDPA NPs are given in
(3T) (Figure 2c). In contrast, the r; value of Gd-DTPA Figure S4a,c. The {-potential increased from —2.4 to 11.8 mV,
continuously declines as the contribution of both the inner reflecting the positive property of ZnDPA. The hydrodynamic
sphere and the outer sphere gradually decreases (Figure 2d). diameter of the nanoparticle changed slightly, from 115.1 to

As is shown in Table 1, the 7z of Gd4@PEG (600 ps) is nearly 132.6 nm, further confirming the combination. The TEM
8-fold that of Gd-DTPA (77 ps), which may be attributed to image demonstrated the spherical shape of Gdg—ZnDPA NPs
its high molecular weight (3227.5 Da) and rigid hexanuclear (Figure S4b). Additionally, the longitudinal relaxivity (r;) of

crystalline structure, both of which can effectively decrease the Gd¢—ZnDPA NPs in an aqueous solution was also measured
tumbling time of the water protons.'” Meanwhile, in terms of using a 1T MRI apparatus. Although the r, value of Gdg—
the proton residence lifetime (7,,), Gds@PEG showed ZnDPA (21.30 mM ' s7') was decreased compared to that of
significantly lower data (7, = 12 ns) compared with Gd- Gd¢@PEG (44.67 mM ™" s7'), it was still desirable (Figure S5).
DTPA(z,, = 142 ns), which means a higher water exchange Inductively coupled plasma-atomic emission spectrometry
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Figure 7. (a) H&E staining of the heart, liver, spleen, lung, and kidney of mice after intravenous administration with PBS X 1 and Gds—ZnDPA
NPs (0.0025 mmol kg™"); scale bar = 50 um. (b) Results of serum biochemical indicators in mice, including ALT (U L™!), AST (UL™), ALB (g
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(ICP-AES) showed that the Zn(II) element increased
substantially to 0.69% while the percentage of Gd(III)
elements decreased by approximately half, and the Gd, cluster
accounts for 9.17% of the total molecules (Table S2).

In terms of in vivo imaging, the biocompatibility and safety
of the nanoparticles are crucial. The hemolysis rate of Gd,@
PEG and Gdg—ZnDPA was less than 5% for concentrations of
[Gd] under 100 ug mL~" (Figure 3a). After cocultivation with
Gds@PEG and Gd4—ZnDPA for 6 and 12 h, respectively, the
viability of 4T1 cells displayed an acceptable trend, with the
viability exceeding approximately 75% at concentrations up to
100 ug mL™" for 6 and 12 h, suggesting that both Gd4@PEG
and Gdg—ZnDPA possess a comparatively low cytotoxic effect
(Figure 3b).

Additional confirmation of the targeting capability of Gds—
ZnDPA in vitro is necessary before in vivo injection. The Gds—
ZnDPA surface was tagged with fluorescein isothiocyanate
(FITC), denoted as Gdg—ZnDPA/FITC. Subsequently, Gds—
ZnDPA/FITC samples were subjected to cocultivation with
apoptotic 4T1 cells for 2 h. Confocal laser scanning
microscopy (CLSM) was performed to observe the fluo-
rescence images of each group. The green fluorescence in the
targeting group was significant and highly overlapped with the
red fluorescence area, in comparison to apoptosis and the
blocking group. This indicates that Gds—ZnDPA/FITC
(green) successfully targeted 4T1 apoptotic cells induced by
DOX (red) (Figure 4a).

The red fluorescence emitted by DOX in all three groups
(apoptosis, target, and blocking groups) served as the internal
standard to quantify the intensity of the fluorescence. In the
apoptosis group, there were only red apoptotic cells with
minimal green fluorescence, and the fluorescence intensity
ratio of the green to red channels was approximately 0.26.
However, after coculturing Gdg—ZnDPA/FITC with apoptotic
cells in the targeting group, the intensity of green fluorescence
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in the field was significantly enhanced, resulting in a
fluorescence intensity ratio of approximately 0.90. This is
about 3 times higher than that of the apoptotic group.
However, the intensity of green fluorescence was not as strong
in the blocking group, with a fluorescence intensity ratio of
approximately 0.29, due to the initial binding of ZnDPA to the
target site—PS (Figure 4b). All of the results confirmed the
great targeting behavior of Gdg—ZnDPA toward apoptotic cells
in vitro.

3.4. T,-Weighted MRI Performance of Gd,—ZnDPA
NPs. Continuous monitoring of tumor cell apoptosis levels in
chemotherapy patients may provide significant insights into the
efficacy of treatment, enabling tailored therapy to optimize
anticipated survival odds.”” Gds—ZnDPA NPs were utilized for
vein tail administration to investigate their apoptosis-targeting
property in vivo. For this purpose, we divided the apoptotic
4T1 tumor model mice into two groups: a targeting group and
a blocking group. Their T)-weight images were obtained at
different time points (0, 1.5, S, 9, 24, and 48 h). We compared
images from both groups and quantified their visual perform-
ance. In the targeting group, after the intravenous injection of
Gdg—ZnDPA (0.0025 mmol kg™'), the tumor area became
progressively brighter over time, showing significant brightness
at S h post-injection [with a relative signal enhanced (RSE)
ratio of 22.55 + 6.90%]. This indicates that Gdg—ZnDPA NPs
were gradually accumulating in the apoptotic tumor (Figure
Sa). The RSE ratio peaked at 74.22 + 8.28% at 24 h post-
injection and then gradually declined to 13.64 + 4.42% at 48 h
post-injection (Figure Sb). These results confirm the superior
contrast imaging potentials of Gdg—ZnDPA NPs and suggest a
long acquisition time window of approximately 48 h. In stark
contrast, mice in the blocking group were injected with the
targeting motif ZnDPA (0.005 mmol kg™') for 15 min, which
binds to the target site (PS) on the surface of apoptotic cells
beforehand. Subsequently, they received an injection of Gds—
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ZnDPA (0.0025 mmol kg™"). However, it showed that the RSE
ratio in the blocking group remained lower than those in the
targeting group, and the T)-weighted images were not as
pronounced as in the targeting group over the entire trial
period. Finally, it took 24 h for the tumor site to substantially
brighten, with an RSE ratio of 17.31 + 5.94%, followed by a
decrease to 6.20 + 4.25% at 48 h post-injection. The difference
in the RSE ratio between two groups reflects the potent PS-
binding ability of ZnDPA.*' Additionally, 4T1 tumor model
mice underwent T,-weighted imaging after receiving Gd-
DTPA or Gdg—ZnDPA injections. The data collected serve as
additional evaluations of the bioimaging properties of Gds—
ZnDPA NPs. As presented in Figures 5Sb and S6, Gdg—ZnDPA
exhibited an extended imaging time window. Furthermore, the
highest RSE ratio occurred at 1.5 h (9.01 + 1.92%) and S h
(12.1 + 0.30%) in the Gd-DTPA and Gd¢—ZnDPA groups,
respectively, and both converged to zero around 24 h, which
demonstrated the enhanced T, signal value and good
apoptosis-targeting ability of Gds—ZnDPA.

For further research, the pharmacokinetic clearance of
targeted GBCAs must be taken into account.”” The changes
in signal levels of the heart, kidney, liver, and bladder in Balb/c
mice were observed under a 3T MRI system after intravenous
administration of Gdg—ZnDPA NPs (Figures S7—S10). The
maximum enhancement in the kidney occurred at 40 min post-
injection, with an RSE ratio of 41.82% (Figure 6a,e). The peak
signal intensity in the liver occurred at the 60 min mark, which
was accompanied by an RSE ratio of 29.38% (Figure 6b,f). As
depicted in Figure 6¢,g, there was a substantial augmentation
in the signal intensity of the heart (right ventricle), reaching up
to 65.90%, during the time interval of 0—40 min post-injection.
Then, the signal intensity in three organs (heart, kidney, and
liver) gradually declined to the preinjection level at 180 min
(Figure 6e—h). At 40 min after injection, both the kidney and
the heart displayed the highest signal intensities, with the peak
of the heart being greater than that of the kidney. This
phenomenon indicated that Gd¢—ZnDPA NPs rapidly
dissolved in the bloodstream following intravenous admin-
istration, with the majority being directed to the heart (right
ventricle), while a small portion entered the kidneys for
metabolism. At 60 min, a signal peak appeared in the liver, but
the level was still lower than that in the kidney, revealing that
the kidney is the primary metabolic organ for Gdg—ZnDPA
NPs. Besides, the bladder signal levels steadily increased until
180 min, reaching as high as 113.38%, suggesting the rapid
blood clearance profile and desirable biosafety of Gdg—ZnDPA
NPs (Figure 6d,h).

After Gdg—ZnDPA NPs and PBS were injected into mice,
we sacrificed the mice on the 14th day, and the impacts on the
heart, liver, spleen, lung, and kidney were revealed by
hematoxylin and eosin (H&E) staining (Figure 7a). There
was no obvious abnormal lesion in any of the sections of the
five organs examined, demonstrating the safety of administer-
ing Gdg—ZnDPA NPs to mice. In addition, a series of serum
biochemical markers pertaining to liver and kidney functions
were also examined, including alanine aminotransferase
(ALT), aspartate aminotransferase (AST), albumin (ALB),
total bilirubin (TBIL), direct bilirubin (DBIL), y-glutamyl
transpeptidase (y-GT), urea, blood urea nitrogen (BUN),
creatinine (CREA), and uric acid (UA) (Figure 7b). These
findings indicate that injection of Gd¢—ZnDPA has little
impact on the hepatic and renal function in mice.
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4. CONCLUSIONS

In summary, our team developed Gdg—ZnDPA nanoparticles,
six-nuclei gadolinium-based nanoparticles, for the detection of
tumor apoptosis in mice. Characterized by their unique
multinucleus Gd(III) cluster configurations, Gds—ZnDPA
nanoparticles exhibit a significantly enhanced signal ratio
(7422 + 8.28%), thereby facilitating the circumvention of
high-dose administrations in vivo. Furthermore, integration of
the Gdg cluster with the ZnDPA targeting moiety helped
realize an active targeting paradigm, enabling precise imaging
of apoptotic tumor lesions. Considering their favorable
biocompatibility and biosafety profiles, Gdg—ZnDPA NPs
demonstrate great potential as T'-targeting contrast agents for
monitoring the therapeutic responses of tumors to chemo-
therapeutic interventions.
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