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Abstract

Magnetic resonance (MR) imaging is a powerful imaging modality for obtaining anatomical
information with high spatial and temporal resolution. In the drug delivery system (DDS)
framework, nanoparticles such as liposomes are potential candidates for MR imaging. We
validated that RGD peptides are possible targeting molecules for pancreatic cancer with
a,B3 integrin expression. This study aimed to evaluate RGD-modified liposomes loaded with
ferrioxamine B for pancreatic cancer imaging. We synthesized four types of RGD-modified
liposomes encapsulated with ferrioxamine B (SH-, H-, M-, and L-RGD-liposomes). The
binding affinity of RGD-modified liposomes was evaluated in a competitive inhibition study
using '?°l-echistatin. To investigate the pharmacokinetics of RGD-modified liposomes, a
biodistribution study using RGD-liposomes labeled with ''In was carried out in a human
pancreatic cancer PANC-1 xenograft mouse model. Finally, MR was performed using fer-
rioxamine-B-loaded liposomes. RGD-liposomes inhibited the binding of '2l-echistatin to
RGD. The biodistribution study revealed that '''In-RGD-liposomes accumulated signifi-
cantly in the liver and spleen. Among the '"'In-RGD-liposomes, '"'In-H-RGD-liposomes
showed the highest tumor-to-normal tissue ratio. In the MR study, H-RGD-liposomes loaded
with ferrioxamine B showed higher tumor-to-muscle signal ratios than RKG-liposomes
loaded with ferrioxamine B (control). We successfully synthesized RGD-liposomes that can
target a, B3 integrin.

Introduction

Magnetic resonance (MR) imaging is a highly desirable modality in molecular imaging. MR
imaging has superior spatial and temporal resolution than positron emission tomography
(PET) and single-photon emission computed tomography (SPECT). In addition, contrast-
enhanced MR is superior or even at par with computed tomography (CT) for pancreatic
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cancer imaging [1-3]. However, the lower sensitivity of MR to contrast agents compared to
PET/SPECT is a barrier to the successful development of molecular probes for MR with target-
ing abilities.

Using nanoparticles such as liposomes and micelles is a possible strategy for developing
molecular probes for MR imaging [4, 5]. In recent decades, nanoparticles have been exten-
sively used as drug carriers to improve pharmacokinetics or deliver hydrophobic drugs [6, 7].
Moreover, modifying the surface of nanoparticles with peptides or antibodies allows for target-
ing lesion sites, blood vessels, or tumors. Zhang et al. reported that gadolinium diethylenetria-
mine pentaacetic acid (Gd-DTPA) liposomes modified with anti-CD105 antibodies could
detect tumor angiogenesis [8]. Jacobin-Valat et al. synthesized nanoparticles functionalized
with anti-platelet antibodies for the MR of atherosclerotic plaques and demonstrated that
these nanoparticles bound to atheroma plaques [9]. Thus, cell/tissue-specific MR imaging
could be enhanced using nanoparticles conjugated with targeting molecules, such as peptides
and antibodies.

Integrin o,f; is overexpressed in endothelial cells and various tumor cells, including pan-
creatic cancer [10-13] and in a pancreatic ductal carcinogenesis model [14]. In addition, we
previously reported that SPECT using '''In-1,4,7,10-tetraazacylododecane-N,N',N" N’ -tetra-
acetic acid-cyclo-(Arg-Gly-Asp-D-Phe-Lys) (*'In-DOTA-c(RGD{K)) successfully detected
pancreatic cancers in a hamster carcinogenesis model [15]. Therefore, o3 integrin is a poten-
tial target for drug development in pancreatic cancer and brain tumors.

The purpose of this study is to evaluate RGD-modified liposomes loaded with ferrioxamine
B for pancreatic cancer imaging. We synthesized RGD-modified liposomes loaded with Fe-
deferoxamine (ferrioxamine B) for MR imaging. We believe that combining the targeting
capabilities of the RGD peptide and drug delivery system (DDS) of liposomes could improve
MR imaging detection of intractable tumors, such as pancreatic cancer and brain tumors.

Methods
Thiolation of c(RGDfK)

Thiolation of c(RGDfK) was conducted as described in a previous report (Fig 1) [16]. As previ-
ously reported, both c(RGDfK) and ¢(KGfDR) as a control peptide (RKG) were synthesized
[17]. Briefly, 50 pmol of c((RDGfK) was dissolved in 10 mL of 0.5 M borate buffer (pH 8.5).
Next, 70 pmol of N-succinimdyl S-acetylthioacetate (SATA) in dimethyl sulfoxide (DMSO)
(1.2 mL) was added. The solution was stirred at room temperature (RT) for 1 h, after which 1
mL of 2% trifluoroacetic acid (TFA) in H,O was added to terminate the reaction. The solvent
was then removed in vacuo to yield SATA-c(RGDfK) as a white solid (21 mg). Subsequently, 2
mL of 0.5 M NH,OH-HCl was added to 50 pmol of SATA-c(RGDfK) in H,O (5 mL), and the
pH was adjusted to pH 6.0, using 0.5 M NaOH. The resulting solution was stirred at RT for 1 h
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Fig 1. Synthetic scheme of ¢((RGDfK)-SH. To introduce thiol into c(RGDfK), SATA was conjugated to c(RGDfK).
Subsequently, the sulthydryl group was deprotected using hydroxylamine.

https://doi.org/10.1371/journal.pone.0310984.9001
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and then purified using high pressure liquid chromatography (HPLC) on a Cosmosil 5C18
AR-II (10 x 250 mm; Nacalai, Kyoto, Japan). It was eluted using a gradient of solvent A (0.1%
TFA in water) and solvent B (0.1% TFA in CH;CN), ramping from 15% to 35% solvent A over
20 min while maintaining a flow rate of 5 mL/min. Finally, the resulting solution was lyophi-
lized to yield c(RGDfK)-SH (19 mg, yield: 56.4%).

Synthesis of ferrioxamine B (a complex of Fe and deferoxamine)

To obtain ferrioxamine B, 70 mM FeCl; in water (100 uL) was added to 7.7 umol deferoxamine
mesylate (Sigma-Aldrich). The solution was then purified using a Sep-Pak C18 cartridge
(Waters, Milford, MA, USA). The solution was passed through the cartridge, which was then
washed with water. Ferrioxamine B was eluted using 50% methanol and the eluent was
lyophilized.

Synthesis of liposomes encapsulated with ferrioxamine B or deferoxamine

Liposomes composed of 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), cholesterol, N-
(carbonyl-methoxypolyethyleneglycol 2000)-1,2-distearoyl-sn-glycero-3-phosphoethanola-
mine (mPEG-DSPE), and maleimide-mPEG-DSPE were prepared using a thin-film hydration
method [18, 19].

Briefly, the lipids were dissolved in chloroform and the solvent was evaporated. The molar
ratio of the lipids was as follows: DSPC:cholestero:mPEG-DSPE = 48.9:44.4:6.67. The amount
of RGD modification was regulated by changing the ratio of maleimide-mPEG-DSPE to the
total mPEG-DSPE (Table 1). The dried lipid film was hydrated in 100 mM ferrioxamine B for
MR imaging or 6.4 mM deferoxamine for '''In labeling and dissolved in 30 mM HEPES/5%
mannitol buffer (pH 7.4) at 60°C. The lipid dispersion was extruded 15 times through layered
0.2-um polycarbonate filters to prepare 100-nm-diameter liposomes. The liposomes were then
purified via Sephadex G-50 column chromatography (GE Healthcare Japan Ltd., Tokyo,
Japan) to remove non-encapsulated ferrioxamine B and deferoxamine. The phospholipid con-
centration of liposomes was measured using a commercially available assay kit (Phospholipid
C-Test Wako; Wako Pure Chemicals, Osaka, Japan). The amount of Fe was measured using
liquid chromatography-mass spectrometry (LC/MS) analysis. LC/MS analysis was performed
on a Prominence UFLC system (Shimadzu, Kyoto, Japan)-API 3200 (AB SCIEX, Toronto,
Canada). The amount of Fe encapsulated in the liposomes was 15.18 + 1.23 pug/umol lipid.

Coupling of RGD or RKG peptides to liposomes

To prepare ¢(RGDfK) or c(KGfDR)-modified liposomes (generating RGD-liposomes and
RKG-liposomes, respectively), c(RGD{K) or c(KGfDR) was conjugated to the liposomes via
sulthydryl-maleimide coupling [16]. Briefly, thiolated peptides (74 nmol) were added to the
liposome solutions (6.7 nmol as maleimide). The ratios of maleimide-mPEG-DSPE were

Table 1. Lipid composition of the liposomes.

DSPC Cholesterol mPEG-DSPE Maleimide-mPEG-DSPE
......SH-RGD-liposome 48.9% 44.4% e 333% 333%
H-RGD-liposome 6.33% 0.33%
___________ RKG-liposome
_________ M-RGD-liposome e 850% O
<o L-RGDdiposome SO ... SN I, 007% e
NT-liposome 6.67% 0.00%

https://doi.org/10.1371/journal.pone.0310984.t001
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Fig 2. Particle size distribution curves of RGD-liposomes and NT-liposomes.

https://doi.org/10.1371/journal.pone.0310984.9002

3.33% for SH-RGD-liposomes, 0.33% for H-RGD-liposomes, 0.17% for M-RGD-liposomes,
0.07% for L-RGD-liposomes, and 0.33% for RKG-liposomes (Table 1). The pH levels of the
solutions were adjusted to 7.5 with 0.5 M borate buffer (pH 8.5) and stirred at RT for 2 h.
Uncoupled peptides were separated from the liposomes via ultracentrifugation (100,000 rpm,
20°C, 20 min). The liposomes were then washed twice with phosphate-buffered saline. The
particle sizes of the RGD/RKG-liposomes and NT-liposomes were 103.7 + 3.9 nm and

103.2 £ 1.5 nm, respectively (Fig 2).

Cell culture and animal model

The human pancreatic ductal carcinoma cell line (PANC-1; American Type Culture Collec-
tion, Manassas, VA, USA) was used in this study. PANC-1 cells were cultured in Dulbecco’s
modified Eagle’s medium (4.5 g/L glucose; Invitrogen, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum and maintained at 37°C in a humidified atmosphere of 5% CO,
in air. Animal studies were conducted using SCID mice (CB17/ICr-scid/scid Jcl, 5-7 weeks
old; CLEA Japan) bearing PANC-1 cells. Mice were xenografted subcutaneously with 5 x 10°
PANC-1 cells into the right dorsum to establish the animal model. All experiments were con-
ducted in accordance with the ARRIVE guidelines (https://arriveguidelines.org). The study
protocol was received approval from the Committee for Ethics of Animal Experimentation at
the National Cancer Center (K15-011). Animal experiments adhered to the committee’s
Guidelines for the Care and Use of Experimental Animals. All invasive procedures were per-
formed under isoflurane anesthesia to alleviate suffering.

Cell-binding assay for liposomes

The binding affinities of the liposomes to o, ; integrin were assessed using a competitive cell-
binding assay [16]. '*’I-echistatin was used as a radioligand for o, integrin. Initially, 2 x 10
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PANC-1 cells were incubated with 74 kBq '*’I-echistatin and liposomes in cell-binding buffer
(25 mM Tris-HCI, 150 mM NaCl, 1 mM CaCl,, 0.5 mM MgCl,, 1 mM MnCl,, and 0.1% poly-
ethyleneimine; pH 7.4). The lipid concentration of the liposomes ranged from 0.01 uM to 1
mM in this experiment. After 2 h of incubation, the cells were filtered through GF/B filter
papers using a Brandel cell harvester (Brandel, Hertfordshire, UK), followed by five washes
with 3 mL of cell-binding buffer. After the filters were dried, their radioactivity was measured
using an automated gamma counter (2480 WIZARD, Perkin Elmer Japan, Kanagawa, Japan).
The ICso (50% inhibitory concentration) values were obtained by fitting the data using nonlin-
ear regression with GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA).

""'In labeling of liposomes

Liposomes were radiolabeled using a remote loading method [18, 20]. To prepare '''In-oxine
complexes, '''In-InCl; was mixed with 0.5 mM oxine (8-quinolinol) in EtOH and incubated
in 0.5 M acetate buffer (pH 6.0) for 30 min at 37°C. Deferoxamine-encapsulated liposomes
were then incubated with the '''In-oxine solution for 30 min at 37°C. Excess '''In-oxine was
removed via ultracentrifugation (100,000 rpm, 20°C, 20 min). Afterward, the liposomes were
washed twice with saline.

Biodistribution studies

The biodistribution of RGD-modified liposomes loaded with '*'In was evaluated in a PANC-1

xenograft model. Mice were injected with 37 kBq of '''In-liposomes via the tail vein (n = 4 for
each time point). At designated time intervals, mice were euthanized by cervical dislocation
under deep isoflurane anesthesia, and their organs were dissected. The tissues were weighed,
and their radioactivity was measured using an automated gamma counter. Data were calcu-
lated and reported as the percentage of the injected dose per gram of tissue.

MR imaging with ferrioxamine B-loaded liposomes

MR imaging using H-RGD- and RKG-liposomes loaded with ferrioxamine B was performed
in a PANC-1 xenograft model. First, ferrioxamine B-loaded liposomes (0.42-0.48 mg Fe) were
injected via the tail vein of the mice. The mice were then anesthetized during MR imaging,
which was performed using a 9.4-Tesla animal scanner (Biospec 94/20 USR; Bruker BioSpin,
Ettlingen, Germany) equipped with an 8-channel multi-array coil (Mouse Body Array Coil,
Bruker BioSpin, 72 mm ID) at 4 and 24 h post-injection (pi). T;-weighted images were
acquired with a fast spin-echo pulse sequence using the following parameters: repetition time,
476 ms; echo time, 8.7 ms; flip angle, 90°; in-plane resolution, 156 um x 156 pm; slice thick-
ness, 1 mm; and number of excitations, 4.

To evaluate the contrast enhancement in the tumor after administering ferrioxamine B-
encapsulated liposomes, the tumor-to-muscle signal ratios were calculated using Image]J soft-
ware (available from http://imagej.nih.gov/ij, Bethesda, MD) as follows. On the slice section
containing the maximum diameter of the tumor, regions of interest (ROIs) were manually
placed on the tumor and paraspinal muscle. Subsequently, the average pixel values of the indi-
vidual ROIs were recorded as signal intensities. The relative intensity of the tumor was calcu-
lated as the signal intensity of the ROI in the tumor divided by the signal intensity of the ROI
in the paraspinal muscle.

The Tj relaxivity values of the ferrioxamine B solution and ferrioxamine B-loaded liposome
suspensions were measured using the same MR imaging scanner described above. MR images
of the phantoms containing either ferrioxamine B solution with various iron concentrations
(0-1.2 mM, six steps) or ferrioxamine B-loaded liposome suspensions with equivalent iron
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concentrations were acquired with a fast spin-echo pulse sequence (RARE T1 T2 map; Bruker
Biospin) using the following parameters: repetition times, 200-5500 ms (in six steps); echo
times, 10-90 ms (in five steps); flip angles, 90°; in-plane resolution, 156 x 156 um,; slice thick-
ness, 1 mm; and number of excitations, 1. T, maps were generated using software equipped
with the MR imaging scanner. The inverses of the T} relaxation times of the phantoms were
plotted as a function of the iron concentration. After applying least-square fitting to the plots,
we recorded the slope values as the T} relaxivity values of the ferrioxamine B solution and fer-
rioxamine B-loaded liposome suspensions.

Statistical analysis

Data were analyzed using GraphPad Prism 9 (GraphPad Software). Differences between
groups were analyzed using a two-way analysis of variance, followed by Dunnett’s test or Sidak
test for multiple comparisons. Statistical significance was set at p < 0.05 (*p < 0.05, **p < 0.01,

**%p < 0.001, and ****p < 0.0001). Data are presented as mean + standard deviation.

Results
Specific binding of RGD-liposomes to a3 integrin

To estimate the binding ability of RGD-liposomes to o.,3; integrin, an inhibition study of
'**I-echistatin was carried out using PANC-1 cells that have a high expression of o, B; integ-
rin. The results showed that RGD-liposomes dose-dependently inhibited the binding of *°I-
echistatin to PANC-1 cells (Fig 3, S1 in S1 File). In addition, the binding of statins was
strongly inhibited depending on the amount of RGD muodification on liposomes. The ICs,
values were 6.67 = 2.11 pM, 20.09 + 5.86 uM, 42.66 + 10.92 uM, and 70.63 + 18.59 uM for
SH-RGD-liposomes, H-RGD-liposomes, M-RGD-liposomes, and L-RGD-liposomes, respec-
tively. In contrast, the RKG-modified liposomes and NT-liposomes did not inhibit the bind-
ing of '*’I-echistatin to PANC-1 cells.

150+

-@- SH-RGD-liposome
- H-RGD-liposome

_ 1004 —A&~ M-RGD-liposome

o

g ¥- L-RGD-liposome

o

S RKG-liposome

° :

* 504 ®- NT-liposome

0 T T T T T T ]

10-¢ 10 107 10-% 105 10~* 10=° 102
Lipid concentration

Fig 3. Inhibition of "**I-echistatin binding to a,f; integrin on PANC-1 cells by RGD-, RKG-, and NT-liposomes
(n = 3). The x-axis represents the concentration of the liposomal membrane lipid. The RGD-liposomes dose-
dependently inhibited the binding of '**I-echistatin to PANC-1 cells in a dose-dependent manner. However, no
inhibition was observed with RKG- or NT-liposomes.

https://doi.org/10.1371/journal.pone.0310984.g003
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Biodistribution of '''In-RGD- and "' In-NT-liposomes

Biodistribution studies indicated the rapid clearance of '''In-SH-RGD-liposomes from blood
(0.41 £ 0.10% ID/g at 4 h) and low tumor uptake (0.44 + 0.12% ID/g at 4 h). A significant accu-
mulation of radioactivity in the spleen was observed with increasing amounts of RGD modifica-
tion: 170.42 + 33.28% ID/g for "' In-NT-liposomes, 300.29 + 18.57% ID/g for '''In-L-RGD-
liposomes, 403.92 + 27.69% ID/g for '''In-M-RGD-liposomes, and 391.31 +12.72% ID/g for
""In-H-RGD-liposome at 24 h (Fig 4, S2 in S1 File). While ''In-NT-liposomes exhibited the
highest tumor uptake (2.80 + 0.53% ID/g) at 24 h, the RGD-modified liposomes showed the low-
est tumor uptake (2.21 + 0.29 for '''In-L-RGD-liposomes, 2.27 + 0.30 for "' In-M-RGD-lipo-
somes, 1.52 + 0.35 for '''In-H-RGD-liposomes % ID/g). However, the tumor-to-blood (T/B) and
tumor-to-muscle (T/M) ratios for the '''In-H-RGD-modified liposomes were the highest among
all the liposomes used in this study (3.71 £ 0.79 and 8.10 * 2.25, respectively; Fig 5, S3 in S1 File).

20 - 60 - 500 -
18 | u NT-liposome 450 |
u L-RGD-liposome 50 4 T
16 = M-RGD-liposome HT 400 4
14 4 u H-RGD-liposome 40 350 4
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6 <Y 150 1
4 10 | 100
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S & F S & AR N & S i
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Fig 4. Biodistribution of """ In-RGD-liposomes and '"'In-NT-liposome in PANC-1 xenograft-bearing nude mice
at 24 h post-injection (n = 3-4). Results are expressed as the percentage of the ID/g tissue. The '''In-NT-liposome
showed the highest accumulation in both tumor and blood. Among the '*'In-RGD-liposomes, the '"'In-H-RGD-
liposome showed the lowest accumulation in these tissues. Accumulation in the spleen varied with the degree of RGD
peptide modification on the liposomes.

https://doi.org/10.1371/journal.pone.0310984.9004
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Fig 5. Tumor-to-blood, -pancreas, and -muscle ratios of '''In-RGD-liposomes and "' In-NT-liposomes in PANC-
1 xenograft-bearing nude mice at 24 h post-injection (n = 4). Tumor to normal tissue ratios were calculated from the
biodistribution data.

https://doi.org/10.1371/journal.pone.0310984.9005
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MR imaging

Fig 6a and 6b show representative MR images of the PANC-1 xenograft after administration
of either H-RGD-liposomes loaded with ferrioxamine B or RKG-liposomes loaded with fer-
rioxamine B. Before administration, the PANC-1 xenograft exhibited an equivalent signal
intensity compared to the muscle, thereby giving a tumor-muscle ratio of approximately 1.0.
After administering H-RGD-liposomes loaded with ferrioxamine B, the tumor-muscle ratio
reached 1.31 + 0.16 and 1.39 + 014 at 4 and 24 h, respectively. In contrast, the tumor-muscle
ratio only increased slightly to 1.08 + 0.05 at 4 h after administration of RKG-liposomes loaded
with ferrioxamine B. However, it remained unchanged (1.08 + 0.04) at 24 h (Fig 6¢, S4 in S1
File). Visually, H-RGD-liposomes loaded with ferrioxamine B enhanced the signals, especially
in the tumor margin, whereas RKG-liposomes loaded with ferrioxamine B did not. The T}
relaxivity values of the ferrioxamine B solution and ferrioxamine B-loaded liposome suspen-
sion were 2.6 and 1.9 mM ™" sec™’, respectively.

Pre 24 hp.i

15 | l ++#++ H.RGD-liposome
@ 14 | e —8— RKG-liposome
Cq3 | 7
=
12 + @

0 4 8 12 16 20 24
Time after injection (h)

Fig 6. MR imaging (9.4 T) of PANC-1 xenograft-bearing scid mice. (a) RARE T; MR images after treatment with
H-RGD-liposomes loaded with ferrioxamine B. Open arrowheads indicate enhanced areas. (b) RARE T; MR images
after treatment with RKG-liposomes loaded with ferrioxamine B. (c) Tumor-to-muscle signal (T/M) ratios for
H-RGD- and RKG-liposomes loaded with ferrioxamine B (n = 3).

https://doi.org/10.1371/journal.pone.0310984.9006
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Discussion

Liposomes that can encapsulate drugs are potential candidates for drug delivery systems. Lipo-
somal doxorubicin and irinotecan have already been used for cancer treatment [21, 22]. In
addition, liposomes can be modified with antibodies and peptides to enhance their targeting
ability [23-26]. In this study, we successfully synthesized RGD-modified liposomes loaded
with ferrioxamine B to improve imaging contrast of pancreatic cancers in MR imaging.

The ratio of maleimide-mPEG-DSPE was adjusted to regulate the amount of RGD modifi-
cation. Although we did not quantitatively determine the exact amount of modified RGD, the
increased inhibition of '*’I-echistatin binding by the H-RGD-liposomes compared to the M-
or L-RGD-liposomes suggests effective control over RGD modification. We achieved this by
varying the amount of maleimide-mPEG-DSPE. Conversely, Kluza et al. controlled the modi-
fication of RGD and anginex on liposomes by altering the peptide amounts [19]. They demon-
strated that liposomes heavily modified with peptides were more readily taken up by human
umbilical vein endothelial cells. This suggests that sulthydryl-maleimide coupling is a suitable
method for regulating peptide or antibody conjugation to nanoparticles.

Inhibition experiments against '*’I-echistatin also showed an increased binding affinity
with increasing c(RGDfK) concentration. In contrast, the binding affinity of RKG-liposomes
and unmodified liposomes was not observed in this study. These results suggest that the RGD-
liposomes specifically bind to o5 integrin, and the binding capacity is dependent on the
amount of modification. Previous studies have shown that the multimerization of RGD pep-
tides enhances their binding affinity [27, 28]. Thus, increasing the modification of c((RGDfK)
on the small surface of the liposomes would result in the same effect as multimerization, lead-
ing to enhanced binding affinity.

The biodistribution of liposomes encapsulated with '''In was evaluated in our current
model. The H-RGD-liposomes showed the highest T/N ratio, although their tumor uptake was
lower than the other liposomes. The other liposomes showed high radioactivity in the blood,
which contributes to tumor uptake, indicating nonspecific accumulation in tumors. Therefore,
H-RGD-liposomes are possible candidates for o, f; integrin-targeting MR imaging agents.

Surprisingly, the biodistribution of liposomes with or without RGD peptides differed con-
siderably. RGD conjugation did not enhance tumor targeting of the liposomes. This may be
ascribed to increased spleen uptake, resulting in decreased blood radioactivity. The blood
clearance of the ' 'In-NT-liposomes was very slow (14% at 24 h), leading to elevated tumor
uptake. Conversely, RGD-liposomes were rapidly eliminated from the blood, depending on
the extent of RGD modification. This rapid elimination could be due to their uptake in the
spleen, as the splenic uptake of '''In-M- or H-RGD-liposomes was more than twice that of
"'In-NT-liposomes. In '"'In-NT-liposomes, the PEG chains form a hydration field and
inhibit the adsorption of opsonic molecules through steric hindrance, preventing their capture
by the reticuloendothelial system [29-32].

However, in '''In-RGD-liposomes, it is believed that the c((RGDfK) moieties at the tips of
the PEG molecules interfere with the formation of this hydration field. There have been some
reports of RGD-modified liposomes that encapsulate anti-cancer drugs and small interfering
RNA [33-36]. However, these studies did not evaluate the pharmacokinetics of these drugs. Li
et al. reported that the RGD10 modification of liposomes enhanced their blood clearance [37].
In their study, the amount of RGD modification was approximately 0.15% of the total lipids,
which was equivalent to that in the M-RGD-liposomes in the current study. This study
strongly supports our result that RGD modification hampers the water layer by PEG.

Encapsulated H-RGD-liposomes showed improved contrast enhancement compared to
RKG-liposomes, indicating that RGD modification could enhance the tumor-targeting ability
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of liposomes. Unfortunately, the T relaxation time shortening effect was limited, although we
successfully entrapped a high concentration of ferrioxamine B into the liposomes. We specu-
lated that this could be because the encapsulation of ferrioxamine B restricts the interaction
between ferrioxamine B and the protons of water molecules in small spaces such as liposomes.
It is believed that the T1 relaxivities of the ferrioxamine B-encapsulated liposomes are lower
than those of clinically used Gd-DTPA (R1 =7.7 mM! sec’!), which could lead to less distinct
enhancement on the MR images.

To enhance the relaxivity of liposomes, one approach could be the encapsulation of Gd-
DTPA. Alternatively, utilizing magnetic materials that exhibit strong T2 relaxation effects
could be effective. This effect results not only from the material’s magnetic susceptibility but
also from its interaction with the protons of water molecules. For instance, the utilization of
superparamagnetic iron with strong T, relaxivities (R2 = 250 mM " sec™") could overcome this
issue [38]. Recently, superparamagnetic liposomes encapsulated in y-Fe,O3 have been used as
MR contrast agents [4, 39, 40].

In tumor imaging and therapy, pharmacokinetics and targeting ability are pertinent for
drug development. In this study, we successfully conferred targeting capability to liposomes
through RGD conjugation. However, we found that RGD reduces the effectiveness of PEG on
the liposome surface. To improve the pharmacokinetics of RGD-liposomes, it is necessary to
optimize the RGD concentration on the liposome surface to avoid disrupting the formation of
the hydration field.

Conclusions

We successfully developed RGD-modified liposomes that could target pancreatic cancer cells
via the a,B; integrin. Unfortunately, '''In-RGD-liposomes exhibited increased uptake in the
spleen and low tumor uptake, leading to limited tumor contrast enhancement. To improve
these pharmacokinetics, are necessary, including optimizing RGD modification and exploring
the use of ferromagnet materials like superparamagnetic iron to enhance contrast. Overcom-
ing these challenges could remarkably advance the use of RGD-liposomes in diagnosing and
treating pancreatic cancer.
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