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Abstract

Glioblastoma (GBM) is one of the most malignant tumors with poor prognosis and outcomes.
Although smaller particle size can lead to higher blood-brain barrier (BBB)-permeability of the
nanomaterials, most of the reported BBB-crossable nanomaterials for targeted GBM therapy are
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larger than 24 nm. To realize theranostics of GBM, co-loading of therapeutic and diagnostic agents
on the same nanomaterials further results in larger particle size. In this study, we developed a kind
of novel BBB-transportable nanomaterials smaller than 14 nm for high-efficiency theranostics of
GBM (i.e., high contrast magnetic resonance imaging (MRI) and radiosensitization of GBM).
Typically, poly(acrylic acid) (PAA) stabilized extremely small gadolinium oxide nanoparticles
with modification of reductive bovine serum albumin (ES-GON-rBSA) was synthezed in water
phase, resulting in excellent water-dispersibility. RGD dimer (RGD2, Glu-{Cyclo[Arg-Gly-Asp-
(D-Phe)-Lys]}») and lactoferrin (LF) were then conjugated to the ES-GON-rBSA to obtain
composite nanoparticle ES-GON-rBSA-LF-RGD2 with extraordinary relaxivities (r; = 60.8 mM~1
s71, »/r = 1.1). The maximum signal enhancement (SNR) for 7;-weighted MRI of tumors
reached up to 423 + 42 % at 12 h post-injection of ES-GON-rBSA-LF-RGD2, which is much
higher than commercial Gd-chelates (< 80%). ES-GON-rBSA-LF-RGD2 exhibited high
biocompatibility and can transport across the /in vitro BBB model and the /in vivo BBB of mice due
to its small particle size (@, = 13.4 nm) and LF receptor mediated transcytosis. Orthotopic GBM
studies reinforce that ES-GON-rBSA3-LF-RGD2 can accumulate in the orthotopic GBM and
enhance the radiation therapy of GBM as an effective radiosensitizing agent.

Keywords

small-sized gadolinium oxide based nanoparticles; blood-brain barrier; high contrast magnetic
resonance imaging; radiosensitization; orthotopic glioblastoma

Introduction

Glioblastoma (GBM) is a primary malignant tumor that locates in intracranial central
nervous system (CNS).[2] GBM is the highest grade glioma (grade 1V) that can easily invade
surrounding normal tissues resulting poor prognosis.[2] Even after careful treatments
including surgical resection, chemotherapy and/or radiation therapy, the median survival of
GBM-bearing patients is only around 15 months, and the five year survival rate is lower than
5 9%.[2-4]

Temozolomide (TMZ) is the first line anti-GBM drug, but over 45 % of GBM may be
resistant to TMZ.[56] Althouth there are many other anti-GBM drugs that have been tested
in clinical trials, most of them failed to improve the poor prognosis due to the existance of
blood-brain barrier (BBB).[’] The anti-GBM drugs are difficult to enter the brain because the
BBB controls the transportation of ions and nutrients from blood circulation to brain, but
prevents most therapeutic drugs from passing into the brain.[37]

In order to enhance the delivery of anti-GBM drugs to intracranial CNS, various BBB-
crossing strategies have been developed based on nanomaterials, 8] including receptor
mediated BBB-crossing,[%1% shuttle peptide mediated BBB-crossing,[11] cell penetrating
peptide (CPP) mediated BBB-crossing,[12] and cells mediated BBB-crossing.[*3] For
example, B. Shi et al. developed a kind of ROS-responsive siRNA nanomaterials (3I-
NM@siRNA) functionalized with angiopep-2 peptide (37.8 nm) for targeted GBM therapy;,
which was prepared by complexation between poly(ethylene glycol)-block-poly[(N-(3-
methacrylamidopropyl) guanidinium-co-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
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yl)benzyl acrylate)] (PEG-b-P(Gu/Hb))/Ang-poly(ethylene glycol)-block-poly(N-(3-
methacrylamidopropyl) guanidinium) (Ang-PEG-b-PGu) and siRNA.[241 B.A. Tannous et al.
developed a cyclic peptide iRGD-conjugated solid lipid nanoparticle (SLN) to deliver small
interfering RNAs (siRNAS) (24.1 nm) against both epidermal growth factor receptor (EGFR)
and PD-L1 for combined targeted and immunotherapy against GBM.[4] Z. Zhong et a/.
reported apolipoprotein E peptide-conjugated chimeric polymersomes (> 40 nm) that can
mediate a high-efficiency GBM therapy.[1°]

Although smaller particle size can lead to higher BBB-permeability of the nanomaterials
based on the above-mentioned BBB-crossing strategies,[3-18] most of the reported BBB-
crossable nanomaterials for targeted GBM therapy are larger than 24 nm.[414.15] To realize
theranostics of GBM, co-loading of therapeutic and diagnostic agents on the same
nanomaterials further results in larger particle size.

In this study, we developed a kind of novel BBB-transportable nanomaterials smaller than 14
nm for high-efficiency theranostics of GBM (/.e., high contrast magnetic resonance imaging
(MRI) and radiosensitization of GBM). Typically, poly(acrylic acid) (PAA) stabilized
extremely small gadolinium oxide nanoparticles with modification of reductive bovine
serum albumin (ES-GON-rBSA) was first synthezed in water phase, resulting in excellent
water-dispersibility. RGD dimer (RGD2, Glu-{Cyclo[Arg-Gly-Asp-(D-Phe)-Lys]},) and
lactoferrin (LF) were then conjugated to ES-GON-rBSA to generate composite nanoparticle
ES-GON-rBSA-LF-RGD?2 (Figure 1 a). ES-GON-rBSA-FL-RGD2 with extraordinary
relaxivities (1, = 60.8 mM~1s71, n/r; = 1.1) can transport across the BBB due to its
extremely small particle size (aj, = 13.4 nm) and LF receptor mediated transcytosis, can be
internalized into brain tumor cells due to RGD2 receptor (/.e. integrin a /83 mediated
endocytosis, and thus can be used to evaluate and monitor radiosensitization of brain tumors
via high contrast MRI (Figure 1 b).

Materials and methods

2.1. Synthesis of ES-GON-rBSA

ES-GON wias first synthesized by a wet-chemical method. Typically, the oxygen in PAA
solution (4.0 mg/mL, 200 mL, Mw = 1.8 kDa) in three-necked round bottom flask was
removed Vvia nigrogen bubbling for around 50 min. The three-necked round bottom flask was
then put in 100 °C of oil bath to reflux. After that, Gd(NO3)3 (125 mM, 4.0 mL) and NH
-3H20 (28 %, 30 mL) were respectively injected into the PAA solution. ES-GON was
obtained after 60 min of reaction. The ES-GON sample was purified v/a dialysis (Mw cut-
off 6-8 kDa), concentrated v/arotary evaporation, and its Gd concentration was determined
via inductively coupled plasma optical emission spectrometry (ICP-OES; Agilent 5100).

20 mg NaBH,4 was added into 20 mg/mL of BSA (40 mL) under magnetic stirring. After 2.0
h of reaction, reductive BSA (rBSA) was obtained. After that, EDC (10 pL, 55 umol) and
NHS (17.4~174 pL, 13 mg/mL, 2.0~20 pmol) were mixed with ES-GON solution (3.0 mL,
Ceg=3.12 mM, ice cold) under magnetic stirring. After 5 min, 98.3~983 L of rBSA (20
mg/mL) was added, and the solution volume was tuned to 5.0 mL using pure water. After 16
h of reaction, the rBSA-stabilized ES-GON (ES-GON-rBSA) solutions were obtained.
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2.2. Synthesis of ES-GON-rBSA3-LF-RGD2

The LF and RGD2 were grafted to the surface of ES-GON-rBSA3 by the reaction between —
COOH and —NHjy. Briefly, EDC (10 uL, 55 umol) and NHS (50 pL, 13 mg/mL, 5.65 pmol)
were mixed with ES-GON-rBSA3 solution (5.0 mL, Cgy= 1.87 mM) under stirring. LF (10
mg/mL, 200 pL, 0.125 mM) and RGD2 (5.0 mg/mL, 100 pL, 3.8 mM) were then charged to
the above solution. After 16 h, the obtained ES-GON-rBSA3-LF-RGD2 was rinsed 3 times
utilizing pure water via ultrafiltration (molecular size cutoff of 10 kDa). The final sample
was dispersed in 5.0 mL of pure water.

2.3. Preparation of R6G-ES-GON-rBSA3 or R6G-ES-GON-rBSA3-LF-RGD2

To study the cellular uptake of ES-GON-rBSA3 or ES-GON-rBSA3-LF-RGD2 using flow
cytometry or laser scanning confocal microscopy (LSCM), Rhodamine 6G (R6G) was
loaded using ES-GON-rBSA3 or ES-GON-rBSA3-LF-RGD2. Briefly, R6G (0.7 mL, 10
uUM) was added into ES-GON-rBSA3 (4.0 mL, C5,~1.87 mM), or ES-GON-rBSA3-LF-
RGD2 (4.0 mL, Cg,~1.87 mM), and stirred 24 h at room temperature. After that, the
unloaded R6G was removed by rinsing R6G-ES-GON-rBSA3 and R6G-ES-GON-rBSA3-
LF-RGD2 solutions utilizing pure water via ultrafiltration (Mw cut-off 10 kDa). The final
samples of R6G-ES-GON-rBSA3 and R6G-ES-GON-rBSA3-LF-RGD2 were dissolved in
pure water (4.0 mL) for next use.

3. Results and Discussion
3.1. Synthesis and characterization of ES-GON-rBSA-LF-RGD2

ES-GON-rBSA1-4 nanoparticles were synthesized with various feeding amounts of rBSA.
The r; and r, of ES-GON-rBSA1-4 were first measured on a 7.0 T MRI scanner system
(Figure S1, Table S1). With decreasing feeding amount of rBSA, the r; increased and the
iyl r decreased. That’s because the excessive conjugation of rBSA decreases the interaction
between the H,O molecules and the naked Gd on the surface of ES-GON-rBSA. ES-GON-
rBSA3 was chosen as an optimal one due to its relatively high r, low r>/r, and high rBSA
content.

The number of Gd,03 in each ES-GON nanoparticle (Ngg203) can be calculated according
to the following equation (1):

4
/J)(gﬂ,'}"3

Neay0, = iy X 602X 10% &)
where p is the density of Gd,O3 (7.41 g/cm3), ris the radius of the ES-GON (0.95 nm), and
M,y is the molecular weight of Gd,03 (362.5 g/mol). According to the Eq. (1), the Ngq203
of ES-GON nanoparticle is calculated to be 44.2. The average number ratio of RGD2 and

LF molecule to ES-GON nanopatrticle (7.e., NRrgp2/es-con and NR| g/es-gon) Was then
calculated to be 3.6 and 0.23, respectively. In addition, the average NR;gsa/Es-coN Was
calculated to be 1.5, 1.1, 0.6, and 0.2 for ES-GON-rBSA1-4 (Table S1). 0.2 of
NRgsa/Es-con Mean that five ES-GON was conjugated to one rBSA. Which is reasonable
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because rBSA is a macromolecule (Mw = 66.5 kDa) and the ES-GON is extremely small (<
2.0 nm).

To meet the criteria of theranostic application for glioblastoma, RGD2 and LF were
conjugated to ES-GON-rBSAS3 to generate composite nanoparticle ES-GON-rBSA3-LF-
RGD?2 (Figure 1). The LF receptor mediated transcytosis can help ES-GON-rBSA3-LF-
RGD2 transport across the BBB,!17-20] and the interaction between integrin a,8zand RGD2
can help ES-GON-rBSA3-LF-RGD?2 target brain tumors. The a8z integrins are
overexpressed on the surface of brain tumor cells and angiogenic endothelial cells, but not
(or weakly) expressed in normal tissue and cells, including vascular endothelial cells.[21-23]

Measured on a 7.0 T MRI scanner system, ES-GON-rBSA3-LF-RGD2 has a comparable r;
value (15.1 mM~1 sy and r/r ratio (3.9) to ES-GON-rBSA3, whose 71 value is 18.6 mM~1
s~Land n/r ratio is 3.4 (Figure S1, Table 1). Figure S2 shows 7;-weighted MR images and
ASNR of the MR images for ES-GON-rBSA3 and ES-GON-rBSA3-LF-RGD2 with various
Gd concentrations from 6.25 to 200 uM measured on 7.0 T, which reconfirm the similar
MR efficiency for ES-GON-rBSA3 and ES-GON-rBSA3-LF-RGD2.

Measured on a clinical MRI scanner systems (1.5 T), the r; is respectively 64.5 and 60.8
mM~1s71 and the r2/r is respectively 1.2 and 1.1 for ES-GON-rBSA3 and ES-GON-
rBSA3-LF-RGD?2 (Figure 2, Table 1). Although ES-GON-rBSA3-LF-RGD2 has a lower r;
than that of the ES-GON-rBSA3, the r; of ES-GON-rBSA3-LF-RGD2 (60.8 mM~1s71) is
still much higher than the commercial Gd chelates (~ 4 mM~1 s71) and reported Gd-based
nanoparticles (4.4 — 47.2 mM~1 s71).[24-31] The 1»/r; of ES-GON-rBSA3-LF-RGD2 (1.1) is
comparable to the commercial Gd chelates (~ 1.1) and lower than the reported Gd-based
nanoparticles (1.1 — 6.8).[24-31 The 7; and r, changed with modifications of LF and RGD2
because the conjugation reaction decreases the interaction between the H,O molecules and
the naked Gd on the surface of ES-GON-rBSA.

TEM images (Figure 3 a, b) show that ES-GON-rBSA3 and ES-GON-rBSA3-LF-RGD?2 are
well-dispersed even at dry state. Figure 3 ¢ shows the size distributions of ES-GON-rBSA3
and ES-GON-rBSA3-LF-RGD2 determined by DLS, and the hydrodynamic sizes (dj) were
measured to be 7.8 and 13.4 nm, respectively. The zeta potentials was measured (Figure 3 d)
to be —22.5 mV and -15.2 mV for ES-GON-rBSA3 and ES-GON-rBSA3-LF-RGD2,
respectively. The increased dj, and zeta potential indicate the successful conjugation of LF
and RGD2 on the surface of ES-GON-rBSA. In addition, the larger hydrodynamic size and
negative surface charge of ES-GON-rBSA3-LF-RGD?2 assures the longer blood circulation
time. In addition, although the hydrodynamic size of ES-GON-rBSA3-LF-RGD?2 is up to
13.4 nm, the solid particle size at dry state is <5 nm (Figure 3 b). Both the small particle
size and LF receptor mediated transcytosis facilitate transporting across BBB. The ES-GON-
rBSA3-LF-RGD2, featuring extraordinary relaxivities (r, = 60.8 mM~1s1 r/r = 1.1), long
blood circulation time, and BBB transportability, is very promising for MRI-guided
radiosensitization of brain tumors.

The thermogravimetry (TG) and differential thermogravimetry (DTG) curves (Figure S3)
show that the weight loss at 1000 °C could be more than 85 % for ES-GON-rBSA3-LF-
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RGD2, which indicates the successful conjugation of organic molecules (/.e., rBSA3, LF,
and RGD2). In addition, the saturation magnetization (Ms) of ES-GON-rBSA3-LF-RGD2
was determined to be 0.08 emu/g at 30 kOe from the field-dependent magnetization curve
(H - M) at 300 K (Figure S4). The low Ms also contributes to the very low r»/r; of ES-GON-
rBSA3-LF-RGD2.

Figure S5 a shows that the hydrodynamic sizes of ES-GON-rBSA3-LF-RGD2 (Cgy= 200
UM) after storage in PBS (pH 7.4) or bovine serum albumin (BSA, 10 mg/mL) for 0, 15, or
30 days are similar to those in water. Figure S5 b show that the 7;-weighted MR images of
ES-GON-rBSA3-LF-RGD2 (Cgy= 200 uM) after storage BSA (10 mg/mL) for 30 days are
also similar to those in water, which were confirmed by the calculated ASNR values (Figure
S5 c¢). The long-term storage of ES-GON-rBSA3-LF-RGD?2 in PBS or serum did not
deteriorate their monodispersity and did not decrease their MR imaging performance, which
indicates that our ES-GON-rBSA3-LF-RGD2 has a good stability.

3.2. Cellular uptake of ES-GON-rBSA-LF-RGD2

To investigate the internalization of ES-GON-rBSA3 or ES-GON-rBSA3-LF-RGD?2 in cells,
Rhodamine 6G (R6G) was loaded v7a ionic, hydrogen and/or coordination bonding to
construct R6G-ES-GON-rBSA3 or R6G-ES-GON-rBSA3-LF-RGD?2. Figure 4, S7 show the
laser scanning confocal microscopy (LSCM) images of U-87 MG or MCF-7 cells after
incubation with R6G-ES-GON-rBSA3 or R6G-ES-GON-rBSA3-LF-RGD2 without or with
free RGD2 blocking. Figure S6 a summarizes the merged LSCM images. Abundant R6G-
ES-GON-rBSA3-LF-RGD2 nanoparticles and very few R6G-ES-GON-rBSA3 nanoparticles
were found in the U-87 MG cells (integrin a,/8;3 positive)[21-23] due to the active targeting
function of RGD2. However, almost no R6G-ES-GON-rBSA3-LF-RGD?2 nanoparticles
were internalized into the U-87 MG cells in the blocking study. Very few R6G-ES-GON-
rBSA3-LF-RGD2 and R6G-ES-GON-rBSA3 nanoparticles were found in the MCF-7 cells
because the MCF-7 cells are integrin a3 negative.[32:33] The red fluorescence signals of
R6G in the positive group of Figure S6 a looks weak because the red signal is merged with
the blue and green signals. Figure 4 shows the red signal without merging with blue and
green signals, which looks much stronger.

The flow cytometry results show that the relative intensity of R6G-ES-GON-rBSA3-LF-
RGD2 in U-87 MG cells is much stronger than that of R6G-ES-GON-rBSA3-LF-RGD2 in
MCF-7 cells, and R6G-ES-GON-rBSA3 in U-87 MG cells (** £< 0.01) (Figure S8 a—c).
Internalized Gd levels in U-87 MG cells measured by ICP are respectively 882 + 164 and
274 + 35 fg/cell for ES-GON-rBSA3-LF-RGD2 and ES-GON-rBSA3 (Figure S8 d).
However, in the presence of 200 times of free RGD2 blocking, it is only 386 + 42 fg/cell for
ES-GON-rBSA3-LF-RGD2 (*** P< 0.001) (Figure S8 d). These results reinforce that ES-
GON-rBSA3-LF-RGD2 can be internalized into brain tumor cells due to RGD2 receptor
(7.e. integrin a B3 mediated endocytosis.

Figure S9 shows LSCM images of U-87 MG cells after incubation with R6G-ES-GON-

rBSA3-LF-RGD2 nanoparticles. Some nucleus positions are pointed out using solid white
circles, and some endosome or lysosome positions are indicated using dotted white circles.
The red nanoparticles overlap with green endosome (or lysosome) and blue nucleus, which
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demonstrates that the nanoparticles were internalized into endosomes via endocytosis
mechanism, and some of them escaped from the endosome and lysosome and entered into
the nucleus.

3.3. MR imaging of cells and cytotoxicity of ES-GON-rBSA-LF-RGD2

Figure S10 a, b shows the 7;-weighted MR images of U-87 MG cells. The MRI signal of
ES-GON-rBSA3-LF-RGD2 looks much stronger than that of the Magnevist and the Control
untreated with contrast agents. The ASNR of the MR images is respectively 275 % and 89 %
for ES-GON-rBSA3-LF-RGD2 and Magnevist (Figure S10 c). The significant differences (*
P < 0.05) demonstrate the outstanding MRI efficiency of ES-GON-rBSA3-LF-RGD2.

The results of MTT assay indicate that the cytotoxicity of ES-GON-rBSA3-LF-RGD?2 is
lower than Magnevist on U-87 MG cells or MCF-7 cells (* £< 0.05, Figure S11 a, b). The
lower cytotoxicity of ES-GON-rBSA3-LF-RGD?2 can be ascribed from the following three
aspects: 1) the Gd,O3 is more biocompatible than Gd3+.[24:25.29] 2) the Gd3* in ES-GON-
rBSA3-LF-RGD2 nanoparticles is very difficult to be released even in lysosomes (pH 4.5 ~
5.5) due to the stabilization by PAA and rBSA (Figure S11 c). The Gd3* can be chelated
with —COOH from PAA and rBSA, and —~NH, from rBSA forming Gd-chelates.[341 3) The
different cytotoxicity between nanoparticles and Magnevist may be caused by their different
cell uptake behavior. The small molecular such as Gd-chelates is easy to enter into cells.

3.4. ES-GON-rBSA-LF-RGD2-mediated radiosensitization of cancer cells

Due to the high atomic mass (Z = 64), gadolinium-based nanoparticles hold potential to
serve as radiosensitizing agents to enhance the radiation therapy effects.[35-371 ES-GON and
ES-GON-rBSA3-LF-RGD2-mediated radiosensitization of cancer cells was quantified by a
clonogenic assay. Figure S6 b shows the survival fraction of U-87 MG cells irradiated by
212 kVp X-rays between 0 and 8 Gy /n vitro. It’s obvious that the cells incubated with ES-
GON-rBSA3 or ES-GON-rBSA3-LF-RGD2 nanoparticles are more sensitive to the X-ray
radiation than the control cells (untreated with nanoparticles). Regression analysis was
utilized to fit the data to a linear-quadratic model:[3°]

log[Survival Fraction]=a X [dose] + f X [a’ose]2 (@)

According to the fitting formulas (Figure S6 b), the X-ray dose with 50 % of survival
fraction (Dspsg) was respectively calculated to be 2.69, 1.95, and 1.78 Gy for the control
(without nanoparticles), ES-GON-rBSA3, and ES-GON-rBSA3-LF-RGD2. According to
equation (3),[37] the sensitivity enhancing factor (EF) was respectively calculated to be

27.5 % and 33.8 % for ES-GON-rBSA3 and ES-GON-rBSA3-LF-RGD2, which are slightly
lower than gold NPs/clusters[3°] because the atomic number of Gd (Z = 64) is lower than
gold (Z =79).

Dgpsgof Control — Dgps,o0f Nanoparticles

EF (%) = Dgpsgof Control X 100% @

These results indicate that ES-GON-rBSA3 and ES-GON-rBSA3-LF-RGD?2 could be used
as effective radiosensitizing agents to enhance the radiation therapy effects.
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To study the radiosensitizing mechanism of our nanoparticles, the intracellular generation of
ROS was determined by a fluorogenic reagent DCF-DA (2,7-dichlorofluorescein diacetate),
which could be oxidized to the highly fluorescent DCF (dichlorofluorescein) by ROS.
Figure S6 c shows the DCF fluorescence distributions (measured by flow cytometry
analysis) of U-87 MG cells incubated with or without ES-GON-rBSA3-LF-RGD2, and
irradiated with or without 212 kVp X-ray (4 Gy). As a control, the cells were incubated with
NAC (/.e, N-Acetyl-L-cysteine, a ROS scavenger) to remove the intercellular ROS. The
relative intensity (Figure S6 d) of the cells incubated with ES-GON-rBSA3-LF-RGD2 and
irradiated with X-ray was 3.1 + 0.4, which is much higher than that of the cells with X-ray
irradiation alone (1.7 £ 0.4), or with ES-GON-rBSA3-LF-RGD?2 incubation but without X-
ray irradiation (1.2 + 0.3). In addition, pretreatment with NAC decreased the relative
intensity from 3.1 + 0.4 to 1.5 £ 0.3. The intracellular ROS generation and scavenging were
also observed by LSCM via DCF-DA assay (Figure S12). These results demonstrate that
incubation with ES-GON-rBSA3-LF-RGD2 can enhance intracellular generation of ROS
under X-ray irradiation, which is the mechanism of radiosensitization.

3.5. BBB transportability of ES-GON-rBSA-LF-RGD2 in vitro and in vivo

The blood-brain barrier (BBB), which is composed of endothelial cells forming a dense
layer and connected by tight junctions, can hinder many molecules from penetrating the
brain.[38] It is the most formidable barrier of the physiological barriers to overcome for
delivery of nanomedicines into the brain.[17:3%1 In order to demonstrate the feasibility of ES-
GON-rBSA3-LF-RGD2 nanoparticles as a theranostic agent for 7;-weighted MR imaging
and radiosensitization of glioblastoma, the /77 vitro BBB model was constructed to study the
BBB permeability of ES-GON-rBSA3-LF-RGD2 (Figure S13 a). Figure S13 b shows the
percentages of ES-GON-rBSA3, ES-GON-rBSA3-RGD2, ES-GON-rBSA3-LF, ES-GON-
rBSA3-LF-RGD2, ES-GON-rBSA3-LF-RGD2 plus LF block, or Magnevist in the apical
chamber or basolateral chamber of all the feeding nanoparticles. 49.7 + 2.4 % of Magnevist
was found in the basolateral chamber after 12 h indicating the /n vitro BBB model is not as
tight as the real /n vivo BBB, which exclude most of the polar molecules and small ions.[17]
That’s because the real /n vivo BBB, constructing from at least cerebral endothelial cells,
basement membrane and astrocyto foot, is much more complicated than the /n vitro BBB
model. Although the /n vitro BBB model is hard to exclude small molecules, only 15.2

+ 1.0 % of ES-GON-rBSA3, and 14.0 + 1.3 % of ES-GON-rBSA3-RGD2 were found in the
basolateral chamber after 12 h, which demonstrates that the /n7 vitro BBB model is tight
enough to exclude most of the small ES-GON-rBSA3 and ES-GON-rBSA3-RGD2
nanoparticles. Furthermore, much more ES-GON-rBSA3-LF (33.9 £ 2.1%) and ES-GON-
rBSA3-LF-RGD2 (35.6 + 1.5%) transported across the /n vitro BBB model, and excessive
LF blocking reduced the BBB permeability to only 11.6 + 0.8 % (# P < 0.005). These results
demonstrate that LF can be used to mediate BBB transcytosis of nanoparticles.

We investigated the /n vivo BBB transportability of ES-GON-rBSA3-LF-RGD2 compared
with Magnevist. Figure 5 shows the 7;-weighted MR images of normal mouse brains
(without tumors) at different slices before or after intravenous injection of Magnevist or ES-
GON-rBSA3-LF-RGD2. The Gd dosage is 5.0 mg/kg. The slices with strongest MRI signals
at various time points are summarized in Figure S14 a, b. It is clearly observed that ES-
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GON-rBSA3-LF-RGD2 can transport across the /n vivo BBB and reach the brain enhancing
MRI contrast of the brain, but Magnevist almost cannot accumulate in brain at this Gd
dosage. Figure S14 c, d shows quantitative analysis of the 7;-weighted MR images at
different time points showing average ASNR calculated from three different slices (from
Figure 5). The SNR and ASNR were calculated in in accordance with the equation (4) and

).

1
SNR = mean @
SDnoise
SNR — SNR
ASNR = ”g}’VR P 100% ©)
pre

The ASNR is only 20 £ 4 % at 1 h post-injection, and reaches a maximum (73 £ 17 %) at 12
h post-injection of ES-GON-rBSA3-LF-RGD2, which is much higher than the maximum of
Magnevist (28 + 12% at 10 min post injection). The high ASNR in healthy brain
demonstrates the /7 vivo BBB transportability of ES-GON-rBSA3-LF-RGD2.

Therefore, ES-GON-rBSA3-LF-RGD?2 can transport across the /n vitro BBB model and the
in vivo BBB of mice due to LF-mediated transcytosis and the extremely small particle size.

In vivo MRI-guided radiosensitization of subcutaneous glioblastoma

In order to investigate the 7;-weighted MR imaging efficacy of ES-GON-rBSA3-LF-RGD2
for /n vivo glioblastoma, a U-87 MG tumor model was inoculated into nude mice, and ES-
GON-rBSA3-LF-RGD2 were intravenously injected with 7;-weighted MR images (axial)
observed at various times post-injection (Figure S15). It was found that the MRI signals in
tumors were very weak before intravenous injection, became stronger after intravenous
injection, and attained at maximum at 12 h post-injection for ES-GON-rBSA3-LF-RGD2
(Figure S15 a—e). Figure S15 f show the quantitative analysis of tumors after treatment with
ES-GON-rBSA3-LF-RGD2. The ASNR increases after intravenous injection and the
maximum reaches to 423 + 42 % at 12 h post-injection of ES-GON-rBSA3-LF-RGD2,
which is much higher than that of the reported nanoparticles and Gd-chelates (< 80 %).
[40-43] The maximum ASNR is only 75 + 11% at 20 min post-injection for Magnevist.[44]

We also scanned the 77 images (coronal) of U-87 MG tumor-bearing nude mice at different
slices before or after intravenous injection of ES-GON-rBSA3-LF-RGD?2. The slices with
strongest tumor or liver MRI signals at different time points are summarized in Figure 6 a, b.
It was obvious that the MRI signal in both tumor and liver reaches a maximum at 12 h post-
injection of ES-GON-rBSA3-LF-RGD?2, and it is stronger in tumor than liver. The signal
changes in tumor or liver at different time points are analyzed using ASNR, and Figure 6 ¢, d
shows the quantitative analysis results of tumor and liver. The highest ASNR at 12 h post-
injection is respectively 363 * 63 %, and 283 + 52 % for tumor and liver (* £< 0.05). The
high ASNR values result from the extraordinary relaxivities (r; = 60.8 mM™1s™1, r/r = 1.1)
of ES-GON-rBSA3-LF-RGD2. The higher ASNR in tumor versusthe liver can be attributed
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to the higher ES-GON-rBSA3-LF-RGD2 accumulation in tumor due to the small particle
size (dp = 13.4 nm) and RGD2-based active targeting.

We further evaluated the radiosensitization efficacy of ES-GON-rBSA3-LF-RGD2 on
subcutaneous glioblastoma. Figure 6 e shows the anti-tumor efficacies of ES-GON-rBSA3-
LF-RGD2 on U-87 MG tumor-bearing mice with or without irradiation of X-ray. It is
obvious that the tumors grow very fast without X-ray irradiation no matter whether ES-
GON-rBSA3-LF-RGD?2 is injected or not, which indicates that ES-GON-rBSA3-LF-RGD2
alone is not toxic. However, with X-ray irradiation, the tumor growth could be further
inhibited by the ES-GON-rBSA3-LF-RGD?2 treatment due to its radiosensitization, which
can be ascribed to the high atomic mass of Gd (Z = 64) and generation of ROS. The mouse
survival rates of ES-GON-rBSA3-LF-RGD2+X-ray group are much higher than that of ES-
GON-rBSA3-LF-RGD2 group. The former is always 100 % in 22 days, but the latter is only
20 % on day 20 and 0 % on day 22 (Figure 6 f). The survival curve of “PBS + X-ray” group
in Figure 6 f can be barely seen because it overlaps with the that of the “ES-GON-rBSA3-
LF-RGD2 + X-Ray” group. The relative body weights of the mice with ES-GON-rBSA3-
LF-RGD2 radiosensitization (/.e., group of ES-GON-rBSA3-LF-RGD?2 plus X-Ray
irradiation) are larger than the group of PBS plus X-Ray irradiation (Figure 6 g). The use of
ES-GON-rBSA3-LF-RGD2 mitigated the weight loss of mice by X-ray irradiation because
the tumor growth were well suppressed and the ES-GON-rBSA3-LF-RGD2
radiosensitization reduced the side effects of radiation therapy.

The high ES-GON-rBSA3-LF-RGD2 accumulation in tumor was further confirmed by the
evaluation of /n vivo biodistribution determined by ICP. Figure S16 shows that the Gd levels
are all very low (< 0.5 %ID/qg of tissue) in heart, liver, spleen, lung, kidney, tumor and brain
at 6 days post-injection of ES-GON-rBSA3-LF-RGD?2. This result demonstrates that most of
ES-GON-rBSA3-LF-RGD2 nanoparticles could be excreted from the body resulting in very
low risk of kidney injury caused by Gd. In addition, at 12 h post-injection of ES-GON-
rBSA3-LF-RGD2, the Gd levels are < 0.8 %ID/g of tissue in heart, lung, kidney and brain,
but they are respectively 4.9 £2.4,5.1 + 1.9, and 7.3 + 3.4 %ID/qg of tissue in liver, spleen
and tumor. These results are consistent with the /n vivo T;-weighted MR images (Figure 6
a—d) showing high tumor accumulation of ES-GON-rBSA3-LF-RGD2. The high tumor
accumulation, superhigh r; value, and ultralow r»/r ratio of ES-GON-rBSA3-LF-RGD2
lead to low Gd dosage for theranostic application, which also reduces the risk of kidney
injury caused by Gd.

In vivo toxicity studies

Figure S17 presents the histological analyses of major organs from the subcutaneous tumor-
bearing nude mouse (control), and that with once or thrice intravenous injection of ES-
GON-rBSA3-LF-RGD2 with or without irradiation of X-ray. Comparing with the control,
the tumor-bearing nude mouse after once or thrice injection of ES-GON-rBSA3-LF-RGD2
with or without irradiation of X-ray did not exhibit obvious toxicity of the major organs (/.e.
heart, kidney, liver, lung and spleen), indicating that the biosafety of our radiosensitizing
agent is good even after three doses. In addition, ES-GON-rBSA3-LF-RGD2 treatment
without irradiation of X-ray did not induce therapeutic efficiency to the tumor, but that with
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irradiation of X-ray did result in obvious killing effect of tumor cells. These results reinforce
that our radiosensitizing agent ES-GON-rBSA3-LF-RGD?2 is biocompatible.

Because the requirement of particle size threshold for renal excretion is considered to be ~ 6
nm,[40:45] Although the hydrodynamic size of ES-GON-rBSA3-LF-RGD2 is a little bit large
(dp=13.4 nm), the renal excretion is also applicable to it because the solid particle size is <
5 nm (Figure 3 b).

Because the transplantation of orthotopic glioblastoma mouse model is much more
challenging than that of ectopic subcutaneous glioblastoma mouse model, the above tests
including /n vivo toxicity and /n vivo biodistribution of Gd were first performed using the
subcutaneous glioblastoma model. Then 7;-weighted MRI and radiosensitization studies
were carried out using the orthotopic glioblastoma model (Figure 7, Figure 8, Figure S18,
Figure S19).

3.8. T1l-weighted MRI of orthotopic brain tumors

Figure 7 a—c shows the 7; images of orthotopic brain tumor-bearing nude mice. The MRI
signal of tumors at different time points after intravenous injection of Magnevist is
comparable to that before injection, which indicates that Magnevist cannot enhance the
contrast of orthotopic brain tumors due to the BBB. However, at 8 h post injection of ES-
GON-rBSA3-LF-RGD2 nanoparticles, the contrast of orthotopic brain tumor was enhanced
significantly. The highest ASNR of ES-GON-rBSA3-LF-RGD2 nanoparticles is much
higher than that of Magnevist and ES-GON-rBSA3-RGD2 nanoparticles without
conjugation of LF (Figure S18, *** £< 0.001). These results demonstrate that ES-GON-
rBSA3-LF-RGD2 nanoparticles can transport across the /77 vivo BBB and accumulate in the
orthotopic brain tumors due to the conjugation of LF and RGD2.

3.9. Radiosensitization of orthotopic glioblastoma models

The orthotopic glioblastoma models were established using U87-Luc and U251-Luc cells
according to literatures.[46:47] The treatment efficiency of ES-GON-rBSA3-LF-RGD2 plus
radiotherapy on these two orthotopic glioblastoma models with bioluminescence imaging
was evaluated on days 2, 7 and 14 after treatment. Significant reduction in bioluminescence
signals of glioblastoma after treatment with one dose of ES-GON-rBSA3-LF-RGD2 plus
radiotherapy was observed as shown in Figure 8, S19. However, other treatments (controls)
cannot reduce the glioblastoma growth. In addition, treatment with ES-GON-rBSA3-LF-
RGD2 plus radiotherapy significantly extended mouse survival (Figure 8, S19). The
therapeutic studies on orthotopic glioblastoma models reinforce that ES-GON-rBSA3-LF-
RGD?2 can enhance the radiation therapy of brain tumors as an effective radiosensitizing
agent.

4. Conclusions

In summary, BBB-transportable small-sized gadolinium oxide based nanoparticles were
developed for high contrast MRI and radiosensitization of orthotopic GBM. ES-GON-rBSA
was synthezed in water solutions, resulting in excellent water-dispersibility. RGD2 and LF
were then conjugated to the ES-GON-rBSA to generate composite nanoparticle ES-GON-
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rBSA-LF-RGD2. Due to the LF-mediated transcytosis and the extremely small particle size
(dp=13.4 nm), ES-GON-rBSA3-LF-RGD2 can transport across the /n7 vitro BBB model and
the /n vivo BBB of mice. Because of the integrin a8z mediated endocytosis, ES-GON-
rBSA3-LF-RGD?2 can be internalized into brain tumor cells. The ES-GON-rBSA-FL-RGD2
with extraordinary relaxivities (r; = 60.8 mM™1 s, r»/r; = 1.1) can be used as a strong 73-
weighted MRI contrast agent, which allows for evaluation and monitoring of tumor therapy.
The maximum signal enhancement (ASNR) for 7;-weighted MRI of tumors reached up to
423 + 42 % at 12 h post-injection of ES-GON-rBSA-LF-RGD2, which is much higher than
commercial Gd-chelates (< 80%). Based on the nanoparticle-mediated radiosensitization
studies on cells, subcutaneous and orthotopic glioblastoma models, we believe that ES-
GON-rBSA3-LF-RGD2 nanoparticles are biocompatible, and could be used as effective
radiosensitizing agents to enhance the radiation therapy effects based on the mechanism of
ROS generation.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Scheme for the synthesis of our ES-GON-rBSA and ES-GON-rBSA-FL-RGD?2 (a), and the

mechanism of MRI-guided radiosensitization of brain tumors (b). The ES-GON-rBSA-FL-
RGD2 with extraordinary relaxivities (/, = 60.8 mM™11s71, r»/r; = 1.1) can transport across
the BBB due to its extremely small particle size and LF receptor mediated transcytosis, can
be internalized into brain tumor cells due to RGD?2 receptor (/.e. integrin a 83 mediated
endocytosis, and thus can be used for MRI-guided radiosensitization of brain tumors.
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(a, b): 77 relaxation rate (1/77) (a) or 7, relaxation rate (1/75) (b) plotted as a function of
Cgyfor ES-GON-rBSA3, or ES-GON-rBSA3-LF-RGD2. (¢): 1/ 7; or 1/ T, plotted as a
function of Cgyfor Magnevist®. The magnetic field is 1.5 T.
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Figure 3.

(a,gb): TEM images of ES-GON-rBSA3 (a), and ES-GON-rBSA3-LF-RGD2 (b). (c): Size

distribution of ES-GON-rBSA3 (aj, = 7.8 nm), and ES-GON-rBSA3-LF-RGD2 (dj,=13.4

nm) determined by DLS. (d): Zeta potential measurement of ES-GON-rBSA3 (-22.5 mV),
and ES-GON-rBSA3-LF-RGD2 (-15.2 mV).
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U-87 MG cells

Hoechst 33258 Phalloidin-FITC Rhodamine 6G

Figure 4.
LSCM images of U-87 MG cells incubated with R6G-ES-GON-rBSA3 or R6G-ES-GON-

rBSA3-LF-RGD2 without or with free RGD2 blocking. The blocking study was conducted
in the presence of 200 times of free RGD2. The cells untreated with nanoparticles are used
as the control. The nucleus stained with Hoechst 33258 is blue, and the cytoskeleton stained
with phalloidin-FITC is green. The R6G-loaded nanoparticles are red.
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(a) Magnevist

Figure 5.
7T1-weighted MRI images of healthy mouse brains at different slices pre or post i.v. injection

of Magnevist (a), or ES-GON-rBSA3-LF-RGD2 (b). Gd dose = 5.0 mg/kg.
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Figure 6.

(a, b): Trweighted MRI images of nude mice bearing subcutaneous U-87 MG tumors
showing tumors (a) or livers (b) (slice orient: coronal). (c, d): Quantificational analysis of
subcutaneous tumors (c) and livers (d) after intravenous injection of ES-GON-rBSA3-LF-
RGD2. (e-g): Anti-tumor efficacies of ES-GON-rBSA3-LF-RGD2 on nude mice bearing
subcutaneous U-87 MG tumors with or without irradiation of X-ray (6.0 Gy, 212 kVp)
(mean = SD, n=5). (e): Changes of tumor volume. The mice were respectively treated with
PBS (group 1), PBS plus X-Ray irradiation (group 2), ES-GON-rBSA3-LF-RGD2 (group
3), or ES-GON-rBSA3-LF-RGD2 plus X-Ray irradiation (group 4). * < 0.05, ** P< 0.01,
*** p<0.001. (f): Survival rates of mice. Group 4 vs. group 1: 2= 0.002; group 4 vs. group
3: P=0.002. (g): Changes of the relative mouse body weight. Gd dose = 5.0 mg/kg.

Biomaterials. Author manuscript; available in PMC 2021 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Shenetal. Page 22

(a): Magnevist

Figure 7.
7-weighted MRI images of nude mice bearing orthotopic brain tumors scanned pre or post

1.v. injection of Magnevist (a), ES-GON-rBSA3-RGD?2 (b), or ES-GON-rBSA3-LF-RGD2
(c). The MRI images before injection are identified as “Pre”. The Gd dosage is 5.0 mg/kg
body weight.
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Figure 8.
Bioluminescence images of nude mice bearing orthotopic U87-Luc glioblastoma (a) or

orthotopic U251-Luc glioblastoma (b) with different treatments. The Gd dosage is 5.0
mg/kg. The ES-GON-rBSA3-LF-RGD?2 treatment with irradiation of X-ray induced obvious
therapeutic efficiency to the tumor, but other treatments (control) did not result in
therapeutic efficiency to the tumor.
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Table 1.

rzand romeasured using different MRI scanner systems.

Sample Nomenclature Ho (T)a rp(mM1sy  r, (MM s rfrgb
_ 7.0 36 5.4 15
Magnevist®
15 4.3 4.6 11
7.0 18.6 64.0 34
ES-GON-rBSA3
15 64.5 76.6 1.2
7.0 15.1 59.0 3.9
ES-GON-rBSA3-LF-RGD2
15 60.8 67.3 1.1

aThe r7and rowere determined using a MRI scanner system (7.0 T, Bruker, B-C 70/16 US), or a clinical MRI scanner system (1.5 T, Magnetom
Avanto, Siemens, Germany) (mean = S.D., n=3).
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