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Abstract
Background: Targeted superparamagnetic iron oxide (SPIO) nanoparticles are a promising tool for
molecular magnetic resonance imaging (MRI) diagnosis. Lipid-coated SPIO nanoparticles have a
nonfouling property that can reduce nonspeci�c binding to off-target cells and prevent agglomeration,
making them suitable contrast agents for molecular MRI diagnosis. PD-L1 is a poor prognostic factor for
patients with glioblastoma. Most recurrent glioblastomas are temozolomide-resistant. Diagnostic probes
targeting PD-L1 could help early diagnosis and be used to predict the responses of targeted PD-L1
immunotherapy in patients with primary and recurrent glioblastoma. In this study, we conjugated lipid-
coated SPIO nanoparticles with PDL1 antibodies to identify PDL1 expression in glioblastoma or
temozolomide-resistant glioblastoma by using MRI.

Results: The synthesized PD-L1 antibody–conjugated SPIO (PDL1-SPIO) nanoparticles were
characterized using dynamic light scattering, zeta potential assays, transmission electron microscopy
images, in vitro cell a�nity assay, and in vivo MRI analysis. These data demonstrated that PDL1-SPIO
has a speci�c binding capacity to PD-L1 of the mouse glioblastoma cell line (GL261). The presence and
quantity of PDL1-SPIO in temozolomide-resistant glioblastoma cells and tumor tissue were con�rmed
through Prussian blue staining and in vivo T2* map MRI, respectively.

Conclusions: These �ndings revealed that PDL1-SPIO can speci�cally target temozolomide-resistant
glioblastoma with PD-L1 expression and can be quanti�ed with MRI analysis, thereby making it suitable
for the diagnosis of PD-L1 expression in temozolomide-resistant glioblastoma in vivo.

Background
Glioblastoma multiforme (GBM) is the most malignant brain tumor with a poor prognosis. Following a
standard treatment regimen (surgical resection, radiotherapy, and chemotherapy), the average survival
time remains as low as 14 months [1]. Immune therapy targeting the negative regulatory molecules at the
immune inhibitory checkpoint axis (i.e., programmed cell death protein 1 (PD-1) and its ligand PD-L1) has
achieved breakthroughs in many cancers [2]. PD-L1 is widely expressed in almost all tumor cells and in
many normal cells [3]. Its binding to PD-1 is the major inhibitor of the activation and proliferation of
cytotoxic T lymphocytes (CTL) [4] in the tumor microenvironment [5]. PD-L1 is mainly upregulated in GBM
and is negatively correlated with the survival time of patients [6]; thus, PD-L1 level in GBM is considered a
major predictive marker of PD-1/PD-L1 antibody response [7]. Taken together, the precise detection of PD-
L1 expression in GBM tissues can help predict PD-1/PD-L1 antibody response.

Because of intratumoral heterogeneity, tumor biopsy may not represent the pathological molecular pro�le
of the whole tumor [8]. The current reference standard is immunohistochemistry, which allows the
evaluation of PD-L1 expression on tumor cells or immune cells in a biopsy sample. However,
immunohistochemistry is invasive and limited by the temporal and spatial heterogeneity of PD-L1
expression in GBM tissue, thus a small portion of tumor tissue may not accurately represent the PD-L1
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expression level in whole tumor. In addition, dynamic changes in immune cell populations and PD-L1
expression levels occur during chemotherapy or immune checkpoint blockade in multiple cancer types [9].
The nature of GBM heterogeneity, limitation of tissue biopsy, and dynamic changes in the PD-L1
expression pro�le may explain the poor e�cacy of PD-L1 antibody therapy in GBM [8, 10]. Thus,
e�ciently and precisely quantifying the PD-L1 level in the whole tumor may improve the treatment
outcome.

Superparamagnetic iron oxide (SPIO) nanoparticles with biodegradable and low toxicity properties are
suitable for biomedical imaging applications [11]. SPIO nanoparticles can be manipulated to conjugate
with functional groups for cross-linking with antibodies, peptides, or small-molecule drugs for diagnostic
imaging or delivery of therapeutic drugs [11]. They possess unique paramagnetic properties, which serve
as contrast agents for multiple parametric magnetic resonance imaging (MRI) modalities, including T2-,
T2*-, and susceptibility-weighted imaging (SWI) [12]. To identify patients who may bene�t from PD-L1
targeted therapy, evaluating the PD-L1 expression level and its distribution is critical. SPIO nanoparticles
have many bene�ts in biomedical imaging applications, including tunable size-dependent magnetic
properties, easy modi�cation, and lack of ionizing radiation [12, 13]. Nonfouling lipid-coated surfaces can
e�ciently reduce nonspeci�c binding to synthesized ex vivo surfaces [14-16]. In the present study, we
manipulated lipid-coated SPIO nanoparticles for conjugation with PD-L1 antibodies (PDL1-SPIO) to
detect PD-L1 expression using both in vitro and in vivo MRI. We demonstrated that PDL1-SPIO could
speci�cally target PDL1-positive GBM cells and generate distinguishable molecular MRI images for
noninvasive PD-L1 expression in temozolomide (TMZ)-resistant GBM in vivo.

Results
Characterization of PDL1‐SPIO nanoparticles

To generate an MRI contrast agent with targeting speci�city for PD-L1, the PD-L1 antibody was
conjugated with the 10-nm lipid-coated SPIO nanoparticles (Figure 1). In brief, the amine-functionalized
lipid-coated SPIO nanoparticles were reacted with sulfo-SMCC to obtain maleimide-functionalized SPIO
nanoparticles. PD-L1 antibodies were treated with iminothiolane to form free thiol groups before
spontaneous reaction with the maleimide-functionalized lipid-coated SPIO nanoparticles. This coupling
strategy enabled direct robust covalent conjugation of the PD-L1 antibodies to SPIO nanoparticles. We
�rst determined the hydrodiameter of PDL1-SPIO, which peaked at 25.8 ± 1.8 nm on the volume
distribution graph, and unconjugated lipid-coated SPIO nanoparticles peaked at 21.9 ± 1.4 nm (Figure
2A). We also determined the diameter of SPIO nanoparticles and PDL1-SPIO by using transmission
electron microscopy (TEM), which were observed to be 11.2 ± 0.6 nm and 12.7 ± 0.7 nm, respectively
(Figure 2B); furthermore, their zeta potentials peaked at −7.8 ± 0.9 mV and −24.5 ± 3.3 mV, respectively
(Figure 2C). These data suggest that the colloidal dispersion of PDL1-SPIO is more stable than that of
SPIO nanoparticles and does not aggregate.

Evaluation of the targeting speci�city of PDL1-SPIO to PDL1‐expressing GBM cells
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To evaluate the PD-L1 targeting speci�city of the PD-L1 antibodies after conjugation with SPIO
nanoparticles, we used PDL1-SPIO to detect surface PD-L1 expression on a mouse GBM cell line (GL261).
Flow cytometry analysis demonstrated that PD-L1 on GL261 cells can be detected using both PDL1-SPIO
nanoparticles and PDL1 antibodies (Figure 3A). The mean �uorescence intensity (MFI) of PD-L1
expression was higher in the PDL1-SPIO staining group than in the PD-L1 antibody staining group (Figure
3A). Next, the targeting speci�city of PDL1-SPIO was evaluated using an immuno�uorescence (IF)
labeling technique. The results revealed markedly strong green �uorescence signals speci�cally on the
GL261 cells, indicating the a�nity and binding magnitude of the PDL1-SPIO to GL261 cells (Figure 3B).
By contrast, no signal was detected in the lipid-coated SPIO nanoparticle controls or isotype control
antibodies. Taken together, the �ndings indicate that the PD-L1 antibodies retained a�nity to PD-L1 after
conjugation to SPIO nanoparticles.

Detection of PDL1-SPIO in GBM cells

To con�rm the presence of targeted PDL1-SPIO in GBM cells, Prussian blue staining was performed to
detect the presence of iron oxide nanoparticles in GL261 cells that were incubated with PDL1-SPIO or
SPIO nanoparticles for 24 h. Consistent with the IF staining results, blue signals were detected in the
GL261 cells after incubation with PDL1-SPIO, indicating the presence of iron oxide nanoparticles in these
cells, but not in those incubated with SPIO nanoparticles (Figure 4A). In addition, to validate the cellular
localization of PDL1-SPIO and con�rm the nanoparticle uptake after treatment, the presence of
nanoparticles in the cytoplasmic region of GL261 cells was detected using TEM. The TEM images of
SPIO-treated GL261 cells revealed only sparse nanoparticles, whereas those of PDL1-SPIO-treated cells
revealed electron-dense clustering of SPIO nanoparticles (>50 particles) (Figure 4B). These data indicate
that GBM cells can uptake PDL1-SPIO.

PDL1-SPIO can be used to detect PD-L1 expression in TMZ-resistant GBM tissue

Most recurrent GBMs are resistant to TMZ [17]. TMZ treatment can upregulate PD-L1 expression in
human GBM cell lines [18]. PD-L1 in the GBM microenvironment is contributed mainly by tumor-
in�ltrating monocytic myeloid derived suppressor cells (MO-MDSCs) and GBM tumor cells themselves
[18, 19]. Thus, to detect PD-L1 expression in TMZ-resistant GBM tissue, we generated a TMZ-resistant
GBM cell line (GL261/TMZ-R) from GL261 cells that were incubated for a long time in a culture medium
containing TMZ. The clonogenic assay revealed that GL261/TMZ-R cells had fewer colonies than GL261
cells under normal culture conditions, suggesting that long-term TMZ treatment decreases the clonogenic
activity of GBM cells; moreover, the number of GL261/TMZ-R cells colonies was not affected by TMZ
treatment (Figure 4C). By contrast, GL261 cells could not form colonies after TMZ treatment (Figure 4C).
These results indicate that GL261/TMZ-R cells can be resistant to the cytotoxicity effects of TMZ. Next,
the level of PD-L1 expression was slightly increased in GL261/TMZ-R cells compared with GL261 cells
(Figure 4D). To test PDL1-SPIO binding speci�city to tumor tissue of GL261/TMZ-R-bearing mice, we
treated tumor and peritumoral tissue with PDL1-SPIO or SPIO and performed Prussian blue assay. Both
peritumoral and tumor regions in brain slices had positive blue signals after treatment with PDL1-SPIO,
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but no signals were observed after treatment with SPIO control (Figure 4E). We next examined the level of
PD-L1 on MO-MDSCs (CD45 hiCD11bhi Ly6C+Ly6G−) and nonhematopoietic cells (CD45− cells) in tumor
tissues by using �ow cytometry and found that both subsets expressed PD-L1; however, the expression
was low in MO-MDSCs and nonhematopoietic cells in tumor-bearing hemispheres (Figure 4F). Taken
together, these �ndings indicated that PDL1-SPIO can be used to detect PD-L1 expression in intratumoral
and peritumoral regions from TMZ-resistant GBM-bearing mice.

MR �tting curve and T2 relaxation time of PDL1‐SPIO phantoms

To evaluate the feasibility of using PDL1-SPIO for PDL1-positive cell detection through MRI, PDL1-SPIO
phantom scans were performed to investigate the MRI signal intensity and response to T2 relaxation time
at various concentrations. The signal intensity and T2 relaxation time of PDL1-SPIO suspended in
agarose gel with known Fe concentrations (0–15.7 μg/mL) were measured using 7-T MRI. The T2-�tting
curve of PDL1-SPIO exhibited a correlation between the signal intensity and nanoparticle concentration at
TE values ranging from 8.8 to 352 ms (Figure 5A). Moreover, the PDL1-SPIO indicated a decrease in MR
T2 relaxation time with an increase in Fe concentration (Figure 5B). The T2 relaxation time of PDL1-SPIO
nanoparticles was 92.4 ms at 0.98 μg/mL, and this decreased to 22.9 ms when the Fe concentration was
increased to 15.7 μg/mL. Figure 5C presents the MRI signal intensities of different concentrations of
PDL1-SPIO phantoms, indicating that the PDL1-SPIO concentration was positively correlated with the
dark signals in T2-weighted in vitro MR images. The positive correlations of the PDL1-SPIO concentration
with the T2 relaxation time and signal intensity suggest that the PDL1-SPIO can be quantitatively
detected using in vitro MRI.

Identi�cation of PDL1‐positive GBM cells through in vitro MRI

To test whether PDL1-SPIO can be used for PD-L1-positive GBM cell detection, GL261 cells were
incubated with PDL1-SPIO or SPIO nanoparticles, and SPIO signals were detected in T2-weighted MRI
images. The T2 relaxation time was lower in PDL1-SPIO-treated GL261 cells than in the SPIO control
group (Fig. 5D). These �ndings indicate that PDL1-SPIO can be used for identifying PDL1-positive GBM
cells on in vitro MRI images.

Detection of PDL1 in GL261/TMZ-R GBM through in vivo MRI

To detect PD-L1 expression in TMZ-resistant GBM in vivo, PDL1-SPIO was administered intravenously
into GL261/TMZ-R GBM-bearing mice. The heads of tumor-bearing mice were scanned using T2-, T2*-,
and susceptibility-weighted MRI at indicated postinjection times (0, 1, 4, and 24 h); the dark signals in the
tumor were most prominent in SWI at 4 h (Figure 6A). To con�rm the presence of targeted PDL1-SPIO in
GBM tissue, Prussian blue staining was performed to detect the presence of Fe in tumors from GBM-
bearing mice after PDL1-SPIO or SPIO nanoparticle injection. Prussian blue staining revealed blue signals
in the tumor region in PDL1-SPIO-treated mice but not in SPIO-treated mice, indicating that iron oxide
nanoparticles were present in tumor tissue after PDL1-SPIO injection (Figure 6B). To quantify and further
test the speci�city of the binding of PDL1-SPIO in brain tumors of TMZ-resistant tumor-bearing mice,



Page 6/20

SPIO or PDL1-SPIO nanoparticles were injected into tumor-bearing mice, and PD-L1 expression was
quanti�ed using a T2* map scan before and after PDL1-SPIO or SPIO injection. Some hypointense areas
in the tumor region of GBM-bearing mice were identi�ed at 4 h after PDL1-SPIO injection (Figure 6C). By
contrast, we did not detect notable hypointense areas in GBM-bearing mice that received SPIO
nanoparticles (Figure 6C). In addition, DR2* analysis quanti�ed PDL1-SPIO expression in the tumor region
of tumor-bearing mice through T2* mapping (Figure 6D), whereas no signaling was observed in the GBM-
bearing mice that received SPIO. Taken together, the �ndings imply that PDL1-SPIO can target PD-L1
expression in tumors and can be detected on MRI images.

Discussion
In this study, we demonstrated a method of conjugating lipid-coated SPIO nanoparticles with PD-L1
antibodies (PDL1-SPIO) for MRI analysis. PDL1-SPIO nanoparticles speci�cally target PD-L1-expressing
GL261 cells and generate distinguishable signals in TMZ-resistant GBM-bearing mice in MRI analysis. In
addition, lipid-coated SPIO nanoparticles exhibit a potent nonfouling property that e�ciently suppresses
the nonspeci�c sorption of SPIO nanoparticles by GBM cells. This can reduce system noise in MRI, thus
preventing false-positive signals. Conjugating PD-L1 antibodies to lipid-coated SPIO nanoparticles
enables speci�c targeting toward PD-L1, and the conjugation process did not alter the antibody a�nity,
as con�rmed using �ow cytometry analysis, IF staining, Prussian blue staining, and TEM. Furthermore,
PDL1-SPIO nanoparticles were successfully used for in vitro and in vivo MRI analysis. According to
multiple-parameter in vivo MR images, including SWI, T2*, and T2* map images, PDL1-SPIO
nanoparticles can noninvasively reveal PD-L1 expression levels in brain tumors. According to our review
of relevant literature, this study is the �rst to describe the conjugation of PD-L1 antibodies to lipid-coated
SPIO nanoparticles.

The development of novel noninvasive approaches for early detection of PD-L1 is bene�cial for PD-L1
diagnosis. Several studies have demonstrated that PD-L1 expression can be detected by radiolabeled PD-
L1 antibodies through positron emission tomography imaging analysis [20]. However, these studies have
also reported that these radiolabeled PD-L1 antibody–mediated imaging has some limitations. Imaging
with radiolabeled antibodies is associated with considerable background signals and requires imaging
several days after injection of the mAbs to obtain the best contrast image [20]. Moreover, because
radiolabeled antibodies have radioactivity, the radiation burden would be high for highly perfused and
radiosensitive organs [20]. The PDL1-SPIO nanoparticles used to detect PDL1 expression in vivo are
nonradioactive, thus avoiding this radiation burden.

TMZ treatment causes differential effects on PD-L1 expression levels in primary and recurrent GBM. TMZ
treatment leads to a down-regulation of PD-L1 in IFN-g stimulated human primary GBM cells [21]. By
contrast, another study demonstrated that TMZ treatment can upregulate PD-L1 expression in U87 and
U251 human GBM cell lines [17]. These data suggest that TMZ treatment differentially affects PD-L1
expression levels in different types of human GBM cells under different culture conditions. High
expression of PD-L1 in GBM tumor tissues is associated with poor survival of patients [22]. Recent
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clinical trials have revealed a lower response of targeted PD-L1 immunotherapy in recurrent GBM [23]. A
potential explanation for this lower response may be the reduced expression of PD-L1 in recurrent GBM
[24]. Limitation of tumor biopsy, heterogeneity of PD-L1 expression in intratumoral GBM tumor tissue, and
dynamic changes of PD-L1 expression pro�le in primary and recurrent GBM are possible reasons for poor
responses to targeted PD-L1 immunotherapy. Thus, precisely diagnosing PD-L1 expression levels in
whole tumors would be bene�cial for patients with GBM who request targeted PD-L1 therapy. In this
study, PDL1-SPIO nanoparticles targeted PD-L1 in both the edge and core regions of the tumor, indicating
that they were perfused into the TMZ-resistant GBM tissue. Furthermore, we also quanti�ed the PD-L1
expression level in tumors by T2* map MR imaging. Although some hypointensity signals have been
observed in the liver and spleen after intravenous administration of PDL1-SPIO nanoparticles, possibly
due to them being trapped by reticuloendothelial cells in the liver and spleen (data not shown) [25], they
can still target PD-L1 and generate prominent signals in brain tumors. Thus, PDL1-SPIO nanoparticles
could serve as an MR diagnostic contrast agent to determine the PD-L1 expression level in GBM.

Lipid-coated SPIO nanoparticles are a suitable diagnosis contrast reagent for application in MRI analysis.
A previous study concluded that lipid-coated SPIO nanoparticles conjugated with EGFR antibodies (EGFR-
SPIO) can speci�cally detect EGFR expression in a human GBM cell line [16]. However, animal
experiments were not performed to test whether EGFR-SPIO revealed EGFR expression in GBM tumors
when conducting in vivo MRI analysis. In this study, we demonstrated that intravenous delivery of PDL1-
SPIO nanoparticles into tumor-bearing mice can speci�cally target PD-L1 in the GBM. Nanoparticles
smaller than 50 nm can passively permeate the blood brain barrier (BBB) and accumulate in the brain
[26]. Our study demonstrated PDL1-SPIO nanoparticles are su�ciently small (hydrodiameter of 25 nm
and diameter of 12.7 nm) to passively permeate the BBB and target PD-L1 molecules in GBM. Chen et al.
used a high molar ratio of iminothiolane to antibodies (2000:1) to thiolate the EGFR antibodies, and they
conjugated these thiolated EGFR antibodies to lipid-coated SPIO nanoparticles. EGFR-SPIO nanoparticles
exhibited lower binding e�ciency compared with the control EGFR antibodies [16]. Because Traut’s
reagent with iminothiolane can randomly modify antibody molecules with sulfhydryl groups, the antibody
binding speci�city may be lost when the amino groups are excessively thiolated in antigen-binding
regions [27]. Thus, we reduced the molar ratio of iminothiolane to PD-L1 antibodies from 2000:1 to 20:1.
The present data demonstrated that thiolated PD-L1 antibodies have normal binding e�cacy compared
with control PD-L1 antibodies (data not shown), and they can be conjugated to SPIO nanoparticles
through the linker SMCC.

Conclusions
We developed a PD-L1 MRI diagnosis probe that can quantify the PD-L1 expression in GBM tumors in
vitro and in vivo. Such MRI measurements can facilitate the identi�cation of PD-L1 expression level,
which may improve prognosis and clinical outcomes for patients with GBM.

Methods
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Construction of PDL1-SPIO nanoparticles

The construction of PDL1-SPIO nanoparticles followed the procedures described in previous publications
with some modi�cations [16]. Brie�y, 0.25 mL of amine-functionalized lipid-coated SPIO nanoparticles
(OceanNanoTech Inc., 1 mg/mL (Fe) = 0.86 nmol/mL nanoparticles, 10 nm in size) were reacted with
37.5 μL/mL sulfo-SMCC (10 mg/mL, 858 nmol) at room temperature for 1 h to obtain maleimide-
functionalized SPIO nanoparticles. The maleimide-functionalized SPIO nanoparticles were washed with
10 mL of phosphate buffered saline (PBS) to remove the excess free sulfo-SMCC with an LS column
(Miltenyi Biotech, Germany) and then eluted in 800 mL of PBS. Second, 0.43 nmol of PD-L1 antibodies
(10F.9G2, BioXCell) was treated with iminothiolane (1.2 μg, 8.7 nmol) (Thermo, USA) dissolved in 200 μL
of Traut’s reagent (50 mM NaHCO3, 150 mM NaCl, and 10 mM EDTA, pH 8.6) and reacted at room
temperature for 60 min. After thiolation, 200 mL of 10 mM tris(2-carboxyethyl)phosphine (TCEP, Sigma,
USA) was added at room temperature for 30 min. The solution was replaced with a 5 mM EDTA solution
in PBS via Vivaspin (10-kDa MWCO polyethersulfone, Sartorius). Finally, the thiolated antibodies and
maleimide-functionalized SPIO nanoparticles were mixed and reacted at 4 °C overnight. The unused
maleimide-functionalized groups were then blocked by excess cysteine for 15 min at room temperature.
The PD-L1 antibody–conjugated SPIO nanoparticles were separated using an LS column and washed
with PBS at a volume > 25 times greater than the column bed volume to remove unconjugated antibodies;
then, the nanoparticles were eluted in 600 μL of PBS. The number of immobilized PDL1 antibodies per
SPIO nanoparticle was estimated to be 2 based on the molarities of the components in the reaction.

Dynamic light scattering and zeta potential measurement

The hydrodynamic size and zeta potential of the SPIO and PDL1-SPIO nanoparticles were determined
using Zetasizer Nano ZS (Malvern Instruments, UK) according to the manufacturer’s instructions. The
nanoparticles were diluted in a 10 mM NaCl solution.

Generation of the GL261/TMZ-R cell line

The mouse GBM cell line (GL261) was obtained from Deutsche Sammlung von Mikroorganismen und
Zellkulturen. Cells were cultured in a DMEM culture medium supplemented with 10% fetal bovine serum
(FBS). We established a TMZ-resistant subline (GL261/TMZ-R) by continuous exposure of GL261 cells to
TMZ in our lab. These cells were treated with 50 μM TMZ for 1 day before being divided into 96 wells.
Cells were incubated with 150 mM TMZ for 21 days, and surviving cells were cultured in the culture
medium containing 150 mM TMZ for an additional 39 days.

Colony formation assay

We placed 2000 GL261 cells or GL261/TMZ-R cells into six-well plates and incubated them for 5 days,
followed by treatment with 150 mM TMZ (Cayman, USA) for 12 days. The cells were �xed with 4%
paraformaldehyde, stained with 0.5% crystal violet, and the colony number was counted.



Page 9/20

Brain tumor animal model

For the GL261/TMZ-R GBM animal model, C57BL/6JNarl mice were purchased from the National
Laboratory Animal Center. The tumor cell inoculation assay followed that described in a previous study
[39]. Brie�y, 20000 GL261/TMZ-R cells in 4 μL of PBS solution were slowly injected into the right-brain
region at a rate of 0.5 mL/min. The injection site was 2.5 mm lateral, 0.1 mm posterior, and 3.1 mm
ventral from the central bregma. The injection hole was sealed with bone wax to prevent leakage of cells,
and the skin was closed with sterilized sutures.

Isolation of tumor-in�ltrating leukocytes

To isolate brain-in�ltrating leukocytes, we anesthetized mice and transcardially perfused them with 5 mL
of cold PBS. Tumor-in�ltrating leukocytes were dissociated into single-cell suspensions using a Tumor
Dissociation kit and Multi Tissue Dissociation Kit 1 (Miltenyi Biotec, Germany), respectively, in
combination with gentle MACS™ Octo Dissociator with Heaters (Miltenyi Biotec, Germany).

Flow cytometry

To detect PD-L1 expression on GL161 cells, cells were detached using Accutase® (Thermo Fisher
Scienti�c, USA) and then stained with PDL1-SPIO nanoparticles, SPIO nanoparticles, PDL1 antibodies, or
isotype control antibodies, followed by PE-conjugated antirat IgG2b antibodies (MRG2b-85, BioLegend,
USA). To detect PD-L1 expression on brain-in�ltrating leukocytes, cells were stained with speci�c
antibodies following standard protocols and analyzed on a CytoFLEX™ �ow cytometer (Beckman Coulter,
USA). The following antibodies conjugated with �uorochrome were used: Ly6G-PB (RB6-8C5), Ly6C-FITC
(HK1.4), CD45-APC-Cy7, (30-F11), CD11b-PB (M1/70), and PD-L1-PE (10F.9G2) (BioLegend. USA). Data
were analyzed using FlowJo software.

Immuno�uorescence assay

To detect PD-L1 expression in GL161 cells, 105 GL261 cells were seeded on a 4-well chamber slide for 24
h. Cells were treated with SPIO nanoparticles, PDL1-SPIO nanoparticles, PDL1 antibodies, or isotype
control antibodies for 24 h at 37 °C and then �xed with 4% paraformaldehyde for 30 min. Slides were
then stained with FITC antimouse Rat IgG2b antibody and mounted with a mounting medium containing
DAPI (Vectashield, USA). IF images of stained cells were acquired through microscopy (Olympus/Bx43,
Canada).

Prussian blue staining assay for GBM cells and TEM for SPIO nanoparticles

To identify iron in GBM cells by using Prussian blue staining, 105 GL261 cells were seeded on a 4-well
chamber slide (SPL Life Sciences Co., USA) with DMEM culture medium supplemented with 10% FBS for
24 h. Next, cells were treated with SPIO or PDL1-SPIO nanoparticles and incubated at 37 °C for 24 h. The
presence of iron was detected using an Abcam iron stain kit (ab150674, Abcam). In brief, hydrochloric
acid solution (2%) and potassium ferrocyanide solution were mixed at equal volumes (1:1) and incubated
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with cells or tumor tissue slides for 20 min; then, the cells or slides were rinsed with distilled water and
stained with nuclear fast red. Images of stained cells were acquired using a microscope (Olympus BX43).
TEM images were acquired using an HT-7700 microscope (Hitachi, Japan), and the analysis was
performed according to the manufacturer’s instructions.

Detection of iron in GBM tissues treated with PDL1-SPIO nanoparticles by using Prussian blue staining
assay

To test the binding of PDL1-SPIO nanoparticles for tumor tissue, PDL1-SPIO nanoparticles were used to
stain tumor slices, after which Prussian blue staining assay was performed. Brie�y, GL261/TMZ-R tumor-
bearing mice were sacri�ced and transcardially perfused with 5 mL PBS and 5 mL formalin. Whole brains
were �xed with formalin for approximately 3 days. Formalin-�xed 2-mm coronal slices were embedded in
para�n and cut into 5-μm-thick sections. The sections were then depara�nized, rehydrated through a
graded series of ethanol solutions, subjected to an antigen retrieval process, and then stained using
PDL1-SPIO or SPIO nanoparticles at 4 °C for 24 h. The presence of iron on these sections was detected by
an Abcam iron stain kit (Abcam). These sections were observed through microscopy (Olympus/Bx43). In
some experiments, after tumor-bearing mice were injected with PDL1-SPIO nanoparticles or PDL1
antibodies for 4 h, the brains were directly subjected to Prussian blue assay to detect the presence of iron
caused by PDL1-SPIO nanoparticles in the tumor tissue.

Cellular MRI measurements

MRI images were obtained using a 7T Bruker PharmaScan MRI scanner using a volume coil with an inner
diameter of 72 mm (Bruker BioSpin, MA, USA). T2-weighted images were acquired using spin-echo
sequences with an echo time (TE) of 8.8 ms, a repetition time (TR) of 3500 ms, 50 echoes, a �eld of view
of 50 × 50 mm, a resolution of 256 × 256, and a slice thickness of 1 mm. The MRI samples were PDL1-
SPIO nanoparticle phantoms and GL261 cells treated with various concentrations of PDL1-SPIO
nanoparticles and then suspended in 1% agarose gel.

Animal MRI measurements

In vivo MRI images of mouse brains were obtained using a 7T Bruker PharmaScan MRI scanner using a
volume coil with an inner diameter of 72 mm (Bruker BioSpin, MA, USA). MRI was performed in mice
anesthetized by 2% iso�urane in the coronal plane. The MRI protocol included a T2-weighted image (TR,
2500 ms; TE, 33 ms; �ip angle, 45°; FOV, 16 × 16 mm; matrix, 256 × 256; 2D; slice thickness, 0.75 mm;
number of excitations, 8; resolution, 0.0625 × 0.0625 × 0.75 mm), a T2*-weighted image (TR, 1000 ms;
TE, 12 ms; �ip angle; FOV, 16 × 16 mm; matrix, 256 × 256; 2D; slice thickness, 0.75 mm; number of
excitations, 2; resolution, 0.0625 × 0.0625 × 0.75 mm), an SWI (TR, 39 ms; TE, 51.8 ms; �ip angle, 15°;
FOV, 50 × 50 mm; matrix, 128 × 128; 3D; slice thickness, 0.5 mm; number of excitations, 3; resolution 0.39
× 0.39 × 0.5 mm), and a T2* mapping (16-echo gradient echo sequence; TR,1150 ms; minimum TE, 3.3
ms; ∆TE, 3 ms; �ip angle, 80°; FOV, 16 × 16 mm; matrix, 256 × 256; 2D; slice thickness, 0.5 mm; number of
excitations, 2; resolution, 0.0625 × 0.0625 × 0.5 mm). The initial T2* mapping scan was performed before
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injection of PDL1-SPIO or SPIO nanoparticles. The second T2* mapping session was started at 4 h after
injection. The T2* value of each voxel was calculated through exponential �tting performed using in-
house by using MATLAB (version R2020a, MathWorks, Sherborn, MA, USA). The T2* map was �rst
converted to an R2* relaxivity map by taking its reciprocal. The increase in R2* value (∆R2*) after PDL1-
SPIO or SPIO injection was calculated using the following formulas: ∆R2* = R2* PDL1-SPIO – R2* pre or
∆R2* = R2* SPIO – R2* pre, where R2*pre refers to the R2* value measured in precontrast MR images, and
R2*PDL1-SPIO or R2*SPIO are the R2* values measure in MR images following PDL1-SPIO or SPIO
administration. The ∆R2* value, which indicates the change in relaxivity due to the local aggregation of
PDL1-SPIO or SPIO nanoparticles, has a linear relationship with the local PDL1-SPIO or SPIO nanoparticle
concentration. The coe�cient of the linear transformation function between ∆R2* and the local PDL1-
SPIO or SPIO nanoparticle concentration was estimated through linear regression analysis of agarose
phantoms containing various concentrations of PDL1-SPIO or SPIO nanoparticles. The ∆R2* map was
then converted into a local PDL1-SPIO or SPIO nanoparticle concentration map using the estimated linear
transformation function. A disk of nickel-coated neodymium iron boron (Nd2Fe14B) with a diameter of 8
mm, a height of 5 mm, and a 0.43-T N42 grade magnet was placed on the tumor site of tumor-bearing
mice. After placing the magnet, 60 mg of PDL1-SPIO or SPIO nanoparticles was administered via tail vein
injection. The magnet was maintained on the tumor site for 1 h and then removed. MRI scans were
performed at the indicated time. A radiologist evaluated the MRI images to identify dark signals due to
PDL1-SPIO nanoparticles on T2-weighted images, T2*-weighted images, SWI, and T2* mapping.
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Figure 1

Synthetic scheme of PD-L1 antibodies conjugated to lipid-coated SPIO nanoparticles. 1. Lipid-coated
SPIO nanoparticles were modi�ed with maleimide through reaction with sulfo-SMCC. 2. PD-L1 antibodies
were thiolated with iminothiolane, and TCEP was added for the reduction of disul�de bonds. 3. The
maleimide-functionalized SPIO nanoparticles were mixed with the thiolated antibody solution to form
antibody-conjugated lipid-coated SPIO nanoparticles.
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Figure 2

Characterization of the physical properties of PDL1-SPIO nanoparticles. (A) The size distribution of PDL1-
SPIO and unconjugated SPIO nanoparticles were determined through DLS measurement and is shown on
the volume distribution graph. (B) TEM image of PDL1-SPIO nanoparticles (scale bar, 10 nm). (C)
Representative results of the zeta potential (mV) distribution of PDL1-SPIO and SPIO nanoparticles from
three independent experiments (*p < 0.05). The data were combined from three batches of PDL1-SPIO
preparation experiments.
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Figure 3

PD-L1 expression of GL261 cells detected by using PDL1-SPIO. (A) Flow cytometry analysis for the
surface PD-L1 expression on GBM cells by using PDL1-SPIO nanoparticles. GL261 cells were stained with
SPIO nanoparticles, PDL1-SPIO nanoparticles, PD-L1 antibodies, or isotype control antibodies (rat IgG2b
antibody) and then stained with PE antirat IgG2b antibodies. PD-L1 expression was quanti�ed based on
the mean �uorescence intensity (MFI) of PD-L1 expression. (B) Evaluation of PDL1-SPIO nanoparticles
targeting speci�city through IF staining. GL261 cells were �xed and incubated with SPIO nanoparticles,
isotype control antibodies (rat IgG2b antibody), and PDL1-SPIO nanoparticles. After washing with PBS,
the specimens were incubated with goat antirat IgG2b AF-488 antibodies to detect the presence of PD-L1
antibodies. Green, PDL1; blue, DAPI.
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Figure 4

Detection of PDL1-SPIO nanoparticles in the GBM cell line and TMZ-resistant tumor tissue (A) The
presence of nanoparticles in GBM cells after incubation with PDL1-SPIO. GL261 cells were incubated with
culture medium containing unconjugated SPIO nanoparticles (0.27 mg/mL) or PDL1-SPIO nanoparticles
(0.27 mg/mL) for 24 h; then, Prussian blue and nuclear fast red staining were performed. Blue indicates
the presence of iron in the cells. (B) SPIO or PDL1-SPIO nanoparticle sorption was detected in GL261 cells
through TEM. GL261 cells were incubated with SPIO nanoparticles (0.27 mg/mL) or PDL1-SPIO
nanoparticles (0.27 mg/mL) for 4 h before TEM. Arrowhead, SPIO cluster; red line box, magni�ed area. (C)
TMZ resistance of GL261/TMZ-R cells was con�rmed using colony formation assay. Representative
images of GL261 and GL261/TMZ-R cell colonies are shown after 12 days of treatment with 150 µM
TMZ. Quantitative results of the colony formation assay are shown as the total number of surviving
colonies/well (*p < 0.05; n = 3). (D) Flow cytometry analysis for surface PDL1 expression on GL261 and
GL261/TMZ-R cells. Cells were stained with PD-L1 antibodies and isotype control antibodies and then
stained with PE antirat IgG2b antibodies (n = 4). (E) PD-L1 expression in brain tissue of GL261/TMZ-R
tumor-bearing mice was detected by using PDL1-SPIO nanoparticles. The brains of GL261/TMZ-R tumor-
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bearing mice were �xed at posttumor inoculation day 25. The brain slices were stained using SPIO
nanoparticles (6 µg) or PDL1-SPIO nanoparticles (6 µg), after which Prussian blue assay was performed.
The dotted line indicates the boundary between brain tissue and tumor in the brain. Representative data
are shown from three independent experiments (n = 3). (F) Analysis of PD-L1 expression on cell subsets
in the tumor and tumor-bearing hemisphere. At posttumor inoculation day 25, the single-cell suspension
from the tumor and tumor-bearing hemisphere were analyzed through �ow cytometry. Representative
results of PD-L1 expression on MO-MDSCs (CD45 hiCD11bhiLy6C+Ly6G−) and nonhematopoietic cells
(CD45−) are shown from three independent experiments (n = 3).

Figure 5

Detection of PDL1-SPIO binding in GL261 cells in T2-weighted MRI images. (A) Echo time curve �tting of
PDL1-SPIO phantoms in various known concentrations was measured using 7T MRI. (B) T2 relaxation
time of PDL1-SPIO in known Fe concentrations (n = 3 for each concentration). (C) Corresponding signal
intensity images of PDL1-SPIO standards (0–15.7 μg/mL) measured using T2-weighted images. (D) T2-
weighted images of in vitro PDL1-SPIO-treated GL261 cells. Cells were incubated with SPIO or PDL1-SPIO
nanoparticles at 0.1 mg/mL at 37 °C for 2 h. A lower T2 signal intensity was observed in PDL1-SPIO-
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treated GL261 cells. The T2 relaxation times of SPIO and PDL1-SPIO nanoparticle-treated GL261 cells are
shown in the bar graph (n = 3).

Figure 6

In vivo MRI detection of PD-L1 expression in TMZ-resistant GBM-bearing mice. (A) In vivo MRI detection
of PDL1-SPIO nanoparticles in GL261/TMZ-R tumor-bearing mice at tumor inoculation day 25. T2-
weighted, T2*-weighted, and SWI images of tumor-bearing mice are shown at 0, 1, 4, and 24 h after
intravenous injection with PDL1-SPIO nanoparticles (60 µg/mouse). Red arrows indicate the hypointense
area in the brain according to MRI analysis. (B) Detection of iron from SPIO- and PDL1-SPIO-treated
GL261/TMZ-R tumor-bearing mice by using Prussian blue assay. At tumor inoculation day 25, brains
were harvested 4 h after injection with SPIO nanoparticles (60 µg/mouse) or PDL1-SPIO nanoparticles
(60 µg/mouse). Blue color indicates the presence of iron in the tissues. Representative �gures are shown
from two independent experiments (n = 3). (C) T2*-weighted map images of GL261/TMZ-R tumor-bearing
mice 4 h after injection with PDL1-SPIO nanoparticles (60 µg/mouse) or SPIO nanoparticles (60
µg/mouse). At tumor inoculation day 25, R2* precontrast and R2* 4-h MRI images were acquired before
and after injection of PDL1-SPIO nanoparticles (60 µg/mouse) and SPIO (60 µg/mouse), respectively.
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Representative MRI �gures are shown from two independent experiments (n = 3). The “R” letter indicates
the right side of the brain in the MRI images.


