Journal of Controlled Release 354 (2023) 208-220

Contents lists available at ScienceDirect = journalof
@ controlled
I

Journal of Controlled Release

FI. SEVIER

journal homepage: www.elsevier.com/locate/jconrel

Check for

Multiple CEST contrast imaging of nose-to-brain drug delivery using e
iohexol liposomes at 3T MRI

Lok Hin Law ™', Jianpan Huang ™', Peng Xiao ", Yang Liu?, Zilin Chen?, Joseph H.C. Lai 4
Xiongqi Han®, Gerald W.Y. Cheng”, Kai-Hei Tse”, Kannie W.Y. Chan ®%®%%%"

& Department of Biomedical Engineering, City University of Hong Kong, Hong Kong, China

Y Department of Health Technology and Informatics, The Hong Kong Polytechnic University, Hong Kong, China

€ Russell H. Morgan Department of Radiology and Radiological Science, Johns Hopkins University School of Medicine, Baltimore, MD, United States
d City University of Hong Kong Shenzhen Research Institute, Shenzhen, China

€ Tung Biomedical Science Centre, City University of Hong Kong, Hong Kong, China

f Hong Kong Centre for Cerebro-cardiovascular Health Engineering, Hong Kong, China

ARTICLE INFO ABSTRACT

Keywords: Image guided nose-to-brain drug delivery provides a non-invasive way to monitor drug delivered to the brain,
CEST MRI and the intranasal administration could increase effective dose via bypassing Blood Brain Barrier (BBB). Here, we
Nose-to-brain drug delivery investigated the imaging of liposome-based drug delivery to the brain via intranasal administration, in which the
Eﬁ:izllne liposome could penetrate mucus and could be detected by chemical exchange saturation transfer (CEST) mag-

netic resonance imaging (MRI) at 3T field strength. Liposomes were loaded with a computed tomography (CT)
contrast agent, iohexol (Ioh-Lipo), which has specific amide protons exchanging at 4.3 ppm of Z-spectrum (or
CEST spectrum). Ioh-Lipo generated CEST contrasts of 35.4% at 4.3 ppm, 1.8% at —3.4 ppm and 20.6% at 1.2
ppm in vitro. After intranasal administration, these specific CEST contrasts were observed in both olfactory bulb
(OB) and frontal lobe (FL) in the case of 10% polyethylene glycol (PEG) Ioh-Lipo. We observed obvious increases
in CEST contrast in OB half an hour after the injection of 10% PEG Ioh-Lipo, with a percentage increase of 62.0%
at 4.3 ppm, 10.9% at —3.4 ppm and 25.7% at 1.2 ppm. Interestingly, the CEST map at 4.3 ppm was distinctive
from that at —3.4 pm and 1.2 ppm. The highest contrast of 4.3 ppm was at the external plexiform layer (EPL) and
the region between left and right OB (LROB), while the CEST contrast at —3.4 ppm had no significant difference
among all investigated regions with slightly higher signal in olfactory limbus (OL, between OB and FL) and FL, as
validated with histology. While no substantial increase of CEST contrast at 4.3 ppm, —3.4 ppm or 1.2 ppm was
observed in OB and FL when 1% PEG Ioh-Lipo was administered. We demonstrated for the first time the
feasibility of non-invasively detecting the nose-to-brain delivery of liposomes using CEST MRI. This multiple-
contrast approach is necessary to image the specific distribution of iohexol and liposome simultaneously and
independently, especially when designing drug carriers for nose-to-brain drug delivery.

Polyethylene glycol

1. Introduction administration compared to oral administration or intravenous injection

[5-7]. Direct intracerebral or intrathecal administration could increase

Drug delivery to the central nervous system (CNS) is challenging due
to the presence of blood-brain-barrier (BBB), since most therapeutic
molecules cannot pass through the BBB from the bloodstream [1-4].
Thus, oral and intravenous administrations are ineffective [2,5]. Intra-
nasal drug delivery provides an alternative route to enhance the effi-
ciency of drug delivery to the brain via bypassing the BBB. Many studies
have reported increased effective dose to the brain by intranasal

the effective dose, however, it can be highly invasive and lead to other
complications [8-10]. Moreover, intranasal delivery is also a common
administration route for vaccination [11]. The only barrier in the
intranasal cavity is the mucus. One way to facilitate mucus penetration
is to incorporate sufficient percentage of polyethylene glycol (PEG) onto
liposomes. Nanoparticles with dense coating of PEG can effectively
avoid mucoadhesion and achieve rapid mucus penetration [12-14].
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Hanes et al. have shown that increasing PEG content of polymeric par-
ticles could lead to the formation of hydrophilic and nearly neutrally
charged polymeric particles, which can effectively avoid mucoadhesion
by reducing hydrophobic or electrostatic interactions [15,16]. These
mucus penetrating particles achieved rapid mucus penetration
[13,14,17,18]. They have also shown that increasing PEG content in
polymeric particles is one of the strategies to achieve mucus penetration
in lung or airway [19,20]. Liposome is a versatile drug carrier that has
an aqueous core and lipid bilayer for both hydrophilic and hydrophobic
drugs respectively. It enables a relatively high local concentration and a
sustainable release of drugs [21]. Furthermore, lipid-based nano-
particles could enhance brain targeting [22,23]. Our previous studies
demonstrated that >7 mol%-PEG liposomes provide improved mucus
penetrating ability and distribution compared to 0 and 3 mol%-PEG li-
posomes, measured by Chemical Exchange Saturation Transfer (CEST)
contrast generated by intraliposomal barbituric acid (BA) [12,24]. Li-
posomes with ~7 mol%-PEG were coated with brush-like PEG chains,
forming effective surface shielding and achieving the best mucus
penetrating ability among 0-12 mol%-PEG liposome formulations [12].

Non-invasive methods for imaging the drug delivery and bio-
distribution in the brain could provide valuable information for treat-
ment refinements, such as liposomes [25,26]. In particular, it enables
the assessment of delivery pathway and amount of drug delivered to
specific brain regions, which could inform the design of delivery vehi-
cles to improve delivery and bioavailability. CEST is a molecular
contrast mechanism in magnetic resonance imaging (MRI), which en-
ables sensitive and non-invasive detection of molecules via their
exchangeable protons [27,28]. CEST MRI has been applied for imaging
endogenous proteins [29-31] and a variety of molecules, such as glucose
[32-34], creatine [35,36] and glutamate [36,37]. One advantage of
CEST is to detect molecules in their natural forms in vivo without
additional metallic or radioactive labels [27,28], for example, the amide
protons of proteins [29-31] and the hydroxyl protons of glucose
[32-34,38,39]. Due to its non-invasive nature, CEST MRI has become a
common examination for assessing brain tumors at multiple sites
[40-42]. In addition to the endogenous CEST contrasts, many molecules
or agents that are approved for clinical use contain CEST detectable
protons. For example, computed tomography (CT) contrast agents have
been reported to serve as CEST contrast agents in the presence of amide
protons, in particular, they were applied to facilitate pH imaging in
cancers [43-45]. Many studies also reported that CT agents have strong
CEST contrasts at multiple offsets of the Z-spectrum (CEST spectrum
acquired for characterization of contrast) [43,46-48]. Chen et al. have
developed a CT and CEST MRI bimodal imaging to monitor iodinated
liposomes and found that iodixanol-loaded liposomes exhibited strong
CEST contrasts at 4.3 ppm (amide protons) and 1.0 ppm (hydroxyl
protons) with similar contrast and magnitude to their non-liposomal
form [49]. Moreover, the water accessibility and size of liposomes can
be tailored to further enhance the CEST contrast and facilitate the im-
aging of multiple CEST contrast [21,50]. The ability to detect multiple
exchangeable protons at the same time is another advantage of CEST
MRI [50-52].

In our previous study, we have demonstrated that this multiple
contrast is a robust approach to monitor different release rates of drug
and liposome, simultaneously and independently [51]. The CEST
contrast at —3.4 ppm attributed to the phospholipid bilayers of lipo-
somes could be used to monitor the amount of liposomes delivered
[21,51]. Conventionally, relayed nuclear Overhauser effect (rNOE) re-
fers to the CEST contrast from 0 ppm to —5 ppm, which is related to the
aliphatic protons and their relayed exchange with water [27]. In the
brain, rNOE provides valuable information about changes in mobile
proteins/lipids and potentially bound molecules in vivo [53-58], for
example, imaging brain tumor [58], stroke [55] and demyelination in
multiple sclerosis [56,57].

Herein, we developed a CEST detectable liposome that can penetrate
mucus for imaging and tracking the intranasal drug delivery from nose
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to brain at 3T MRI (Fig. 1). Multiple CEST contrasts of iohexol loaded
liposome (Ioh-Lipo) at 4.3 ppm, 1.2 ppm and —3.4 ppm could be applied
to monitor iohexol and liposome independently in both phantom and in
vivo. We also studied the biodistribution of iohexol and liposome in
specific regions in olfactory bulb (OB) and frontal lobe (FL) after
intranasal administration, which was validated by histology. Our study
demonstrated the potential of image-guided nose-to-brain liposomal
drug delivery using molecular CEST MRI.

2. Materials and methods

CT Contrast agents (iohexol) were purchased from GE Healthcare
Life Sciences (Pittsburg, PA). 1,2-distearoyl-sn-glycero-3-phosphocho-
line (DSPC), 1,2-distearoyl-sn-glycero-phosphoethanolamine poly
(ethylene glycol) 2000 (DSPE-PEG-2000), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N (lissamine rhodamine B sulfonyl) and choles-
terol were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).
Sephadex G50 columns were bought from GE Healthcare Life Sciences
(Pittsburg, PA). RPMI 2650 cell line was purchased from ATCC (Mana-
ssas, VA). Eagle’s Minimum Essential Medium (EMEM), phosphate-
buffered saline (PBS, pH 7.4), fetal bovine serum (FBS), penicillin-
streptomycin and trypsin were all purchased from Gibco, Invitrogen.
4’,6-diamidino-2-phenylindole (DAPI) was purchased from Thermo
Fisher Science (Waltham, MA). All the chemicals and solvents used in
the study were of analytical grade and purchased from Sigma-Aldrich
(St. Louis, MO, USA). Deionized water was used throughout the
experiments.

2.1. CT agent solution preparation

In our study, CT agent iohexol (MW = 821.138 g/mol) was prepared
for the in-vitro experiment. 700 pl iohexol solution with concentration
of 647 mg/ml (787.9 mM) was dissolved in 500 pl distilled water in 7.0
PH to prepare a 459.6 mM iohexol solution.

2.2. Iohexol-loaded liposome preparation

Iohexol encapsulated liposome (Ioh-Lipo) was prepared through thin
film hydration [21], and extrusion method using a formulation of DSPC:
cholesterol:DSPE-PEG2000:thodamine = 50:40:10:0.18 for 10% PEG
Ioh-Lipo, and 55:44:1:0.18 for 1% PEG Ioh-Lipo. This formulation was
designed with reference to the clinical formulation of Doxil [59], in
which DSPC and cholesterol formed a stable phospholipid bilayer
[60-62]; DSPE-PEG2000 was coated on the surface of liposomes to
enhance the mucus penetration; and rhodamine B was added to enable
the histological analysis of the liposome distribution in the brain. Lipid
mixture was dissolved in chloroform and evaporated to form a dry ho-
mogeneous thin film layer by a rotary evaporator (Heidolph, Schwa-
bach, Germany). The lipid film was then rehydrated with the CT contrast
agents (700 pl of iohexol with 500 pl distilled water) with temperature
higher than the transition temperature of the lipid, and sonicated for 30
min to form large multilamellar liposomes (MLVs). The solution was
finally extruded through 400 nm polycarbonate membranes for 15 times
then through 200 nm polycarbonate membranes for another 15 times to
obtain the resultant liposome with size <150 nm. For 10% PEG Ioh-Lipo
with size > 200 nm, liposome solution only passed through the 400 nm
membrane. The unloaded agent of the resultant liposome solution was
filtered through Sephadex G-50 gel columns twice before imaging.

2.3. Liposome characterization

The size, polydispersity index (PDI) and surface charge of liposomes
were measured by dynamic light scattering (DLS) at room temperature
by Zetasizer (Malvern Instruments, UK). The particle concentration was
measured by Nanosight (Malvern Instruments, UK).
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Fig. 1. Schematic illustration for the development of multiple CEST contrast imaging of nose-to-brain drug delivery. Structure of CT contrast agent (iohexol) loaded
mucus penetrating liposomes (10% PEG Ioh-Lipo), which have CEST detectable exchangeable protons, including -NH and -OH of iohexol (in green), phospholipid
bilayer (in purple) and -OH on PEG (in red). Their corresponding distributions in the brain are represented by CEST maps at 4.3 ppm, —3.4 ppm and 1.2 ppm,
respectively. Created with BioRender.com (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2.4. Iohexol release study

The loading of iohexol in liposomes was estimated by measuring the
UV absorbance at 245 nm using UV-VIS spectrometer (PerkinElmer, MA,
USA). Ioh-Lipo was treated with Triton X-100 solution to completely
release the iohexol payload, diluted to proper concentration, followed
by UV measurements. The concentration was then determined by the
calibration curve of iohexol solutions with known concentrations.

Iohexol release from liposomes was studied using a dialysis method.
Dialysis bags were soaked before use in distilled water at room tem-
perature for 12 h to remove the preservative, followed by rinsing thor-
oughly in distilled water. The release experiments were done
immediately after the preparation of liposomes. The liposome stock
solution was diluted 10 times. The resulting liposome solution of 500 pl
was transferred in dialysis bag (cut off molecular weight: 3000/5000)
and immersed into 10 mL PBS solution. The sac was placed inside a
conical flask with the help of a glass rod so that the portion of the dialysis
sac with the formulation dipped into the buffer solution. The flask was
kept on a magnetic stirrer and stirring was maintained at 100 rpm at
37 °C with a thermostatic control. 2 mL supernatant was taken out and
re-supplemented with fresh PBS at 0.25, 0.5, 1, 2, 4, 6, 9, 24 and 48 h,
respectively, followed by UV measurements at 245 nm [51].

2.5. 'H NMR experiment

A weighted sample of dried 10% PEG Ioh-Lipo or 1% PEG Ioh-Lipo
(30 mg) was dissolved in D2O. An aliquot of sample (500 pL) was
placed into a 5-mm NMR tube [52,63]. NMR spectra (0-10 ppm) were
acquired by Bruker 400 MHz “AVANCE III“Nuclear Magnetic Resonance
System (NMR-400) (Bruker, Ettlingen, Germany). Chemical shifts of
iohexol were at 3.89 ppm (C-OH), and PEG backbone at 3.54 ppm (other
assignments were shown in Supplementary Fig. 1) [64,65]. Integrals at

3.54 ppm were used to calculate the PEG content.
2.6. Cell preparation and mucus retention study

Human nasal epithelial cell RPMI 2650 was used for liposome
retention cell study. The cells were seeded in 12-wells-plate and main-
tained in DMEM supplemented with 10% FBS and 1% Penicillin-
Streptomycin. The cell cultures were maintained at 37 °C in a > 95%
humidified atmosphere of 5% CO» in air with media changes on alter-
nate days. The cell was in culture for 14 days, and after 100% confluence
for mucus secretion. Mucus was confirmed by Alcian blue staining
(Supplementary Fig. 2). Alcian blue staining was performed on day 1, 7,
and 14 after cells were at confluence. 10% PEG Ioh-Lipo and 1% PEG
Ioh-Lipo were diluted with the cell culture medium and added in each
well for 0.5, 1 and 2 h [12,66,67]. The liposome mixture in the culture
plate was removed and cells were gently washed by PBS three times, to
ensure liposomes were penetrated the mucus rather than on the surface
of mucus [68]. Then, the rhodamine signal of liposomes in the wells was
measured by microplate reader at 560/580 nm of excitation/emission
wavelength (Molecular Devices, CA, USA). A calibration curve was ob-
tained for fluorescence signal and corresponding liposome concentra-
tion (Supplementary Fig. 3). Three independent experiments were
performed to ensure reproducibility of this mucus retention study.

2.7. Invitro CEST MRI measurement

In-vitro MRI images for phantom experiments of drug solutions and
drug encapsulated liposome were acquired on a horizontal bore 3T
Bruker BioSpec system (Bruker, Ettlingen, Germany) equipped with a
40-mm volume transceiver coil. The CEST sequence was rapid acquisi-
tion with relaxation enhancement (RARE) sequence with a continuous
wave (CW) pre-saturation module. The parameters were set as
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following: slice thickness = 2 mm, field of view (FOV) = 26 x 24 / 30 x
9 mm? for the iohexol solution/ Toh-Lipo phantom, image size = 32 x 32,
RARE factor = 32, repetition time/echo time (TR/TE) = 6000/77 ms.
Saturation power (B;) was varied as: 0.6, 0.8, 0.9, 1.0, 1.2, 1.4 uT, with a
saturation time (tsy) of 3 s. CEST frequency was varied from —15 to +15
ppm, with a step size of 0.2 ppm between —6 to 6 ppm, a step size of 1
ppm between +6 and +15 ppm and additional acquisition points at
+2.1, £2.25, £2.3, £2.35, +2.45, £2.5, +4.1, £4.25, +4.3, £4.35,
+4.5 ppm and +20 ppm. Three M, images at 200 ppm were acquired for
normalization. Thus, the total scan time of a CEST acquisition was 10
min 36 s.

2.8. Animal preparation

The Animal Research Ethics Sub-Committee and the Institutional
Laboratory Animal Research Unit of City University of Hong Kong
approved all animal experiments and animal registration in this study.
All animals were housed under standard laboratory conditions, with
access to food and water. Six 12 weeks-old male ICR mice were used for
intranasal administration [69] of CT agents loaded liposome. 150 pl of
liposomal solution was administrated intranasally to one side of the
nasal cavity by pipette into the ICR mouse.

2.9. In vivo MRI

T2-weighted (T2w) and CEST images were acquired pre-injection
and 0.5, 1 and 1.5 h after intranasal injection of Ioh-Lipo. Treated
mouse remained under anesthesia for 30 min before imaging, to ensure
sufficient time for the transportation and penetration of liposomes into
the mucus [67]. The in-vivo MRI images for intranasal administration
experiments at the olfactory bulb of mice were acquired on a horizontal
bore 3T Bruker BioSpec system (Bruker, Ettlingen, Germany) equipped
with one 82 mm quadrature volume resonator as a transmitter and a
single surface coil as a receiver. The T2 weighted image and CEST data
in axial view were acquired. The CEST sequence was RARE sequence
with a CW pre-saturation module. The parameters were set as follow-
ings: slice thickness = 2 mm, FOV =16 x 16 mm?, image size = 64 x 64,
RARE factor = 32, TR/TE = 5000/5 ms. B; was varied as: 0.6, 0.9 puT,
with a tg, of 3 5. CEST frequency was varied from —15 to +15 ppm, with
a step of 0.2 ppm between —6 to 6 ppm, a step of 1 ppm between +6 and
+15 ppm and extra acquisition points on +2.1, £2.25, £2.3, £2.35,
+2.45, +2.5, +4.1, +4.25, +4.3, +4.35, +4.5 ppm and +20 ppm.
Three My images at 200 ppm were acquired for normalization. Thus, the
total scan time of a CEST acquisition was 14 min 10 s.

2.10. Data analysis

The CEST data were processed by custom-written MatLab (Math-
works, Natick, MA) code. After acquiring CEST data, the raw Z-spectra
(Z) were formed by [27,70]:
Ssar(Aw)

0

Z(Aw) = (€)]
where Aw presented the frequency offsets, while Sy, (Aw) and Sy were
the magnetization signals with saturation and without saturation,
respectively. After the raw Z-spectra formation, the By correction was
performed on a pixel-wise basis. Lorentzian difference analysis [71] was
adopted for calculating CEST contrasts. The Lorentzian line shape
function could be expressed as [71,72]:

A;
. 72
1+ 3]
where A; represented the peak amplitude, I'; represented the full-width-
at-half-maximum (FWHM) and §; represented the peak position. The &;

Li(Aw) = (2)
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was set to O ppm for direct water saturation (DS) and —2.5 ppm for
magnetization transfer (MT) as the By was corrected. The Z-spectrum
data from —0.8 ppm to 0.8 ppm, and from +10 ppm to +20 ppm were
used for the fitting of reference curve (Zf). For the in vitro phantom
data, DS effect was fitted to obtain Z,ef [71]:

Z,(Aw) = 1 — Lps(Aw) 3

For the in vivo data, both DS and MT effects were fitted to obtain Z ¢
[73,74]:

Zy(Aw) = 1 — Lps(Aw) — Lyr (Aw) @

The CEST contrast (%) was quantified by subtracting the Z-spectrum
from the fitted reference curve:

CEST(Aw) = [Zy(Aw) — Z(Aw) | x 100% (5)

2.11. Histology

After MRI, three mice per group were sacrificed with 2% isoflurane
gas and then intracardially perfused with PBS. Whole brains were har-
vested and fixed in formalin and dehydrated in sucrose before cry-
osectioning. Axial slices at 20-pm thickness were sectioned and
mounted, and three slices per animal were included for further analysis.
Liposomal distribution in the brain sections were detected by the
rhodamine-labeled liposomes, and the nuclei were stained by DAPI. The
Axial brain sections were imaged with Leica TCS SP8 confocal micro-
scopy system (Leica Microsystem, Germany).

3. Results
3.1. CEST characterization of CT contrast agents

CEST properties of iohexol solution was firstly examined in vitro and
results were shown in Fig. 2. The iohexol (n = 3) at 459.6 mM and 7.0 pH
showed strong CEST contrast at 4.3 ppm for all investigated B; powers
(Fig. 2a&b). The CEST contrast increased from 35.2 + 0.1% to 61.7 +
0.1% when the B; power increased from 0.6 pT to 1.4 pT (Fig. 2c). This
indicated that iohexol can be sensitively detected by CEST MRI even at a
low power (0.6 pT) at low field strength (3T). The CEST contrast
increased linearly from 8.5 + 0.2% to 33.7 &+ 0.1% (R? = 0.9974) when
the concentration of iohexol solution increased from 98.4 mM to 459.6
mM, as shown in Fig. 2d.

3.2. Characterization of iohexol loaded liposomes (Ioh-Lipo)

With reference to our previous studies [12], we studied two liposome
formulations, i.e. Ioh-Lipo with 10% PEG and 1% PEG. We characterized
the properties of liposomes, including particle size, PDI, zeta potential
and particle concentration (Table 1). The 10% PEG Ioh-Lipo (n = 3) had
a particle size of 166.3 + 1.5 nm, PDI of 0.2 + 0.02 and zeta potential of
—6.8 + 0.07 mV. At a comparable particle concentration, the 1% PEG
Ioh-Lipo (n = 3) had a particle size of 173.9 + 0.4 nm, PDI of 0.2 £ 0.01
and zeta potential of —4.4 + 0.04 mV. We also confirmed the PEG
content is >10 times higher in 10% PEG Ioh-Lipo than in 1% PEG Ioh-
Lipo by NMR (Supplementary Fig. 1), where peak at 3.54 ppm indi-
cated the PEG and peaks at 3.2-4.0 ppm indicated the iohexol.

3.3. Release and in vitro mucus retention study

The release profiles for both 10% PEG Ioh-Lipo and 1% PEG Ioh-Lipo
were monitored for 3 days (Fig. 3a). The zoom-in release profiles within
6 h were shown in Supplementary Fig. 4. 10% PEG Ioh-Lipo released
36.5% after an hour and reached a plateau at around 9 h. The maximum
accumulative release was up to 67.7% after 48 h. While 1% PEG Ioh-
Lipo released 35.7% after an hour and reached the plateau at around
9 h. The maximum accumulative release is up to 66.0% after 48 h.
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Fig. 2. CEST properties of iohexol solution (n = 3). (a) Z-spectra and (b) CEST spectra of Ioh-Lipo under pH = 7.0, acquired by using different B; powers. (c) By

power dependency and (d) concentration dependency of iohexol solution.

Table 1
Characterization of Ioh-Lipo with different PEG concentration (n = 3).

Liposome Concentration Size PDI Zeta Potential
(particles/ml) (nm) (mV)
0,
10% PEG 3.67 x 10'° 166.3 + 0.7 0.2 + 0.02 6.8 + 0.07
Ioh-Lipo
0,
1% PEG 5.90 x 10'° 173.9 £ 0.4 0.2 £ 0.01 —4.4 + 0.40
Ioh-Lipo

We performed the mucus retention study using RPMI 2650 cells. We
added rhodamine-labeled liposomes with either 10% PEG or 1% PEG
Ioh-Lipo onto the cells that have been cultured for 14 days, which was
reported to have sufficient mucus [75-77], and confirmed with Alcian
blue staining. After 30 min, 1 and 2 h of incubation, fluorescence signal
was recorded to examine the mucus retention differences between 10%
PEG and 1% PEG Ioh-Lipo in the mucus of the cell. We observed a 28.1%
higher retention in the mucus of RPMI 2650 cells with 10% PEG Ioh-Lipo
than with 1% PEG Ioh-Lipo for 0.5 h, which was 22.1% higher at 1.0 h

after incubation (P < 0.01). This corresponds to 4.1 & 0.3 x 10*2 lipo-
somes and 8.2 + 1.4 x 10'2 liposomes retained after 0.5 h and 1 h,
respectively (Supplementary Fig. 3). After 2 h of incubation, a total of
10.3 + 1.2 x 10'% 10% PEG Ioh-Lipo retained, which corresponds to a
25.4% higher than that of 1% PEG Ioh-Lipo (Fig. 3b).

3.4. CEST characterization of iohexol loaded liposomes

CEST properties of Ioh-Lipo were examined in vitro. As shown in
Fig. 4, both formulations of Ioh-Lipo (n = 3) showed high CEST contrast
at 4.3 ppm (Fig. 4b), 35.4 + 0.18% for 10% PEG Ioh-Lipo and 36.2 +
1.06% for 1% PEG Ioh-Lipo; and comparable CEST contrast at —3.4 ppm
(Fig. 4c), 1.8 £+ 0.07% for 10% PEG Ioh-Lipo and 1.9 + 0.16% for 1%
PEG Ioh-Lipo at a B; power of 0.6 pT; CEST contrast at 1.2 ppm was 20.6
+ 0.4% for 10% PEG Ioh-Lipo and 16.9 + 0.6% % for 1% PEG Ioh-Lipo.
CEST contrast was acquired at a series of B; from 0.6 uT to 1.4 uT for
optimization. At both 4.3 ppm and 1.2 ppm, CEST contrast increases as
the B; power increased (Fig. 4d, e), which were relatively linear at
0.6-0.9 uT. The CEST contrast at —3.4 ppm of both 10% PEG Ioh-Lipo

Fig. 3. Release profiles and liposome

a b retention properties of Ioh-Lipo with
= 80 12000 - different PEG concentrations. (a)
s —_ B 10% PEG loh-Lipo Release profiles of 10% PEG and 1%
§ 60 E Il 1% PEG loh-Lipo KoKk PEG Ioh-Lipo (n = 4), and (b) In vitro
% = 8000 skkok —_— mucus retention of 10% PEG and 1%
4 8 e PEG Ioh-Lipo with small size (<200
q>’ 40 § *kk nm) measured at 0.5, 1 and 2 h after
"_g 2 4000 incubation (n = 3). Comparisons were
g 20 . . ] performed using two-way ANOVA
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Fig. 4. CEST properties of 10% PEG and 1% PEG Ioh-Lipo (n = 3). (a) Z-spectra
and pH = 7.0. B; power dependency of Ioh-Lipo CEST contrast at (d) 4.3 ppm

and 1% PEG Ioh-Lipo were at around 2% when the B; power increased
from 0.6 pT to 1.2 puT, and was much lower at 1.4 pT (Fig. 4f).

3.5. In vivo CEST MRI

Mice received 150 pl of either 10% PEG Ioh-Lipo (n = 6) or 1% PEG
Ioh-Lipo (n = 6) intranasally were imaged. T2-weighted (T2w) and CEST
images were acquired pre-injection and 0.5, 1, 1.5 h after injection. In
the considerations of other contributions to the z-spectrum in vivo,
among the optimized B; in vitro (Fig. 4 d-f, 0.6-0.9 uT), we compared
the CEST contrast in OB at By of 0.6 uT and 0.9 pT. As shown in Sup-
plementary Fig. 5, a low saturation power could avoid large contami-
nations from DS and MT. Thus, Z-spectra were acquired using a B; power
of 0.6 uT in vivo, which provides comparable CEST contrasts for 10%
PEG and 1% PEG Ioh-Lipo in vitro (Fig. 4). CEST contrasts at 4.3 ppm,
—3.4 ppm and 1.2 ppm were obtained from OB and FL (Figs. 5, 6,
Supplementary Fig. 6, 7). In the cohort received 10% PEG Ioh-Lipo,
CEST contrast increased by 62.0 + 22.0% at 4.3 ppm and 10.9 + 1.4%
at —3.4 ppm in OB at 0.5 h after injection compared to pre-injection.
Meanwhile, CEST contrast increased by 39.5 + 12.4% at 4.3 ppm and
9.2 + 4.3% at —3.4 ppm in FL. Interestingly, we also observed a CEST
contrast enhancement at around 1.2 ppm (increased by 25.7 + 17.8% in
OB and 56.5 + 18.2% in FL, 0.5 h after injection), which could be
contributed by the hydroxyl protons of iohexol and the higher PEG
content of the 10% PEG Ioh-Lipo formulation (Fig. 2b, 4b).

In contrast, mice received 1% PEG Ioh-Lipo did not show significant
changes at 4.3 ppm, —3.4 and 1.2 ppm over the period of imaging
(Fig. 5, 6). Distinctive peak at 4.3 ppm was consistently observed in 10%
PEG Ioh-Lipo spectra (Fig. 5c, d, Supplementary Fig. 6) but not in 1%
PEG Ioh-Lipo spectra (Fig. 5e, f, Supplementary Fig. 7). Moreover, we
also compare with an additional control group (Supplementary Fig. 8),
of which mice received 10% PEG Ioh-Lipo with size >200 nm (Supple-
mentary Table 1). Mice received 10% PEG Ioh-Lipo with size >200 nm
also did not show significant changes at 4.3, —3.4 and 1.2 ppm after
injection. This is because both 1% PEG Ioh-Lipo and 10% PEG Ioh-Lipo
with size >200 nm cannot pass through the mucus and reach the brain.

Notably, we observed different regional changes of CEST contrasts at
4.3 ppm, —3.4 ppm and 1.2 ppm in OB and FL among these CEST maps

and CEST spectra of Ioh-Lipo at (b) positive and (c) negative side, under B; = 0.6 pT
, () 1.2 ppm and (f) —3.4 ppm.

of 10% PEG Ioh-Lipo (Fig. 5a). Both CEST contrasts at 4.3 ppm and —3.4
ppm of 10% PEG Ioh-Lipo were significantly higher than that of 1% PEG
Ioh-Lipo (Fig. 6a-d, P < 0.001; P < 0.001; P < 0.05; P < 0.01, respec-
tively) at 0.5 h after injection. CEST contrast differences were 2.2% at
4.3 ppm and 0.7% at —3.4 ppm in the OB, while 1.4% at 4.3 ppm and
0.8% at —3.4 ppm in the FL. For 10% PEG Ioh-Lipo, OB and FL increased
by a similar percentage (10.9 + 1.4% vs. 9.2 + 4.3%) at —3.4 ppm,
while OB increased more than FL at 4.3 ppm (62.0 + 22.0% vs. 39.5 &+
12.4%).

Based on these observations, we further analyzed the CEST signal
changes in small regions, such as external plexiform layer (EPL), middle
region between left and right OB (LROB), granule cell layer (GCL) and
olfactory limbus (OL) between OB and FL (Fig. 7a) in 10% PEG Ioh-Lipo
cohort for analyzing the distribution of iohexol and liposome in the
brain. We compared CEST contrast at 4.3 ppm, —3.4 ppm and 1.2 ppm at
0.5 h after injection (Fig. 7b-d). With the consideration of spatial reso-
lution limitation, EPL and LROB were combined (EPL + LROB). At 4.3
ppm, the CEST contrast of EPL + LROB and OL were significantly higher
than that of GCL and FL (P < 0.05). OL (4.5 + 1.1% vs. 2.4 4+ 1.8%, P =
0.022) and EPL + LROB (4.5 + 1.5% vs. 2.4 + 1.8%, P = 0.0018), were
significantly higher than that of FL, which was slightly lower than that of
GCL (3.3 + 1.7% vs. 2.4 + 1.8%). Among all investigated ROIs, EPL +
LROB showed the highest CEST contrast which was significantly higher
than that of GCL (4.5 + 1.5% vs. 3.3 + 1.7%, P = 0.0013). EPL + LROB
also had the highest contrast at both 4.3 ppm and 1.2 ppm, although no
significant difference at —3.4 ppm and 1.2 ppm among all ROIs (Fig. 7c,
d). According to the nose-to-brain delivery pathway, liposomes could be
indirectly transported to the brain by crossing the BBB after absorbed
systemically, or directly transported to the brain via olfactory or tri-
geminal nerve pathway. These pathways will pass through the EPL layer
of OB, and CSF regions which located around LROB [78]. Thus, imaging
the liposome distribution in the brain could provide valuable informa-
tion related to the pathways and to guide the design of drug delivery
vehicle.

The distribution of liposomes was validated by histology via the
rhodamine labels on liposomes. In Fig. 8, rhodamine (red) indicated the
distribution of rhodamine-labeled liposomes and DAPI (blue) was the
counter stain for nuclei. The DAPI signal was comparable for mice
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Fig. 5. In vivo experiment of intranasal administration of Ioh-Lipo in mice (n = 6). T2w image and CEST maps (4.3 ppm, —3.4 ppm and 1.2 ppm) at pre-injection,
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and CEST spectra for 1% PEG Ioh-Lipo of (e) OB and (f) FL. (Red and blue area in T2w images indicated the ROI for generating the Z-spectra of OB and FL,
respectively). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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< 0.01 (**/##), P < 0.001 (***/###), and P < 0.0001 (****/####).

received 10% PEG and 1% PEG Ioh-Lipo injections. Mice received 10%
PEG Ioh-Lipo showed obviously higher distribution of rhodamine-
labeled liposomes in both FL and OB compared to the mice received
1% PEG Ioh-Lipo (Fig. 8a, b). Notably, strong rhodamine signal was
observed in specific regions including EPL + LROB, GCL, OL and FL
(Fig. 8a). These observations echo the MRI findings (Fig. 5-7), thus
confirming the contributions of Ioh-Lipo to CEST contrasts after intra-
nasal administration in vivo. We did not include the edges of olfactory
bulb for comparisons due to autofluorescence.

4. Discussions

This study demonstrated that our current design of CT contrast agent
(iohexol) loaded liposomes with >10% PEG enables the imaging of nose-
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to-brain delivery using multiple CEST contrast. Iohexol has amide pro-
tons, which generated strong CEST contrast at 4.3 ppm (Fig. 2). After
being loaded into liposome (Ioh-Lipo), the CEST contrast at 4.3 ppm
remained high (at 35%, B; = 0.6 pT). When compared with other CT
contrast agents, such as iopamidol [43,49,79], iohexol is preferred in
this application, which has a single CEST contrast for assessing the de-
livery of intraliposomal agents in the brain at 3T. This could avoid
overlapping readouts when assessing multiple components of the de-
livery system in vivo. Moreover, additional CEST contrast of 1.8% at
—3.4 ppm and 20.6% at 1.2 ppm were observed in Ioh-Lipo (Fig. 4),
which can be used to indicate liposome distribution after administra-
tion. According to our previous findings [21,51], the CEST contrast at
—3.4 ppm originated from liposomes. While the CEST contrast at around
1.2 ppm might be mainly contributed by hydroxyl protons PEG as it was
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higher in 10% PEG Ioh-Lipo than in 1% PEG Ioh-Lipo (Fig. 4b). There-
fore, the Ioh-Lipo generated three distinctive CEST contrast at 4.3 ppm,
—3.4 ppm and 1.2 ppm, which could be used to indicate the distributions
of iohexol and liposome independently and simultaneously.

As the percentage of PEG in the liposome formulation is one of the
determining factors to overcome the mucus barrier in the nasal cavity
[12,13,80], we studied two liposome formulations, i.e. 10% PEG Ioh-
Lipo and 1% PEG Ioh-Lipo. The 10% PEG Ioh-Lipo had a > 10 times
higher PEG than 1% PEG Ioh-Lipo validated by NMR (Supplementary
Fig. 1). The 10% PEG Ioh-Lipo had a significant 28.1% higher mucus
retention compared to 1% PEG Ioh-Lipo in vitro (P < 0.001, Fig. 3b).
Moreover, our results showed that liposomes with size >200 nm cannot
reach the brain (Supplementary Fig. 8). Thus, Ioh-Lipo with >10% PEG
and a comparable particle size to the mesh size of nasal mucus, the mesh
size of nasal mucus is around 150 + 50 nm [81], were able to pass the
mucus and deliver drug to the brain.

CEST contrast at 4.3 ppm, —3.4 ppm and 1.2 ppm increased sub-
stantially in both OB and FL after intranasal administration of 10% PEG
Ioh-Lipo in vivo (Fig. 5a). Moreover, characteristic peaks were observed
at the corresponding frequencies (Fig. 5¢,d). There was no such increase
in case of 1% PEG Ioh-Lipo (Fig. Sb, e, f). With the reference to our in
vitro cell retention study, mucus retention of 10% PEG Ioh-Lipo was
significantly higher than 1% PEG Ioh-Lipo (Fig. 3). Moreover, the mucus
penetration efficiency was reported to be significantly higher in high
PEGylated liposomes than in low PEGylated liposomes [12-18,68]. Our
in vivo intranasal MRI study shows a comparable result, this indicated
that 10% PEG Ioh-Lipo shows a higher mucus retention properties than
that of 1% PEG Ioh-Lipo. Hence, only 10% PEG Ioh-Lipo can be pene-
trated through the nasal mucus and be delivered to the OB and FL.
Interestingly CEST at 4.3 ppm (Fig. 6a, b) is higher in OB than in FL,
while CEST at —3.4 ppm (Fig. 6¢, d) is comparable in OB and FL. At 0.5 h
after injection, CEST contrast at 4.3 ppm increased by 62.0% (p < 0.05)
in OB and by 39.5.2% (p < 0.05) in FL, while CEST contrast at —3.4 ppm
increased by 10.9% (p < 0.01) in OB and by 9.2% in FL. There is no
significant change at 1.2 ppm. With reference to our in vitro study, these
two CEST contrast representing iohexol (at 4.3 ppm) and lipid bilayer (at
—3.4 ppm) of the Ioh-Lipo. Since the intraliposomal iohexol could be
released from Ioh-Lipo (Fig. 3a), the 10% PEG Ioh-Lipo release was
about 36% in an hour. Therefore, we calculated the estimated dose of
iohexol and liposome delivery from OB to FL based on the CEST contrast.
We found that 57% of iohexol (4.3 ppm) was delivered from the OB to
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FL, while 87% of liposome (—3.4 ppm) was delivered from the OB to the
FL. The percentage difference of estimated dose is around 30% at 0.5 h
which is comparable to the Ioh-Lipo release profile in vitro. This indi-
cated there was a certain amount of iohexol could leak out from
liposomes.

These observations prompted us to further study the sub-regional
changes (Fig. 7). For mice received 10% PEG Ioh-Lipo, the CEST
contrast at 4.3 ppm of FL was lower than that of regions in OB (EPL +
LROB, GCL), as well as OL. High CEST contrast at 4.3 ppm was observed
in outer regions, such as EPL + LROB and OL, which is CSF rich regions.
The highest CEST contrast at 4.3 ppm was in the EPL + LROB. This could
be coming from released iohexol and/or intraliposomal iohexol. There is
no substantial difference of CEST contrast at —3.4 ppm and 1.2 ppm
among all ROIs. This indicated that the liposome was evenly distributed
in OB and FL. These also echoed that the CEST contrast at 4.3 ppm was
much higher in OB than FL at 0.5 h after injection (Fig. 6), while CEST
contrast at —3.4 ppm was more comparable between OB and FL during
the monitored period.

We observed higher signal of rhodamine-labeled liposomes in mice
received 10% PEG Ioh-Lipo compared to mice received 1% PEG Ioh-Lipo
(Fig. 8). Moreover, this stronger signal was found in all sub-regions, i.e.,
EPL + LROB, GCL, OL, FL, which agreed with our CEST findings at —3.4
ppm and 1.2 ppm (Fig. 5,6) and in the histology (Fig. 8). Although we
could not detect the iohexol in histology, the high and unique CEST
contrast at 4.3 ppm in these regions of the brain indicated the successful
delivery of Ioh-Lipo, especially in EPL + LROB and OL which are CSF
rich regions. In vivo study showed that CEST contrast of 10% PEG Ioh-
Lipo peaked at 0.5 h (4.3 ppm) and 1.0 h (—3.4 ppm) in the OB. Since
lipophilic molecules are more likely to transport through intracellular
olfactory pathway and trigeminal pathway, while solute and water are
more likely to transport through transcellular pathway [78,82,83].
Furthermore, high mucus retention or penetration could lead to high
brain uptake [78]. We observed the 10% PEG Ioh-Lipo transported into
the OB and FL within 30 min [83], and the histological findings sug-
gested that liposome distributions could be a result of successful delivery
of lipophilic molecules into the brain through intracellular olfactory
pathway [22,25,83-85]. Thus, imaging the amount of liposomes deliv-
ered from the nose to the brain and the distribution in brain regions that
related to the delivery pathways could provide valuable information to
develop the best formulation for drug delivery to the brain. This could
also serve as an effective mean to guide the optimization of the
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formulation of delivery vehicles [22,23,67,78,82,83].

There are several limitations in our study. Although we observe a
higher CEST contrast at 1.2 ppm for 10% PEG Ioh-Lipo than that of 1%
PEG Ioh-Lipo in vivo, the longitudinal differences at this offset were not
significant. This might be due to the large influence from DS effect since
this offset is relatively close to the water signal at O ppm. It is quite
challenging to extract accurate CEST contrast at 1.2 ppm of CEST data
acquired at a 3T MRI scanner. Moreover, CEST MRI has a relatively
lower spatial resolution than histology, the ROI analysis might not fully
represent the regional observations under the microscope. For example,
we can only draw the EPL + LROB as a single ROI for CEST contrast
analysis of these two regions.

5. Conclusion
In conclusion, we designed CT agent-loaded liposomes, and

demonstrated an image-guided nose-to-brain drug delivery using mul-
tiple CEST contrast. The mucus penetrating property of iohexol-loaded

Olfactory Bulb
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Fig. 8. Histological fluorescence images of
mice received rhodamine-labeled liposomes
with different PEG concentration. Rhoda-
mine (red) indicated the distribution of
rhodamine-labeled liposomes and DAPI
(blue) was the counter stain for nuclei. Re-
sults of mice received (a) 10% PEG Ioh-Lipo
and (b) 1% PEG Ioh-Lipo. OB: olfactory
bulb, FL: frontal lobe, EPL + LROB: external
plexiform layer + middle region between
left and right OB, GCL: granule cell layer,
OL: olfactory limbus (OL) between OB and
FL. (For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)

liposome with >10% PEG was considerably higher than low PEG lipo-
somes, especially with liposomes <200 nm. After intranasal adminis-
tration to mouse brain, substantial increases in CEST contrast at 4.3 ppm
and —3.4 ppm was observed in both OB and FL for 10% PEG Ioh-Lipo,
but not 1% PEG Ioh-Lipo, which was validated by histology. Interest-
ingly, the spatial and temporal changes at 4.3 ppm and —3.4 ppm were
distinctive, which could be ascribed to the release of iohexol from Ioh-
Lipo. Thus, demonstrating the need to monitor these multiple compo-
nent changes using the multiple CEST contrast. This unique CEST
contrast property and mucus penetrating property of Ioh-Lipo could
facilitate the drug delivery to the brain via bypassing BBB; and to
monitor the drug and liposome regional distributions in the brain. This
regional distribution that related the delivery pathways could provide
valuable information for the design of effective delivery vehicles for
nose-to-brain drug delivery. This multiple CEST contrast approach en-
ables image-guided nose-to-brain drug delivery in a non-invasive
manner.
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