7® ROYAL SOCIETY
P OF CHEMISTRY

Biomaterials
Science

View Article Online

View Journal | View Issue

PET image-guided kidney injury theranostics
enabled by a bipyramidal DNA frameworkf

’ M) Check for updates ‘

Cite this: Biomater. Sci., 2024, 12,
2086
Pinghui Li,? Zhidie Huang,? Xiaoyan Duan,®¢ Tao Wang,”¢ Shaowen Yang,®©

Dawei Jiang*®® and Jianbo Li () *°€

Understanding the pharmacokinetic profiles of nanomaterials in living organisms is essential for their
application in disease treatment. Bipyramidal DNA frameworks (BDFs) are a type of DNA nanomaterial that
have shown prospects in the fields of molecular imaging and therapy. To serve as a reference for disease-
related studies involving the BDF, we constructed a ®®Ga-BDF and employed positron emission tomogra-
phy (PET) imaging to establish its pharmacokinetic model in healthy mice. Our investigation revealed that
the BDF was primarily eliminated from the body via the urinary system. Ureteral obstruction could signifi-
cantly alter the metabolism of the urinary system. By utilizing the established pharmacokinetic model, we
sensitively observed distinct imaging indicators in unilateral ureteral obstruction and acute kidney injury (a
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complication of ureteral obstruction) mouse models. Furthermore, we observed that the BDF showed
therapeutic effects in an AKI model. We believe that the established pharmacokinetic model and unique
renal excretion characteristics of the BDF will provide researchers with more information for studying
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1. Introduction

DNA nanotechnology was first introduced by Seeman in 1982
using pre-designed DNA modules (DNA linkages) to create the
intended DNA nanostructures." Based on the Watson-Crick
principle, DNA strands can self-assemble into targeted DNA
nanostructures. The development of nanotechnology has accel-
erated the use of DNA nanomaterials in biomedical appli-
cations, including biosensing,>* drug delivery,"” and in vivo
imaging.®*"" The use of pre-designed DNA single-strand
sequences can confer DNA nanomaterials with the ability for
precise modification and addressability. The functionalized
modification of DNA nanomaterials with small molecules,
peptides, and aptamers has been employed for the diagnosis
and treatment of diseases.'”> Researchers have designed DNA
nanomaterials of varying sizes and shapes, including triangles,
rectangles, nanotubes, etc.,"® all of which exhibit excellent bio-
compatibility and low biotoxicity for living organisms.'*'?
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Bipyramidal DNA frameworks (BDFs),'® as one of these

DNA nanomaterials, have already been applied in preclinical
research. Song and his colleagues created a dual-modality
molecular imaging probe for tumor imaging by employing Gd-
DOTA (a magnetic resonance contrast agent) and DyLight 800
(a fluorescent molecule).” Furthermore, the BDF has also
been used to repair cerebral ischemia/reperfusion injury
through intrathecal injection.'® However, there is currently no
available baseline for mouse disease research. Prior to con-
ducting diagnostic or therapeutic research, it is crucial for
researchers to understand the pharmacokinetic data of the
BDF in healthy mice. In our previous study, we initially
explored the distribution of the BDF in healthy mice using
fluorescence imaging and single-photon emission computed
tomography (SPECT) imaging.’® However, since these two
imaging modalities were only employed for semi-quantitative
studies, it was challenging to accurately establish a pharmaco-
kinetic model for the BDF.>>*' Compared to SPECT, positron
emission tomography (PET) imaging has higher spatial resolu-
tion and sensitivity, allowing for precise quantitative studies.>?
In this study, we labeled a BDF using the radiometal isotope
gallium-68 (half-life 67.83 min).** Subsequently, we quantified
the distribution of the BDF in healthy mice using dynamic
PET imaging and constructed a pharmacokinetic model,
thereby offering a reference for the application of the BDF in
disease research. Our study showed that the BDF was mainly
excreted through the urinary system, which inspired us to
research whether the BDF could be utilized to study kidney-
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related diseases. Ureteral obstruction could significantly alter
the metabolism of the urinary system. Therefore, we estab-
lished unilateral ureteral obstruction (UUO) and acute kidney
injury (AKI) (a complication of ureteral obstruction) models to
validate the practicality of our pharmacokinetic model.>**?
Using the established pharmacokinetic model as a baseline,
we sensitively observed alterations in the distribution of the
%8Ga-BDF among kidneys in UUO and AKI models. In particu-
lar, in the UUO model, the ureteral obstruction prolonged the
half-life of the ®*Ga-BDF in the liver by approximately 3 min,
indicating that more °®Ga-BDF was excreted from the body
through hepatic metabolism. The dynamic metabolism of the
%8Ga-BDF in AKI and UUO was significantly altered compared
to that in healthy mice.

The bases of DNA are reductive. Point mutation in human
DNA due to stimulation by reactive oxygen species (ROS) is a
mechanism for cellular carcinogenesis.>® This indicates that
the bases of DNA can undergo redox reactions with ROS. ROS
are involved in the pathogenesis of AKI,*” which inspired us to
utilize the BDF for the treatment of AKI and assess prognosis
using the established pharmacokinetic model. Excitingly, after
treatment with the BDF, the time-activity curves (TACs) of the
kidneys in the AKI model were close to those of healthy mice,
and blood creatinine and urea nitrogen levels were alleviated.

We used the pharmacokinetic model as a baseline for
studying AKI by conducting prognosis assessments. The
characteristics of renal metabolism would suggest that the
BDF has more potential for application in renal diseases. The
pharmacokinetic model will provide researchers with a refer-
ence for the disease applications of the BDF.

2. Experimental section
2.1 General

DNA oligonucleotides (including Cy5-A20) were purchased
from Sangon Biotech (Shanghai) Co., Ltd (China). NOTA-A20
was purchased from Suzhou Biosyntech Co., Ltd (China). The
cell culture medium was purchased from GIBCO (Grand
Island, NY, USA). Chemical reagents were purchased from
Beijing Solarbio Science & Technology Co., Ltd (China) and
used as received, unless stated otherwise.

2.2 Preparation and purification of the BDF

The preparation method of the BDF has been reported in the
previous literature published by our group. In brief, the BDF
was prepared by annealing six DNA oligonucleotide strands
(the oligonucleotide sequences are shown in the ESI,
Table S17) in TM buffer (10 mM Tris-base, 50 mM MgCl,, pH
8.0) and rapidly cooling them from 95 °C to 4 °C within
30 min to obtain the BDF. The BDF was purified by 1.5%
agarose gel electrophoresis (running buffer: 1x TAE containing
12.5 mM MgAc,), which was run at 4 °C for 20 min.
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2.3 Polyacrylamide gel electrophoresis

Polyacrylamide gel electrophoresis (PAGE) was used to charac-
terize the self-assembly process of the BDF. DNA samples were
separated on 8% PAGE gels (running buffer: 1x TAE with
12.5 mM MgAc,) and run for 90 min at 4 °C. The gels were
then stained with GelRed and imaged under an imaging
system (UVP GelStudio PLUS Touch, Germany).

2.4 Hydrodynamic radius

A dynamic light scattering instrument (DLS, Nano Series,
Malvern Instruments) was used to characterize the particle
size of the BDF. 1.5 mL (50 uM) of BDF solution was taken for
the assay and five cycles of measurements were performed,
each cycle lasting for 1 min.

2.5 Invitro stability of the BDF

The BDF was mixed with 100% mouse serum or 100% fetal
bovine serum or 1x PBS bulffer, respectively, at a volume ratio
of 1:10 and allowed to stand for 24 h at 37 °C. The stability of
the BDF was examined using 2% agarose gel (running buffer:
TAE-Mg>* buffer). Images were analyzed using Image J.

2.6 Cytotoxicity assay of the BDF

The cytotoxicity of the BDF was detected using Cell Counting
Kit-8 (CCK-8). HEK293 cells were cultured in Duchenne’s
Modified Eagle’s Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS). The cells were stored in a humidified
incubator at 37 °C with 5% CO,. After seeding 5000 cells per
well in a 96-well plate and culturing them overnight, 10 pL of a
certain concentration of the BDF was added to each well and
incubated for 24 h at 37 °C. Then, 10 pL of CCK-8 solution was
added to each well and incubated at 37 °C for 4 h. Absorbance
values were measured at 450 nm using a microplate reader
(Biotek Epoch, USA).

2.7 Radiolabeling of the BDF

10 pL of NOTA-A20 (3 nmol) was added to 300 pL, 74 MBq
(2 mCi) of *®GaCl; (NaOAc buffer, 0.1 M, pH 7.5) at 37 °C and
reacted for 30 min with continuous shaking. The reaction was
monitored in real time using radio thin layer chromatography
(radio-TLC). The reaction mixture was purified using a PD-10
column to obtain **Ga-A20, which was then mixed and hybri-
dized with the BDF (the BDF has three T20 side chains, and
the preparation method is detailed in section 2.2. The molar
ratio of ®*Ga-A20/BDF is 3:1 in PBS buffer, pH 7.0), resulting
in the **Ga-BDF.

2.8 Dynamic PET imaging of the **Ga-BDF in healthy mice

The study protocol was approved by the Medical Ethics
Committee of Inner Mongolia Medical University (no.
YKD202001143). The animal experiments were performed in
accordance with the ‘Guide for the Care and Use of Laboratory
Animals’ (Institute of Laboratory Animal Resources,
Commission on Life Sciences, National Research Council,
ISBN: 0-309-58869-3, 140 pages, 1996). Mice were maintained
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under specific pathogen-free conditions with a light-dark cycle
of 12 h, a temperature of 22 + 2 °C, and a humidity of 45 +
10%.

BALB/c mice (6-8 weeks, 17-20 g, Beijing Vital River
Laboratory Animal Technology Co., Ltd.) were injected with
1.85 MBq (50 puCi) of the ®*Ga-BDF through the tail vein. Mice
were anesthetized by inhalation of an isoflurane-air mixture
(V:V = 2%-3%) and subjected to dynamic PET imaging for
60 min to monitor the distribution of the ®*Ga-BDF in vivo.
PET scans were performed with a micro-PET/CT scanner
(Inveon MM, Siemens Ltd, Munich, Germany). The histogram
file was reframed with a total of 20 frames: 60 s x 10 frames
and 300 s x 10 frames. PET data were reconstructed using an
ordered subsets expectation maximization 3D or maximum a
posteriori (OSEM3D/MAP) algorithm.

2.9 Construction of the pharmacokinetic model

To establish the time-activity curve (TAC) for the region of
interest (ROI), uptake values were expressed as a percentage of
injected dose per gram of tissue (%ID g~'). The circulation
half-life was obtained by fitting the blood pool time-activity
curve with a biexponential model.

The distribution and clearance of the ®*Ga-BDF in major
organs were investigated by analyzing the ROI data. Equation
curves were derived from the ROI data of the heart, kidneys,
bladder and liver using the Graphpad curve fitting tool, and
their upper and lower limits and standard deviations were cal-
culated. The half-life of the ®®Ga-BDF in each major organ was
calculated using the equation curve. The accuracy of these rate
constants was important for BDF metabolism.

2.10 Dynamic PET imaging of the ®*Ga-BDF in the UUO
model

The UUO model was constructed by ligating the left ureter in
mice. An entire ureteral obstruction was achieved in mice
under general anesthesia by double-ligating the left ureter
with 4-0 silk following exposure by a flack incision. After
surgery, all models were fed and watered normally under stan-
dard environmental conditions. Dynamic PET imaging and
image processing of the °®Ga-BDF in the UUO model mice
were performed by following the same procedures as those for
the ®®Ga-BDF in healthy mice, as described in the section of
“Dynamic PET imaging of the ®®*Ga-BDF in healthy mice”.

2.11 Construction, treatment, and PET imaging of the AKI
model

The AKI model was constructed by intramuscular injection of
50% glycerol after 15 h of water fasting. Dynamic PET imaging
of the AKI model was performed at 2 and 24 h after glycerol
injection. Dynamic PET imaging and image processing of the
%8Ga-BDF in the AKI model were performed by following the
same procedures as those for the ®®Ga-BDF in healthy mice, as
described in the section of “Dynamic PET imaging of the ®*Ga-
BDF in healthy mice”.

The therapeutic effect of the BDF on acute kidney injury
was observed by intravenous injection of the BDF (0.5 mg
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kg™") 2 h after modeling of the AKI model. The therapeutic
effect was evaluated using dynamic PET imaging with the
%8Ga-BDF. A control experiment was also performed in which
the AKI model was injected with PBS through the tail vein.

At the end of 24 hours of PET imaging, the blood and
kidneys were collected from the experimental mice. The serum
was centrifuged at 3000g for 5 min, and the supernatant was
collected and assayed for plasma creatinine and urea nitrogen
levels. Urea nitrogen levels were measured using a blood urea
nitrogen enzymatic kit and creatinine levels were measured
using the QuantiChrom creatinine assay kit. Both kits were
purchased from Rayto Life and Analytical Sciences Co., Ltd
(Shenzhen, China).

2.12 Histological analysis of the major organs

The major organs or tissues in healthy mice, and those in
UUO and AKI mouse models were collected after PET imaging.
Tissue samples were fixed with 4% paraformaldehyde, de-
hydrated stepwise, embedded in paraffin and cut into 4 pm
thick slices. These slices were then stained with hematoxylin
and eosin (H&E).

2.13 Fluorescence imaging of the isolated kidneys from
experimental mice

The Cy5-BDF was prepared using the same procedure as the
preparation of the °®Ga-BDF, and hybridized by mixing the
BDF with Cy5-A20 in PBS buffer (pH 7.0) according to a molar
ratio of 1: 3. The Cy5-BDF was injected into the AKI model or
healthy mice via the tail vein, and the kidneys were removed
after the mice were euthanized at different time points, and
their fluorescence imaging was performed on a small-animal
in vivo optical imaging platform (PerkinElmer IVIS Lumina III,
USA). After imaging, the kidneys were fixed in 4% paraformal-
dehyde, dehydrated stepwise, paraffin-embedded, and sliced,
and then the fluorescence signals were detected under a fluo-
rescence microscope (Pannoramic MIDI, Budapest, Hungary).

2.14 Invitro evaluation of the antioxidant effects of the BDF

CCK-8 assay was used to test the antioxidant effects of the
BDF. HEK293 cells were cultured in DMEM supplemented
with 10% FBS. The cells were stored in a humidified incubator
at 37 °C with 5% CO,. After seeding 5000 cells per well in a
96-well plate and culturing them overnight, H,O, (5 mM) or a
mixture of the BDF (10 uM) and H,0, (5 mM) was added to
each well and incubated at 37 °C for 24 h. Afterwards, 10 pL of
CCK-8 solution was added to each well and incubated at 37 °C
for 4 h. Absorbance values were measured at 450 nm using a
microplate reader (Biotek Epoch, America).

2.15 Intracellular MDA (malondialdehyde) levels

HEK293 cells were seeded into 10 mL sterile culture dishes at
a density of 106 cells per ml. Each dish was then incubated
with 5 mM H,0, or a mixture of 10 pM BDF and 5 mM H,0,
for 24 hours at 37 °C. Cell clusters were obtained by centrifu-
ging the cell-containing medium at 1000 rpm for 4 min. MDA

This journal is © The Royal Society of Chemistry 2024
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was detected using a commercially available MDA assay kit
(Jiancheng Bioengineering, Nanjing, China).

2.16 Hemolysis assay

The toxicity of the BDF on cells was tested at 10, 50, and
100 pM at 37 °C for one hour. H,O was used as the positive
control for hemolyisis and PBS as negative control. After one
hour, the plate was centrifuged at 13 000g for 10 min and
100 pL of supernatant per well was transferred to a new 96-well
plate. Absorbance values were measured at 540 nm using a
microplate reader (Biotek Epoch, USA). The data were calcu-
lated according to the standard formula:

% Hemolysis = ([As40 —min 4540/ [maxA540 —min As40]) X 100%

where A5y is the average absorption of the compound at
540 nM; mindsg is the average absorption of PBS; ,ax4540 is the
average absorption of H,O.

2.17 Statistical analysis

Quantitative data were expressed as mean and standard devi-
ation. Statistical analysis was performed using the Student’s
t-test. p < 0.05 was considered statistically significant.

3. Results and discussion
3.1 Preparation and characterization of the BDF

The BDF was successfully prepared using a one-step annealing
method by dissolving the six oligonucleotide single strands
with designed sequences in equal proportions in TM bulffer, as
shown in Fig. 1A. The sequence information of the six oligo-
nucleotide single strands for assembling the BDF is shown in
the ESLt

The assembly process of the BDF was characterized using
PAGE (Fig. 1B) and as the oligonucleotide single chains were
added one by one, the position of the formed structure in the
lane was closer to the starting point, indicating that the mole-
cular weight of the formed structure gradually became larger,
until all six oligonucleotide single chains were added to form
the target BDF product. DLS analysis showed that the average
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diameter of the BDF was 26.91 + 2.45 nm (Fig. S1}). We have
previously observed the structure of the BDF through atomic
force microscopy (AFM) and measured the length of the struc-
ture to be around ~14 nm." Renal accumulation of relatively
small nanoparticles, with diameters between 5 and 8 nm, was
found to be 1.7 times higher than the accumulation of
20-50 nm nanoparticles.”® Therefore, the BDF could effectively
accumulate in the kidneys.

3.2 Invitro stability and cytotoxicity studies of the BDF

In order to subsequently study the distribution and metab-
olism of the BDF in vivo, an in vitro stability study of the BDF
was carried out by co-incubating the BDF with 100% mouse
serum, 100% fetal bovine serum or 1x PBS buffer for a certain
period of time, respectively. The results showed that about
70% of the BDF could maintain its intact structure in mouse
serum and FBS at 4 h (Fig. 2A & B).
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Fig. 2 In vitro stability and cytotoxicity studies of the BDF. (A)
Evaluation of the stability of the BDF in PBS, mouse serum and fetal
bovine serum using 2% agarose gel. (B) Quantification of Fig. 2A. (C)
Cytotoxicity of the BDF in HEK293 cells was detected using the CCK-8
assay. (D) The hemolysis rates at different concentrations of the BDF.

A & B
H
O\]\:OH_QN4NH—A20 Oy 0 HJ<S
0 \1\: \ NH—A20 e
£ G i
OH G2 =N WA
o by Qf,LJ\O —— v - :
o} % |
OH )H f s -
o y 3
“GaCl "‘
~~~~——~—NOTA s 8Ga i ‘ ;
68Ga %8Ga
A~~~ BGa
e
\ -
5Ga Marker a ab abc abcA abcAB  abcABC

Fig. 1 Schematic illustration and characterization of the self-assembly of the bipyramidal DNA framework. (A) Scheme of the assembly and radiola-
belling process of the BDF using ®®Ga. (B) Polyacrylamide gel electrophoresis (PAGE) characterizes the self-assembly process of the BDF.
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The cytotoxicity of the BDF was detected using CCK-8 assay.
HEK293 cells were incubated with different concentrations of
the BDF for 24 h. The results showed that 0.2 pM to 1.0 pM
BDF had little effect on cell viability, which indicated that the
BDF was a safe nanomaterial and provided biosafety for sub-
sequent experiments (Fig. 2C). The BDF was assessed for its
toxicity towards red blood cells and was shown to be nonhe-
molytic, even at high concentrations of 100 pM (Fig. 2D).
Hemolysis was not considered for % haemolysis of less than
5%.

3.3 Radiolabeling of the BDF

The process of labeling the BDF with the positron-emitting
nuclide **Ga was divided into two steps, as shown in Fig. 1A.
8Ga-A20 was prepared by °®Ga labeling of NOTA-A20 and puri-
fied by PD-10 columns, with the radiochemical purity being
95%. The specific activity of °®Ga-A20 was in the range of
18.5-22.2 MBq nmol™" (500-600 pCi nmol™"). The BDF pre-
pared in this study carried three oligonucleotide chains (T20)
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on its side arm. Using the complementary pairing of adenine
(A) and thymine (T), the PET probe °®Ga-BDF was prepared by
hybridizing the BDF with ®®Ga-A20 in a molar ratio of 1:3 at
room temperature.

3.4 Establishment of a pharmacokinetic model for the BDF
in healthy mice

Understanding the pharmacokinetic profiles of nanomaterials
in living organisms is essential for their application in disease
treatment. To establish a pharmacokinetic model of the BDF
in healthy mice, ~1.85 MBq (50 pCi) of the °®Ga-BDF was
injected into healthy mice via the tail vein under anesthesia,
while dynamic PET imaging was performed for 60 min. The
distribution and metabolic pathways of the **Ga-BDF in vivo
were monitored in real time and non-invasively by PET
imaging. As shown in Fig. 3A, the signal was promptly detected
in the blood pool after the injection of the °®Ga-BDF. After
1 min, the °®Ga-BDF began to accumulate in the kidneys,
reaching its peak uptake value at 5 minutes. Subsequently, it
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Fig. 3 Dynamic PET images and time—activity curves (TACs) of major organs. (A) Dynamic PET images of healthy mice after intravenous injection of
the ®8Ga-BDF (n = 3). (B—E) TAC and the half-life of the ®Ga-BDF in major organs (heart, kidneys, liver and bladder, respectively).
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accumulated in the bladder via the ureter. The imaging results
revealed that the ®*Ga-BDF primarily underwent metabolism
via the urinary system. In addition to renal metabolism, a
portion of the °®Ga-BDF was metabolized in the liver. The
results indicated that in healthy mice, the kidneys and liver
were the main organs for BDF metabolism. This was consist-
ent with our previous study in which the °°™Tc-BDF and
DyLight 755-BDF were metabolized mainly through the
kidneys and liver.

The uptake value of the ®®Ga-BDF in each major organ was
quantified by ROI analysis. A two-compartment fitting model
was used to determine the half-life of the ®*Ga-BDF in blood.
The circulating half-life of the *®Ga-BDF in blood was 2.34 +
0.19 min and 25.60 + 3.78 min, respectively (Fig. 3B). To assess
renal function, we obtained data using time-activity curves
(TACs) of the kidneys. A single-compartment fitting model was
used to determine the half-life of the ®*Ga-BDF in the kidneys
and liver. The half-life times of the ®*Ga-BDF in the kidneys
and liver were 15.94 + 1.86 min and 12.50 + 2.04 min, respect-
ively (Fig. 3C & D). The accumulation data in the bladder were
used as a clearance index and the area under the curve (AUC)
of the ®®Ga-BDF in the bladder was measured, with a value of
3344.67 + 783.91% ID g~ min (Fig. 3E). This indicated that
the BDF could be excreted efficiently out of the body. By
obtaining the distribution of the BDF in healthy mice, it was
possible to provide a reference standard for the distribution of
the BDF in different disease models.

3.5 Toxicological study of the ®*Ga-BDF

After studying the distribution and metabolism of the ®*Ga-
BDF in healthy mice, the mice were euthanized after PET
imaging and the major organs were removed for pathological
analysis. A control group was set up by administering an equal
volume of PBS. The results of H&E staining showed that there
were no obvious pathological changes in the heart, liver,
spleen, kidneys and lungs of healthy mice injected with the
%8Ga-BDF, compared with the control group, as shown in
Fig. S2.1

3.6 Studying UUO and AKI using the established
pharmacokinetic model

The distribution and metabolic information of the °®Ga-BDF
in healthy mice had been determined, and a pharmacokinetic
model in healthy mice had been established. The results of
the study showed that the °®Ga-BDF was primarily excreted
from the body via the urinary system. In kidney-related dis-
eases, ureteral obstruction could significantly alter the metab-
olism of the urinary system. To validate the reliability of our
pharmacokinetic model, we further explored the potential
application of the ®*Ga-BDF in the UUO model.

The UUO model was established by ligating the left ureter
of the mouse. A 60-minute dynamic PET imaging was per-
formed on the UUO model 24 hours after surgery. As shown in
the top row of Fig. 4A, the radioactive signal was detected in
the blood pool immediately after injection of the ®*Ga-BDF.
The signal of the *®Ga-BDF in the healthy (right) kidney exhibi-

This journal is © The Royal Society of Chemistry 2024
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ted initial strengthening followed by subsequent weakening
within 60 minutes. These findings were consistent with the
distribution and metabolism of the ®®*Ga-BDF observed in
healthy mice. In contrast, the ®®Ga-BDF continuously accumu-
lated in the obstructed (left) kidney during the 60-minute
dynamic PET imaging. The uptake values of the **Ga-BDF in
the major organs of the UUO model were also quantified by
ROI analysis. The half-life of the °®Ga-BDF in the blood or
kidneys was also determined using two-compartment or one-
compartment fitting models. The blood circulatory half-life of
the ®3Ga-BDF in the UUO model, 2.74 + 0.22 and 46.24 +
15.79 min, was prolonged by about 21 min compared with that
of healthy mice (Fig. 4B & 3B). There were significant differ-
ences in the uptake and distribution of the ®*Ga-BDF between
the obstructed kidney and the healthy kidney. Renal TAC
results in the UUO model showed continuous accumulation of
the °®Ga-BDF in the obstructed kidney compared to the con-
tralateral healthy kidney (Fig. 4C). The longer exclusion time of
the ®®*Ga-BDF in the obstructed kidney indicated damage to
that kidney. The metabolic trend of the ®*Ga-BDF in the con-
tralateral healthy kidney of the UUO model was consistent
with that in the kidney of healthy mice, with a half-life of
11.49 + 1.06 min. The uptake of the *®Ga-BDF in the bladder
was slowed down due to renal injury on one side in the UUO
model (Fig. S3at & Fig. 3E), suggesting that the overall
excretion efficiency of the ®*Ga-BDF was reduced in the UUO
model. The circulating half-life of the **Ga-BDF was longer in
the UUO model compared with that in healthy mice. In
addition, the halflife of the ®®*Ga-BDF in the liver was pro-
longed by approximately 3 min (Fig. S3bt & Fig. 3D),
suggesting that more BDF was metabolized by the liver after
unilateral renal obstruction. The experimental results showed
that the half-life of the ®*Ga-BDF was changed in all the major
organs of the UUO model. H&E staining showed that UUO
resulted in marked renal tubular epithelial cell necrosis,
tubular atrophy, and vacuolization (Fig. S47).

AKI is a complication of ureteral obstruction, characterized
by the rapid loss of renal excretory function.>® Clinically, the
diagnosis is based on the accumulation of a number of end
products (urea nitrogen and creatinine) in the blood.*”
Therefore, based on the ability of the °®Ga-BDF to effectively
diagnose metabolic abnormalities in the obstructed kidney in
the UUO model, we wanted to further explore the role of the
%8Ga-BDF in AKI. As shown in the bottom row of Fig. 4A, we
performed dynamic imaging of the ®®*Ga-BDF in the AKI
model. Compared with the imaging results of both kidneys in
healthy mice, both kidneys of the AKI model showed radio-
active signals at all time points, and until 60 min, there were
still significant radioactive signals from both kidneys. The
renal uptake values of the °®Ga-BDF in the AKI model were
also quantified by ROI analysis. The renal TAC in the AKI
model showed a relatively stable trend after 10 min, which was
significantly different from that in healthy mice (Fig. 4D & 3C).

In previously published imaging studies, **™Tc-DTPA was
used to study the imaging characteristics of different stages of
ureteral obstruction in rabbits, and renal contrast-enhanced
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ultrasonography (CEUS) and multiparametric MRI were used
to assess acute kidney injury.>'*> Compared to these studies,
PET demonstrates a more precise quantitative advantage.
Based on the distribution and metabolism of the **Ga-BDF in
healthy mice, it is a reference for the diagnosis of UUO and
AKI models. Therefore, before exploring the metabolic infor-
mation of the BDF under pathological conditions, it is impor-
tant to first determine its distribution and metabolism under
healthy conditions.

3.7 The BDF effectively improves renal function in the AKI
model

The essence of the BDF is DNA. DNA undergoes point
mutation as a result of stimulation by reactive oxygen species
(mainly H,0O, and "OH), which is a mechanism that leads to
cellular carcinogenesis.>> The bases of DNA, especially
guanine, can undergo redox reactions with ‘OH. Its oxidative
product, 7,8-dihydro-8-oxoguanine (8-oxoG), is the most
common product of oxidative damage among all bases and is
considered a biomarker of oxidative stress.>**> ROS are
involved in the pathological conditions of AKI, and excess ROS
within the renal parenchyma lead to mitochondrial swelling,
inducing cell apoptosis and necrosis.*® The BDF consumes a
portion of ROS, protecting more cells from damage, which
indicates that it can be used in redox reactions with "OH in the

2092 | Biomater. Sci, 2024, 12, 2086-2095

kidneys to mitigate AKI. We designed an experiment (Fig. 5A)
to further investigate the use of the BDF in AKI. A separate
control group was set up and an equal amount of PBS was
given. The administration of the BDF was approximately
10.9 pg per mouse. The increase of creatinine and urea nitro-
gen levels in plasma at a 2-hour time point confirmed the
success of the modeling (p < 0.0001) (Fig. S51). Dynamic
imaging was performed 24 hours after BDF or PBS injection
(Fig. 5B). The signal accumulation of the ®®*Ga-BDF in the
kidneys was significantly increased and the excretion rate was
accelerated after BDF treatment compared to that in the
control group. Excitingly, the TAC of the heart well (blood
pool) and kidney in the BDF-treated group was closer to that of
healthy mice (Fig. 5C & D), and the therapeutic effect was also
observed at the intramuscular injection site. The signal at the
injection site showed a decreasing trend after 20 min after
BDF treatment. Compared to the PBS treatment group, the
activity signal continued to accumulate (Fig. 5E). The prognos-
tic assessment of AKI benefited from the established pharma-
cokinetic model.

The fluorescence imaging of the kidneys (Fig. 6A) and the
results of renal sections (Fig. 6B) showed that the BDF was
retained in the damaged kidneys, which provided a prerequi-
site for the treatment of AKI with the BDF. Serum creatinine
and urea nitrogen levels were significantly decreased in the

This journal is © The Royal Society of Chemistry 2024
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(p <0.05).

BDF-treated group (Fig. 6C). Pathological sections showed that
vacuolization of tubular epithelial cells was alleviated after

BDF treatment (Fig. S67).

This journal is © The

Royal Society of Chemistry 2024

To verify the reductive properties of the BDF, HEK293 cells
were used to investigate whether the BDF could alleviate the

deleterious effects of ROS on cellular function. The CCKS8
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experiment proved that the BDF alleviated the oxidative
damage on cells caused by H,0, (p < 0.05) (Fig. 6D). MDA was
the end-product of lipid peroxidation in cell membranes and
could be used to assess cell membrane damage.’” To assess
the level of oxidative stress in cells, the MDA content in cell
clusters was measured. The treatment using the BDF led to a
decrease in MDA content compared to the control group,
demonstrating that the cells suffered less oxidative damage
(Fig. S71). Compared to other nanomaterials used for treating
AKI, such as metal compound nanomaterials (POMs, TPNs),
the advantage of DNA nanomaterials lies in their inherent bio-
compatibility and low biotoxicity.>®*® Therefore, the BDF with
reducing properties could exert antioxidant effects. In the AKI
model, the established pharmacokinetic model could not only
lead to rapid diagnosis but also assess the therapeutic effects
of the BDF.

4. Conclusions

BDFs, as a DNA nanomaterial, have been used in preclinical
experiments and achieved remarkable results in imaging and
therapy. In this study, we designed a simple and efficient
method for a gallium-68-labeled BDF. Through dynamic PET
imaging, the distribution metabolism of the **Ga-BDF in mice
was quantified, which could provide valuable information for
the study of the ®*Ga-BDF in disease models. This research
indicated that the °®Ga-BDF had a short half-life in blood and
was rapidly cleared through the kidneys, with only a small
portion cleared through the liver. Based on the distribution of
the ®*Ga-BDF in healthy mice, we further investigated the dis-
tribution and metabolism of the ®*Ga-BDF in UUO and AKI
models. Compared to healthy mice, we observed a significant
change in the clearance pattern of the **Ga-BDF in both UUO
and AKI. Our research results will provide a reference for the
application of DNA nanomaterial probes in the medical field.
In future studies, we will explore the potential of the BDF as a
drug carrier. We believe that the establishment of the BDF
pharmacokinetic model can provide valuable information for
the study of the BDF in vivo in animals.
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