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Self-assembled lipid nanoparticles containing Gd-chelating lipids are a new type of positive magnetic
resonance imaging contrast agents (MRl CAs). High molecular weight imposes reduced molecular
reorientation (z,) and corresponding longer reorientation correlation times (z.), finally resulting in overall
high relaxivity (r;) of such contrast agents. Therefore, we report nanoassemblies based on two types of
amphiphile molecules: glyceryl monooleate (GMO) as a matrix embedded with DTPA-bis(stearylamide)
and its gadolinium salt (DTPA-BSA-Gd) as a Gd-chelating lipid, stabilized by surfactant Pluronic F127
molecules. The loading of DTPA-BSA-Gd into the GMO matrix was investigated at low (5% w/w) and
high (30, 40, 50% w/w) contents. Small angle X-ray scattering (SAXS), cryogenic transmission electron
microscopy (cryo-TEM) and dynamic light scattering (DLS) results show that although the nanoassembly
of both amphiphile molecules within the nanoparticle is disturbed in terms of the formed phases, this
composition ensures their colloidal stability. In nanoparticles with low DTPA-BSA-Gd contents, the
assembly results in a cubic diamond phase that is co-existing with a fraction of liposomes. For high
DTPA-BSA-Gd contents, swelling of the structure occurs such that the initially formed primitive cubic
phase transforms toward a lamellar phase in the nanoassemblies. Results from inductively coupled
plasma mass spectrometry (ICP-MS) indicate that for almost all systems, the loading efficiency (LE) of
DTPA-BSA-Gd is high (reaching up to approx. 85%), and the nanoassembly provides strong entrapment
of Gd®* ions, which are then efficiently uptaken by cells. Moreover, the higher the surfactant content,
the higher the LE. The viability studies demonstrate that the prepared nanoassemblies preserve high
biocompatibility towards both cancer (Hela) and normal cells (MSU 1.1). Nuclear magnetic resonance
relaxometry studies (NMR relaxometry) followed by MRI on the prepared nanoassembly dispersions
proved that the formation of GMO@DTPA-BSA-Gd nanoassemblies, considered as high molecular
weight CAs, results in high relaxivity parameters (e.g., r; = 19.72 mM~* s7* for 2GMO-40DTPA-10F127)
that are superior to commercially developed ones (e.g., Magnevist or Gadovist). These comprehensive
studies imply that a high degree of internal ordering of nanoassemblies with a higher content of Gd-
chelating lipid is not a decisive factor in determining the increase in relaxivity, thus confirming their
potential as positive MRI CAs.

1. Introduction

MRI is a powerful tool not only for the diagnosis and manage-
ment of a variety of diseases and treatment monitoring but also
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nique routinely used in clinics due to its intrinsic spatial
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dimensional anatomical information it provides." However,
MRI inherently suffers from low sensitivity; hence, the interest
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approval of Gd-DTPA (Magnevist) as an exogenous contrast
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agent (CA) in 1988.> The MRI signal depends on proton density
and their relaxation rates, which are largely dependent on the
chemical environments. Hence, CAs’ role is their effect on the
relaxation times of water protons (bulk water molecules).
Further, the relaxation rates are characterized by the long-
itudinal relaxation time (7;), resultant of the energy exchange
between spins and lattice, and by the transverse relaxation time
(T,), resultant of the energy exchange between spins. Accord-
ingly, CAs are divided into positive and negative types that
brighten or darken their immediate surrounding area in the
image, respectively.’ There is a great demand for new types
of MRI CAs that will substitute the CAs that have been used
so far based either on paramagnetic complexes or magnetic
nanoparticles.! These paramagnetic CAs are gadolinium (Gd*")
or manganese (Mn>") chelates, shortening the longitudinal
relaxation time (7y) and thus accelerating the longitudinal
relaxation (R;) of water protons and providing a positive (7;-
weighted bright image) contrast in regions of interest, where
these CAs localize.* Gd-based positive CAs are the gold
standard in clinical MRI; however, significant efforts are still
taken to design and develop novel Gd-based CAs.” Among them
are macrocyclic Gd-chelate formulations such as Dotarem (Gd-
DOTA, gadoterate) or Gadovist (Gd-DO3A-butrol, gadopentetate
dimeglumine), and linear types such as Magnevist (Gd-DTPA,
gadopentetate dimeglumine), Multihance (Gd-BOPTA, gadobenate
dimeglumine), or Omniscan (Gd-DTPA-BMA, gadodiamide). Alter-
native to commercial Gd-based CAs was a Teslascan containing
Mn** ijons (mangafodipir trisodium). However, Gd-based CAs
suffer from possible toxicity and long-term accumulation in brain
tissues but also may induce nephrogenic systemic fibrosis (NSF)
and resultant renal impairment. Teslascan was initially approved
by the Food and Drug Administration (FDA) and EMA only for the
detection of lesions in the liver, and the excess of Mn is known to
induce cytotoxicity manifested as the abnormal redox potential
and changes in the central nervous system. In 2012, based on the
decision of the marketing authorization holder, the EMA issued a
decision to withdraw the marketing authorization for Teslascan for
commercial reasons. Further, in 2017, the EMA recommended
restricting the use of some linear gadolinium agents in MRI body
scans, suspended the authorizations of others, and maintained
only the use of macrocyclic Gd-based chelate formulations. The
conclusion is, therefore, that adverse cytotoxic effects of these
paramagnetic ions and their accumulation ability in organs cannot
be, unfortunately, balanced with their MR imaging efficiency.
Regarding CAs based on magnetic nanoparticles, two types
of iron oxide CAs exist: superparamagnetic iron oxide (SPIO)
and ultrasmall superparamagnetic iron oxide (USPIO).® These
nanoparticles have emerged as prevailing negative (7,-weighted
dark image) CAs due to enhancing the transverse relaxivity (r,)
by shortening the transverse relaxation time (7, and T,*). SPIO
and USPIO CAs have been used successfully in some instances
for liver lesions and tropism, ganglion tropism evaluation or
diagnosis of a variety of central nervous system diseases.
However, the negative contrast they provide and magnetic
susceptibility artefacts hamper their use in MRI, as they can
mislead the image-based diagnosis. Moreover, production and
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thus the use of CAs based on ferrite nanoparticles, such as
Sinerem, Resovist, Feridex or others, was either discontinued or
the marketing authorization application was withdrawn.

Therefore, to overcome the above-mentioned drawbacks of
CAs types used so far, the challenge is to obtain a new type
of CAs exhibiting positive contrast ability, with an increased
relaxivity r;, and with ensured physico-chemical stability and
high biocompatibility. For high intracellular uptake and accu-
mulation, the best cell-type specific and favorable pharmaco-
kinetics and pharmacodynamics should be considered, resulting
in minimal side effects to an organism.

Gadolinium chelates, so far, are the leading type of MRI CAs,
and despite great scientific and research efforts, it seems that
Gd cannot be entirely excluded from that research.” The
promising direction is the design of high molecular weight
Gd ion-containing CAs, which exhibit reduced molecular reor-
ientation (t,) with correspondingly longer reorientation correla-
tion times (t.), resulting in high relaxivity.> On the other hand,
it can ensure the physico-chemical stability of the system and
limits the Gd** ion leakage, hence reducing its toxicity. This can
be achieved by increasing the molecular weight of the CA by
increasing the molecular weight of the Gd-containing complex
or by combining (embedding) Gd-containing complexes into a
macromolecule (e.g., biological molecules, polymers, dendrimers)
or in nanoparticles of different types (e.g., polymeric, inorganic,
hybrids). For example, Yang et al’ showed that increasing
the molecular weight of CA through engineered proteins (Mw ~
12 kDa) chelated with Gd** improved the relaxivities 20 times in
comparison to that of Gd-DTPA. Mi et al.® presented the positive
effect of confining Gd-DTPA inside the core of the polymeric
micelles, resulting in a relaxivity increase of more than 13 times as
compared with that of Gd-DTPA itself.

In this work, we propose to use both approaches, namely
embedding Gd-chelating lipids (DTPA-BSA-Gd, (diethylenetria-
minepentaacetic acid)-bis(stearylamide) (gadolinium salt)) of
increased molecular weight in comparison to Gd-chelates (Gd-
DTPA, gadopentetic acid) into GMO-based lipid nanoparticles
(glycerol monooleate). It is expected, that in this way, they will
form supramolecular structures by the self-assembly process of
both amphiphilic molecules of DTPA-BSA-Gd and GMO matrix
molecules (GMO®@DTPA-BSA-Gd). GMO is one of the most
common lipids used for the formation of, e.g., lyotropic liquid
crystalline nanoparticles (LLCNPs) as drug carriers. It has been
approved by the FDA and is considered biocompatible. More-
over, lipid-based nanoparticles show the tendency to passively
accumulate in tumor tissues due to the enhanced permeability
and retention effect (EPR), which eventually provides a higher
signal-to-noise ratio in tumors during MR imaging. Another
observed advantage is that lipid nanoassemblies with DTPA-
BSA-Gd exhibit prolonged blood circulation and improved
physico-chemical stability when studied in vivo, ensuring the
longevity of the MRI contrast.” Gd-chelated lipids as CAs have
already been used in the modification of various types of
nanoparticles, including lipid ones.”"" However, GMO-based
systems modified with Gd-chelating lipids have not been fully
investigated so far. Further, the advantages of the proposed
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lipid-based nanoparticles allow us to conclude that the pro-
posed (Gd)-chelating lipid-enriched GMO-lipid nanoparticles
represent a promising class of contrast agents for magnetic
resonance MR imaging. Moreover, these nanocarriers offer
significant potential for the development of multifunctional
systems that integrate diagnostic and therapeutic capabilities
within a single platform. Notably, Flak et al'® successfully
employed cubosomes as carriers for the AT101 drug in glio-
blastoma multiforme therapy, wherein the incorporation of
the drug into the nanoparticle matrix enhanced its solubility
in aqueous environments and significantly improved its pre-
viously limited biocompatibility.

Therefore, this study aimed to investigate self-assembled
amphiphile systems as carriers for paramagnetic metals in the
form of Gd-chelating lipid (DTPA-BSA-Gd) and its potential in
MR imaging. The possibility of incorporating DTPA-BSA-Gd
into the GMO matrix at different content levels (low and high),
its impact on the type of formed structure, their relaxometric
performance, and finally, MRI contrasting efficiency are pre-
sented. Further, the DTPA-BSA-Gd loading efficiency into the
GMO matrix was investigated, and finally, the cell uptake. This
study also provides evidence of the biocompatibility of the
prepared nanoassemblies in vitro.

2. Experimental/materials
and methods

2.1. Preparation of GMO@DTPA-BSA-Gd nanoassemblies

In the presented work, the adapted top-down method™® was
used to prepare lipid-based nanoassemblies. The block dia-
gram of the GMO@DTPA-BSA-Gd nanoassembly preparation is
given in Fig. 1I. In the first stage, a mixture of the basic
structure-forming lipid glyceryl monooleate (GMO; IOI Oleo-
chemicals; M = 356.5 g mol ") and gadolinium chelating lipid
(diethylenetriaminepentaacetic acid)-bis(stearylamide) (gadoli-
nium salt), with double alkyl chain (DTPA-BSA-Gd; Avanti Polar
Lipids; M = 1050.56 g mol '), were prepared by the addition of
DTPA-BSA-Gd (0, 5, 30, 40, 50% w/w to GMO, further named as
2GMO, 2GMO-5DTPA, 2GMO-30DTPA, 2GMO-40DTPA, 2GMO-
50DTPA) as a solution in a mixture of chloroform and methanol
(1:1, v/v). The resulting lipid mixture was then homogenized by
vortex mixing and vacuum evaporated at 60 °C to remove the
organic solvents. Next, the lipid mixture was added with the
pre-warmed up to 60 °C aqueous solution of Pluronic F127
surfactant (Sigma-Aldrich; M ~ 12600 g mol ') to gain a final
concentration of 2% w/w of GMO (20 mg mL ") and different
concentrations of the surfactant (10, 15, 25% w/w to GMO,
further named as 2GMO-10F127, 2GMO-15F127, 2GMO-25F127)
in an obtained water dispersion. The samples were left for an
hour at 60 °C and then for 24 hours at room temperature to obtain
a bulk lipid phase. Colloidal nanoparticle dispersions were then
formed using high-energy pulsed ultrasonication (Branson Soni-
fier 250, Emerson Electric Company) at an output power of 40 W.
After 24 hours of stabilization at room temperature, samples were
purified from the observed unincorporated Gd-DTPA-BSA
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precipitate by centrifugation (15 min, 10 000 rpm), and the super-
natant was collected for further study."*

2.2. Characterization of physico-chemical properties

2.2.1. Small angle X-ray scattering (SAXS). SAXS measure-
ments were performed using an Xeus 3.0 setup equipped with a
Dectris Eiger 1 M detector. The sample-detector distance was
900 mm. The samples were introduced in a flow cell (Xenocs
low noise flow cell) and measured for one hour. Background
scattering from water and the cell was subtracted.

2.2.2. Cryogenic transmission electron microscopy (cryo-
TEM). The morphology and the structure of prepared nanoas-
semblies were analyzed using the cryogenic technique (cryo-
TEM, Jeol JEM-1400 TEM operating at 120 kV), maintaining a
low temperature of about 175 °C during the observation. The
prepared nanoparticle dispersions prior to analysis were depos-
ited on previously plasma-treated copper grids covered with
Lacey Carbon (Ted Pella Inc.) and freeze-dried at 173 °C with
the Cryoplunge 3 System (Gatan Inc.). To verify the structure of
the obtained nanoparticles showing internal order, the Fourier
transform was used for selected images, and then the reverse
transformation was applied to obtain a filtered image.

2.2.3. Dynamic light scattering (DLS) and zeta potential
measurements. The particle size and zeta potential of the
prepared nanoassemblies, diluted in ultrapure water, were
measured on the ZetaSizer Nano ZS (Malvern Panalytical)
apparatus, equipped with a 4 mW He-Ne laser (4 = 633 nm),
using a non-invasive method of dynamic light scattering with a
detection angle of 173° and electrophoretic light scattering.
Measurements were carried out at 25 °C using folded capillary
cells. Analyzes were performed every 7 days and were termi-
nated after 7 weeks. Each measurement was performed using
three individual analyses for each sample, and the results
Dintensitys DNumber, Z-average, and PdI are given as the mean +
standard deviation (SD).

2.2.4. Inductively coupled plasma mass spectrometry
(ICP-MS) - analysis of Gd*" ion content. The analyses were
performed on a NexION 5000 apparatus, a four-quadrupole
system equipped with tandem mass analyzers (Q1 and Q3) and
Universal Cell Technology (UCT). The Syngistix PerkinElmer
software was used for data acquisition. Standard ICP-MS
analysis was used for the quantification of the total Gd*" ion
content in the sample ([Gd*'Jpinaistp). Prior to the analysis,
the prepared nanoassembly dispersions (1 mg mL ™" of lipid)
were mineralized for 48 h with concentrated nitric acid (HNOj3,
65% Suprapur®) to release free Gd** from the prepared
nanoassemblies. Further appropriate dilutions were prepared
using ultrapure water (18.2 MQ x cm, Milli-Q system) and
analyses were performed in standard mode using the glass
cyclonic spray chamber. A single-elemental standard solution
of gadolinium (1 pg mL™", TruQms, PerkinElmer) was used in
appropriate dilutions for obtaining the calibration curve. The
obtained results were further used for the relaxometric studies
and for calculating the loading efficiency (LE%) of Gd*" ions
within nanoassemblies, the result of DTPA-BSA-Gd entrapment.
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Fig.1 () The block diagram of the GMO@DTPA-BSA-Gd nanoassembly preparation with the top-down method; (Il) Cryo-TEM images of prepared

nanoassemblies: (A-top row) unmodified system (2GMO-F127) with different surfactant F-127 concentration (10, 15, 25% w/w); (B-middle row)
nanoassemblies with low DTPA-BSA-Gd content (5% w/w); (C-bottom row) nanoassemblies with high DTPA-BSA-Gd contents (30, 40, 50% w/w).
For selected nanoassembly images, Fast Fourier transformation (in the insets) was applied to show a highly ordered structure.

ICP-MS instrument settings, data acquisition parameters, and
calibration data are presented in Table S2 (ESIT).

2.2.5. Nuclear magnetic resonance relaxometry studies-
TH NMR relaxometry. Relaxation parameters-the relaxation
parameters of prepared nanoassemblies were investigated
with NMR longitudinal relaxation time (T;) measurements
performed through the inversion recovery (IR) experiment at
a magnetic field of 0.39 T (16.5 MHz) using a home-built
spectrometer at room temperature (23 °C). The obtained data
showed mono-exponential behavior and were fitted using the
function M(t) = M0*(1-2 exp(—t/T;)). Finally, the dependence
of relaxation rate R; vs. Gd®' concentration was used to
calculate the relaxivity parameters r;. For the measurements,
nanoparticle dispersions with different lipid concentrations
corresponding to different Gd** ion concentrations were used.

12020 | J Mater. Chem. B, 2024, 12, 12017-12029

To study the application of GMO®@DTPA-BSA-Gd nanoas-
semblies as a potential CA, T; measurements/NMR studies were
performed on cervical cancer cells (HeLa). Briefly, 5 x 10° cells
were seeded on plates and incubated overnight. Then,
150 pg mL~" of 2GMO-50DTPA-25F127 nanoassemblies (corres-
ponding to 5.6 uM of Gd*") were used. As a positive control, the
same concentration of Gadovist was used, whereas non-treated
cells were used as a negative control. After 24-hour incubation,
cells were rinsed in PBS, trypsinized, and fixed in 3.7% form-
aldehyde. Next, the NMR studies were performed.

Magnetic resonance imaging (MRI)-the potential of pre-
pared GMO@DTPA-BSA-Gd nanoassemblies as MRI contrast
agents was examined by a collection of T;-and T,-weighted MR
images, using a 9.4 Tesla (T) MRI horizontal scanner (Agilent)
providing the resonance frequency for protons of 400 MHz,

This journal is © The Royal Society of Chemistry 2024
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with the volume RF Millipede coil (30 mm diameter) and
205/120 gradient system. For the experiment, nanoparticle
dispersions were appropriately diluted with ultrapure water
to obtain final dispersions containing various concentrations
of Gd*", and the ultrapure water sample was used as a
reference standard (inserts in Fig. 6III). The values of acquisi-
tion parameters of Tj-weighted images acquired with the
Multi-Slice Multi Echo - MEMS sequence were set as: repeti-
tion time (7;) - 100 ms; echo time (7.) - 7.78 ms; averages - 8;
field of view (FOV) - 25 x 25 mm; image matrix — 256 x 256;
slice thickness - 1 mm. The MEMS imaging sequence with
multiple echo registration was used to obtain T,-weighted
images. The sequence was run with the following parameters:
T; - 12500 ms, T, — 10 ms, numbers of echoes - 64, averages — 1,
FOV - 25 x 25 mm, matrix — 256 x 256, slice thickness — 1 mm.

2.3. Characterization of biological properties

2.3.1. Invitro cell culture. The human cervical cancer cell
line (HeLa) was sourced from the American Type Culture
Collection (ATCC, Virginia, USA). The normal human fibro-
blast cell line (MSU 1.1) was gratefully provided by Prof. C.
Kieda from CBM, CNRS in Orléans, France. Both cell lines
were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, ThermoFisher Scientific) supplemented with 10%
fetal bovine serum (FBS, Gibco Qualified, ThermoFisher
Scientific), 100 units per mL penicillin, and 100 pg mL ™"
streptomycin (ThermoFisher Scientific). Unless specified
otherwise, the cells were maintained in a humidified atmo-
sphere with 5% CO, at 37 °C.

2.3.2. In vitro viability studies. The effect of prepared
nanoassemblies on HeLa and MSU 1.1 cell viability was deter-
mined using the WST-1 assay. Cells were seeded at a density
of 6000 per well in a 96-well plate and cultured for 24 hours
at 37 °C and 5% CO,. The medium was then replaced with
increasing concentrations (12.5, 25, 50, 100, 150, 200 pg mL ")
of GMO@DTPA-BSA-Gd in DMEM, and the cells were incubated
for an additional 24 hours under the same conditions. Then,
the cells were washed three times with PBS, added with the
fresh DMEM (200 pL) and 10 pL of Premix WST-1 reagent
(Takara Bio Inc.) per well and incubated for 3 hours under
the same conditions. Absorbance was measured at 450 nm,
with 620 nm as a reference wavelength (Anthos Zenyth 340rt).
The relative cell viability (%) was expressed as a percentage
relative to the negative control (non-treated cells). Results were
expressed as the mean of three replicates + standard deviation.

2.3.3. Single cell inductively coupled plasma mass spectro-
metry (SC-ICP-MS) - cell uptake studies. For the studies of the
efficiency of nanoparticles and resultant Gd** ion uptake by
cells, cervical cancer cells (HeLa) were used. Cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM, ThermoFisher
Scientific) supplemented with 10% fetal bovine serum (FBS,
Gibco Qualified, ThermoFisher Scientific) and 100 units per mL
penicillin-streptomycin (ThermoFisher Scientific) and main-
tained under standard cell culture conditions at 37 °C in a
humidified atmosphere containing 5% CO,. Next, cells were
incubated for 24 h with the prepared nanoparticle dispersions
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(50 ug mL~" of lipid nanoparticles). Then, the medium contain-
ing nanoparticles was removed from the cell culture, and cells
were washed several times with phosphate buffer solution (PBS,
Merck) harvested using trypsin/EDTA (Merck) and fixed with
3.7% formaldehyde. Before the analysis, fixed cells were
washed with PBS by centrifugation, and the obtained cell pellet
was resuspended in PBS. For the SC-ICP-MS analysis, the exact
cell concentration within the suspension was counted, and
proper dilution (up to 100 000 cell per mL, set up requirements)
was prepared. The analyses were performed on a NexION 5000
Multi-Quadrupole ICP-MS/MS (PerkinElmer) apparatus using a
Single Cell (SC) application. The reference colloidal gold nano-
particles (30 nm, LGC Group) were used for transport efficiency
determination. Analyses were performed in Standard mode,
with Q3 only (Single Quad mode) scan, using the single cell
spray chamber.

3. Results and discussion

The strategy for the preparation of an alternative biocompatible
Gd-based contrast agent, presented in this study, relies on soft
lipid nanoparticles, which have recently been increasingly and
more often exploited as nanomedicine/nanocarrier with posi-
tive outcomes, also in clinical and even commercial use.'® The
lipid nanoparticles proposed here are nanoassemblies of high
molecular weight amphiphile molecules of biocompatible GMO
lipid, serving as a structure-forming matrix,">'” and DTPA-BSA-
Gd a Gd-chelating lipid, as a source of paramagnetic metal.’
Pluronic F127 was used as a common surfactant, providing
steric stabilization to nanoparticles.”® Samples after homoge-
nization appear as stable milky-white colloidal dispersions for
un-modified 2GMO-F127 (10, 15, 25% w/w F127) systems and
milky but translucent for GMO-DTPA systems.

3.1. Morphology and structure of dispersions

As observed with cryo-TEM and supported by the FFT analysis,
unmodified 2GMO-F127 (10, 15, 25% w/w F127) systems
(Fig. 1A) and those modified with a low 5% w/w content of
DTPA-BSA-Gd (2GMO-5DTPA) (Fig. 1B) constitute nanoparticles
with a highly ordered, periodic internal structure, next to the
populations of nanoparticles representing other forms of
amphiphile self-assembled systems, such as liposomes, parti-
cularly in the case of nanoassemblies with the highest 25% w/w
F127 content. SAXS analysis confirms these nanoassemblies’
internal ordering, reflecting the Pn3m diamond bicontinuous
cubic phase (Fig. 2A and Table S1, ESIT). In addition, the shift
of peaks toward smaller values of the scattering vector g is
observed for these systems, in comparison to unmodified
2GMO-25F127, most likely due to the more efficient structure’s
swelling facilitated by surfactants. The intensity of peaks
decreases along with increasing surfactant content, which
may be due to the decreasing number of nanoparticles exhibit-
ing cubic phase compared to the increasing number of lipo-
somes or micelles-like particles. Further, cryo-TEM analysis
shows that systems with higher content of second amphiphile,

J. Mater. Chem. B, 2024, 12,12017-12029 | 12021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb01684j

Open Access Article. Published on 14 October 2024. Downloaded on 1/7/2026 10:14:07 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

DTPA-BSA-Gd (30, 40, 50% w/w) (Fig. 1C), yielded nanoparticles
with visibly disturbed structure. For the content of DTPA-BSA-
Gd at 30% w/w, lipid nanoparticles were formed into a bis-
tructural system consisting of relatively large vesicles with
complex structures attached to their surface resolved from
cryo-TEM pictures as a possible cubic one, mainly concluded
based on SAXS data (Fig. 2B and Table S1, ESIt) for this system
showing the existence of two different phases - lamellar and
primitive cubic. A more detailed analysis of small-angle X-ray
scattering (SAXS) revealed the presence of the dominant lipo-
some fraction (attributed to the L, phase) observed in cryo-
TEM. Additionally, there are discernible reflections originating
from the coexistence of a primitive cubic phase (Im3m) and a
diamond cubic phase (Pn3m) present at very low contents. The
intensity of peaks seems to elevate with higher DTPA-BSA-Gd
content, particularly when contrasted with 2GMO-5DTPA-
25F127. These results indicate that incorporating the DTPA-
BSA-Gd lipid molecules into the GMO lipid bilayer at higher
content disturbs the self-assembly of the lipid bilayer into more
typical for GMO cubic Pn3m structure and rather induces
transformation towards lamellar or even multilamellar phases
also observed in cryo-TEM results (Fig. 1C). For the 30 and
40% w/w of DTPA-BSA-Gd content, the broad peak (Fig. 2B)
denoted with a question mark was found on the scattering
curve (g around 0.18 A~") that cannot be simply assigned to any
previously resolved phases. It was tentatively assumed that
the origin of this peak was the lamellar structure of separate
liposomes in the colloidal dispersion of lipid nanoparticles
arising from DTPA-BSA-Gd chelates. A similar effect was pre-
sented in the work of Liu et al.,*® wherein the studied Gd-oleate/
Myverol (GMO) system, in the formed nanoparticles of the
cubic phase, Gd-oleate was only partially incorporated in
Myverol (GMO). At concentrations above 1% w/w, partial phase
separation in the mentioned system occurred, with the for-
mation of a lamellar phase rich in Gd-oleate, observed as the
presence of a high liposome fraction next to the cubic one.

View Article Online
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In other studies, given by Gupta et al.'® and Gupta et al.,"" it is
presented that the incorporation of Gd-chelating lipid into the
lipid matrix, based not only on GMO but also on phytantriol
(Gd-DTPA-MO-GMO and Gd-DTPA-monophytanyl-PT, respectively),
a similar phase transition takes place.

3.2. Particle size, zeta potential, stability

The particle size parameters (Drytensitys DNumber, Z-average, PdI)
and the zeta potential of prepared unmodified nanoassemblies
and those with incorporated DTPA-BSA-Gd are not affected by
the compositional changes. The particle size remains within
the range of roughly 160-190 nm (as for Diy¢ensity) and PdI below
0.25, indicating a medium-range of polydispersity characteris-
tics of prepared nanoparticle dispersions. The average sizes
of the prepared nanoassemblies are consistent with those
observed in cryo-TEM images. The { remains negative for all dis-
persions and falls into the absolute value range of 7.5-18.5 mV,
providing fair colloidal stability of the systems. The particle size
parameters and { of all tested systems remain at similar values
over the following weeks with small fluctuations. This confirms
that they maintain colloidal stability, which is an added value in
the case of drug delivery and other biomedical applications.'®
Furthermore, the results do not show an effect of the surfactant
content on the particle size parameters and {. The summary of
DLS and zeta potential results are reported in Table 1, whereas the
long-term stability over 7 weeks of particle size parameters and { is
given in Fig. 3 for 2GMO-25F127 and 2GMO-50DTPA-25F127 as
representative samples. The results for all investigated nanoas-
semblies are given in Fig. S3-S6 (ESIT).

3.3. Gd*'ion content analysis

Since the prepared nanoassemblies are expected to deliver Gd**
ions efficiently to the MR imaged area of interest and exhibit
reduced Gd-associated toxicity, they were analyzed towards
the final molar concentration of Gd*" ions in the prepared
nanoparticle dispersions after mineralization ([Gd*Jpinaisto)
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L 1 2
_Pn3m_ N2 N3 AU B I |
. __Pn3mN2 N3 N4 V6 N N |
3 3
hig e e | 8| ] 5DTPA-25F127 | <
- B AT g 50DTPA-25F127
= =
(/] (7]
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Fig. 2 SAXS scattering curves of (A) unmodified system (2GMO-25F127) along with nanoassemblies with low DTPA-BSA-Gd content (5% w/w), but with
different concentrations of surfactant Pluronic F127 (10, 15, 25% w/w); (B) nanoassemblies with high DTPA-BSA-Gd content (30, 40, 50% w/w) and the
same content of surfactant Pluronic F127 (25% w/w) compared to 2GMO-5DTPA-25F127.
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Table 1 Summary of DLS results: particle size distribution (Dintensity~
intensity weighted distribution), polydispersity index (Pdl), and zeta
potential ({), including standard deviation (SD, n = 3). Measurements were
performed at 22 °C after 24 hours of nanoparticle dispersion stabilization

after the preparation

DIntensity +

Sample SD/nm PDI {/mVv

2GMO-10F127 176.6 £ 7.3 0.200 £ 0.017 —12.90 £ 0.10
2GMO-15F127 186.5 £ 0.9 0.220 = 0.010 —18.40 + 1.40
2GMO-25F127 168.4 + 2.8 0.230 = 0.011 —17.40 + 0.47
2GMO-5DTPA-10F127 170.7 £ 8.2 0.172 £ 0.025 —6.46 + 1.21
2GMO-5DTPA-15F127 173.9 £3.9 0.183 £+ 0.004 —7.30 + 0.60
2GMO-5DTPA-25F127 176.7 £ 4.5 0.198 £ 0.021 —16.30 &+ 0.07
2GMO-40DTPA-10F127 158.7 £3.9 0.131 £ 0.033 —13.40 £ 1.56
2GMO-40DTPA-15F127 177.8 £5.1 0.216 £ 0.016 —9.43 + 0.85
2GMO-40DTPA-25F127 177.9 £ 0.4 0.112 &£ 0.005 —7.53 £ 0.47
2GMO-30DTPA-25F127 163.9 £ 6.9 0.146 =+ 0.006 —7.96 + 0.21
2GMO-50DTPA-25F127 161.8 = 7.7 0.240 £ 0.010 —7.51 + 0.26

(Table 2). Results are compared with the initial concentration
of Gd*" ions in the lipid mixture before the homogenization
([GA**|mitiar). As expected, the [GA*'|pinaistp is lower than
[GA**|mitia- Standard ICP-MS analysis showed that the Gd**
ion content in prepared samples with low (5% w/w) and high
(30, 40, 50% w/w) DTPA-BSA-Gd lipid contents differs roughly
by one order of magnitude. This is consistent with the initial
concentration of lipid used for nanoassembly preparation. The
calculated loading efficiency (LE) (Table 2) is high and reaches,
e.g., 85.3% for 2GMO-30DTPA-25F127, which indicates the
effective incorporation of DTPA-BSA-Gd lipid into the GMO
matrix. However, some exceptions are observed, e.g., 34.0%
for 2GMO-40DTPA-10F127 or 58.5% for 2GMO-50DTPA-25F127.
LE, in general, increases with the increasing content of surfac-
tant within the nanoassemblies with both 5% w/w and 40% w/w
DTPA-BSA-Gd. In the set of nanoassemblies with increasing
content of DTPA-BSA-Gd (30, 40, 50% w/w), LE decreases. This
suggests that the incorporation of DTPA-BSA-Gd within the
GMO matrix during nanoassembly formation is limited, and
as discussed above, it has a significant impact on the structure
and morphology of prepared nanoassemblies.

3.4. Biocompatibility in vitro

Firstly, the impact of increasing concentrations of surfactant
Pluronic F127 on the cytotoxicity in HeLa and MSU 1.1 cells was
evaluated (Fig. 4). As observed, there was no cytotoxic effect
in HeLa cells up to 150 pg mL ™" in the three different DTPA-
BSA-Gd content (30, 40, 50% w/w) nanoassembly dispersions.
At 200 pg mL™', the viability for 2GMO-40DTPA-10F127
remained unchanged, while for 2GMO-40DTPA-15F127 and
2GMO-40DTPA-25F127, the viability dropped to about 30%.
In MSU 1.1 cells, no cytotoxic effect was observed up to
100 pg mL~'. At 150 ug mL™ " and 200 pug mL™", viability
gradually decreased across all samples. In cells treated with 2GMO-
40DTPA-10F127, viability decreased up to 80% at 200 pg mL
while in those treated with 2GMO-40DTPA-15F127 and 2GMO-
40DTPA-25F127, it was reduced to 40%. These results reflect the
impact of the surfactant on the cytotoxicity of 2GMO-40DTPA
nanoparticles and are consistent with previous reports.

This journal is © The Royal Society of Chemistry 2024
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Jagielski et al.'® investigated the cytotoxicity of pure GMO
lipid liquid crystalline nanoparticles (LLCNPs) on HeLa and
MSU 1.1 cells, reporting a drop in viability for both cell lines at
100 pg mL™ . Similarly, Hinton et al.'® observed no cytotoxic
effect on CHO cells below 100 pg mL™' for GMO LLCNPs.
On the other hand, Astofil et al.>® reported no cytotoxic effect of
GMO LLCNPs on STO cells up to 200 ug mL™". Generally, the
lower cytotoxicity of prepared GMO-DTPA-F127 nanoassemblies
might be attributed to the lipid composition, suggesting that a
higher contribution of GMO leads to a greater cytotoxic effect.
Although F127 is typically considered a non-toxic component of
lipid nanoparticles, at sufficiently high concentrations, it can
disrupt mammalian cell membranes.>* Thus, F127 can exhibit
actual cytotoxic effects, particularly at concentrations above
200 pg mL ™" in nanoassemblies with 25% w/w.

Further, the effect of DTPA-BSA-Gd, and consequently Gd,
on cellular viability was assessed. No significant differences in
cytotoxicity were observed for HeLa cells treated with 2GMO-
30/40/50DTPA-25F127 at concentrations up to 150 pug mL ™.
Above that concentration, a decrease in viability to approxi-
mately 30% for cells treated with all-types nanoassemblies was
observed. In contrast, MSU 1.1 cells demonstrated higher
sensitivity to 2GMO-30/40/50DTPA-25F127 treatment. Up to
100 pug mL ", the viability of cells remained at approximately
100%, but above that concentration, it gradually decreased to
around 40%.

These results suggest that GMO-DTPA-F127 nanoassemblies
preserve high biocompatibility towards both cancer and normal
cells, specifically, up to 150 ug mL™" for HeLa cells and up to
100 pg mL™* for MSU 1.1 cells. At higher nanoparticle concen-
trations (above 150/200 pg mL '), the surfactant content is a
factor negatively affecting the viability profiles. These results
align with the previously reported studies on the cytotoxicity
of nanoassemblies with different types of gadolinium-DTPA
amphiphiles.*?

3.5. Up-take studies - Gd** ion content in single cells

The cell uptake of the prepared nanoassemblies containing
Gd*" ions was performed with the SC-ICP-MS technique, allow-
ing for rapid and robust analysis of a large number of indivi-
dual intact cells. Nanoassemblies with three different contents
of DTPA-BSA-Gd were used for uptake studies, 2GMO-30DTPA-
25F127, 2GMO-40DTPA-25F127, 2GMO-50DTPA-25F127, and
compared to non-treated cells. Results indicate that the uptake
of prepared nanoassemblies into model cancer HeLa cells is
not homogenous in terms of the mass of Gd per cell since the
distribution of uptake in the cell population was observed. The
analysis also reveals the effect of nanoparticle composition, as
the mean mass of Gd>" per cell was 627.33 attogram (ag) for
2GMO-30DTPA-25F127, 995.67 ag for 2GMO-40DTPA-25F127
and 1386.67 ag for 2GMO-50DTPA-25F127 (Fig. 5). This must
be accounted for when developing carriers for imaging agent
since their efficiency is strongly related to their interaction with
cells, sufficient delivery of Gd*" ions, and their resultant diag-
nostic effects, here enhanced r; relaxivity. The above results
of mean mass accounted for the measured dominant single

J. Mater. Chem. B, 2024, 12,12017-12029 | 12023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb01684j

Open Access Article. Published on 14 October 2024. Downloaded on 1/7/2026 10:14:07 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

2GMO-25F127

16 -
14] -~ After preparation
— Week 5 ]
124
A '
2
a 81
s _
&
4
2
0 T T
10 100 1000
Size / d.nm
300 - - v - 1.0
Dlntnnslty 40.9
- 2501 —=— Z-Average los
c —a&—D ]
S 200 Number 0.7.tJ
E 410.6 o
B &0 105>
2 Joae
i< J0.3
©
[ % 410.2
410.1
0 . ; . . . . r 0.0
0 1 2 3 4 5 6 7 8
Time / weeks
-40 v v T
-35
_30 4 T
€ -25] i
C -2 gt
S / &
E-15{ ¢ e 1
2 4
S -10 |
_5 4
0 T T T T T

Time / weeks

View Article Online

Journal of Materials Chemistry B

2GMO-50DTPA-25F127

16 r T
—— After preparation
141 —Week 5 |
12
= 10 1
2
% 84
o 4
4
2
0 T g
10 100 1000
Size /d.nm
300 . : - ' -
Doty {00
250 —m— Z-Average 408
E —#— Dyumber 10.7
5 200 i
E 410.6 o
. 150r_.\./'\-/.\.\. 405 ;
o {104 c
e s
£ 100 J - 103
& -
50>~ — s
410.1
0+ T T T T r T T 0.0
0 1 2 3 4 5 6 7 8
Time / weeks
-40 . ; T
-35
> 301
E 2] 1

Time / weeks

Fig. 3 Dynamic light scattering (DLS) results ((A) particle size distribution curves weighed by intensity for chosen time points (0 — after preparation
and after 5 weeks), and (B) particle size weighed by intensity (Dntensity), by humber (Dnumber), Z-average, polydispersity index (PDI), (C) potential { over
7 weeks for the un-modified system (2GMO-25F127) and nanoassemblies with 50% w/w of DTPA-BSA-Gd and 25% w/w of surfactant Pluronic F127

(2GMO-40DTPA-25F127).

cell fraction (80.75%, 76.15%, 68.27% for the following nano-
assemblies) in terms of mean mass (range 1). The summary of
results for all measured cell fraction ranges (range 1, 2, and 3)
are given in Fig. S1 (ESI{), reflecting the mean mass per
population of double cell agglomerates (range 2) and further
numerous cell agglomerates (range 3). However, these fractions
constitute approximately 20-30% of analyzed cells. Further, the
analysis also revealed the contribution of ionic background at
the nanomolar level (4.01, 7.65, 11.76 x 10~° mol L™, respec-
tively, for the following samples GMO-30DTPA-25F127, GMO-
40DTPA-25F127, GMO-50DTPA-25F127), which suggests that
nanoassemblies upon cell uptake undergo a certain intracellu-
lar metabolism (before cell fixation), leading to the disassembly
of lipid nanoparticles and Gd*" release from cell compartments
and further outside the cell. In addition, lipid nanoparti-
cles may interfere with the cell membrane and affect its
permeability to uptaken ions outside.**** As suggested by

12024 | J Mater. Chem. B, 2024, 12,12017-12029

Reese et al.,”” the NPs-cell contact could influence the dissolu-

tion of nanoparticles, and thus, additional ionic release at the
particle-cell interface.

3.6. Relaxivity studies

Though the molar concentration in the prepared nanoparticle
dispersions is not meaningfully different, the samples show a
consequent difference in the relaxivity (r;). The higher the
molar concentration of Gd** in prepared particle dispersions,
the shorter the longitudinal relaxation time (73). Using the
measured T;, the longitudinal relaxation rates (R;) were calcu-
lated as 1/T; and plotted as a function of Gd*" ion concen-
tration. Finally, the longitudinal relaxivity (r;) was determined
as a slope of the plotted dependence R; vs. [Gd*'] ion concen-
tration, using the equation: R; = r*[Gd>"] + 1/Ty water- The
summary of the obtained relaxivity parameters is given in
Table 3. The R, vs. [Gd**] plots are presented in Fig. 61, showing

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb01684j

Open Access Article. Published on 14 October 2024. Downloaded on 1/7/2026 10:14:07 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

Table 2 Gd*" ion concentration of prepared nanoassemblies of different
compositions: [Gd3+]|mt,al—initial molar concentration of Gd>* ions in the
lipid mixture before the homogenization; [Gd*'lrnasto-final molar
concentration of Gd** ions in the prepared nanoparticle dispersions after
mineralization determined with the standard ICP-MS; Gd** ion loading
efficiency (LE)

[GA* Tinitial [Gd* Trinaisto Gd®" LE

Sample names (mM) (mM)/RSD (%) (%)/SD

2GMO-5DTPA-10F127 0.95 0.71/0.81 74.3/0.60
2GMO-5DTPA-15F127 0.95 0.75/0.67 78.9/0.53
2GMO-5DTPA-25F127 0.95 0.78/0.58 82.5/0.48
2GMO-40DTPA-10F127 7.60 2.59/0.33 34.0/0.11
2GMO-40DTPA-15F127 7.60 5.58/0.28 73.4/0.20
2GMO-40DTPA-25F127 7.60 6.12/0.16 80.6/0.13
2GMO-30DTPA-25F127 5.70 4.86/1.48 85.3/1.24
2GMO-50DTPA-25F127 9.50 5.56/0.24 58.5/0.14

the effect of the surfactant concentration (10, 15, 25% w/w) in
prepared nanoassemblies with low 5% w/w (Fig. 6I-A) and high
40% w/w contents of DTPA-BSA-Gd (Fig. 6I-C), and the effect of
initial Gd-chelating lipid concentration (30, 40, 50% w/w) at the
same surfactant content (25% w/w) (Fig. 6I-B). The results
reveal the effect of the surfactant content on r,, as it decreases
along with the increasing content of surfactant in the case of
nanoassemblies with low 5% w/w content of DTPA-BSA-Gd, and
also high content-exemplary 40% w/w DTPA-BSA-Gd. The com-
parison of r; for nanoassemblies with 30, 40, 50% w/w DTPA-
BSA shows that r; also increases.

Since the Gd*" ion concentration (Table 2, [Gd*|pinaistp) in
the third set of nanoassemblies with 40% w/w DTPA-BSA-Gd

HelLa

View Article Online

Paper
1600
1) Range 1 68.27% (1-2000)
1400 — T
1200 - ///
o ] 76.15% (1-1500)
5 1000
» ]
7] ]
g 800 -
= 1 80.75% (1-1000) 1386.67
@ 1 T
o 600
=] / 995 67
400
] 627.33
200 4
0 ] T 1 T . : -
A2 A2 A2
<P p2F < pe2 <P p25
0_300 O_A()O 0_500
e e oG\

Fig. 5 Single cell inductively coupled plasma mass spectrometry ((SP)-
ICP-MS)) uptake studies on Hela cells treated with nanoassemblies of
three different DTPA-BSA-Gd contents (30, 40, 50% w/w) and 25% w/w of
surfactant Pluronic F127. Results show the mean mass of Gd per cell
(expressed in attogram (ag)), accounted for the measured dominant single
cell in terms of mean mass (range 1, insert in the figure).

significantly increases along with the increasing surfactant
content, such lack of consequence between Gd*" ion concen-
tration and relaxivity is not clear. However, it could be explained
that during the self-assembly, DTPA-BSA-Gd molecules cannot
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Fig. 4 Cell viability profiles of HeLa and MSU 1.1 cells treated with prepared nanoassemblies at different concentrations: (A) effect of surfactant-
nanoassemblies with 40% w/w of DTPA-BSA-Gd and 10, 15 and 25% w/w of surfactant Pluronic F127; (B) effect of DTPA-BSA-Gd content —
nanoassemblies with 30, 40, 50% w/w and with 25% w/w of surfactant Pluronic F127.
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Table 3 Longitudinal relaxivity parameters (T;-relaxation time; r;-
relaxivity) of prepared nanoassemblies of different compositions measured
by NMR at a magnetic field of 0.39 T (16.5 MHz) at room temperature
(23 °C). ry results are compared to other Gd-based MRI contrast agents
(Magnevist, Gadovist, Dotarem, measured at 0.47 T, room temperature)
and to similar lipid-based systems reported in the literature (Gd-DTPA-MP
in PT, Gd-DTPA-MO in GMO measured at 0.54 T, room temperature)

Sample names rymM st

2GMO-5DTPA-10F127 8.50
2GMO-5DTPA-15F127 8.22
2GMO-5DTPA-25F127 5.15
2GMO-40DTPA-10F127 19.72
2GMO-40DTPA-15F127 11.56
2GMO-40DTPA-25F127 10.88
2GMO-30DTPA-25F127 8.87
2GMO-50DTPA-25F127 12.01
Magnevist' 34

Gadovist® 3.7

Dotarem’ 3.4

be evenly distributed in the formed lipid bilayer, and the
imbalance between Gd*" ions facing inward and outward the
formed nanoparticles may take place. Therefore, in this set of
nanoassemblies, possibly more Gd*" ions are facing inward,
where they are screened from the interaction with water mole-
cules for proton exchange. Surfactant molecules may addition-
ally compete with the DTPA-BSA-Gd molecules during the self-
assembly, negatively affecting their incorporation into the lipid

®
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(1) Dependence of the longitudinal relaxation rate R; on the concentration of G
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bilayer, and finally, the internal ordering of nanoparticles. A
similar effect was observed for lipid systems Gd-DTPA-BSA
loaded into porphysomes composed of cholesterol, different
phospholipids and pyrolipids (with modified stoichiometric
compositions), where although high-density incorporation of
Gd’" ions was achieved, the relaxivity was less enhanced when
compared to the system prepared with DTPA-Gd with a single
alkyl chain.’

Nevertheless, the investigated nanoassemblies exhibit
expected improved r; values (Table 3). The highest value of
the most interesting relaxivity parameter r;, 19.72 mM ™" s~}
was achieved for 2GMO-40DTPA-10F127. The obtained r; para-
meters in this work of all studied nanoassemblies outperform
those reported for Gd-based commercially developed contrast
agents, such as Magnevist, Gadovist, or Dotarem, tested using a
similar magnetic field of 0.47 T in water-based solutions at
room temperature.’® Similar results were presented in the work
of Gupta et al.,"* where at a similar magnetic field strength of
0.54 T, in the studied system of Gd-chelating lipids (Gd-DTPA-
Monophytanyl) incorporated into the phytantriol matrix (PT),
significantly higher values of r;, were observed compared to the
commercial contrast agent — Magnevist (7, = 3.4 mM ™' s},
0.47 T°). Also, in another work by Gupta et al.'' in a system
based on a gadolinium-chelating lipid with an oleyl chain
(Gd-DTPA-MO) in a GMO matrix, the r; was reported to be
higher than that of Magnevist.

N
o
I

—
[(6)]
1

Longitudinal relaxation time T, /s
o

0\1'\5\

(;of\“o\

1
5F A2
Gad \O 500 &

2GMO-40DTPA-25F127  2GMO-50DTPA-25F127

2GMO-30DTPA-25F127

0.306

H,0

d** ions for prepared nanoparticle dispersions: (A) nanoassemblies

with low DTPA-BSA-Gd content (5% w/w) and with different concentrations of surfactant Pluronic F127 (10, 15, 25% w/w); (B) nanoassemblies with high
DTPA-BSA-Gd contents (30, 40, 50% w/w) and the same content of surfactant Pluronic F127 (25% w/w); (C) nanoassemblies with 40% w/w DTPA-BSA-
Gd and with different concentrations of surfactant Pluronic F127 (10, 15, 25% w/w). (Il) Comparison of the longitudinal relaxation time (T;) for non-treated
(control) and cervical cancer cells (Hela) treated with 2GMO-50DTPA-25F127 nanoassemblies and Gadovist (5.6 pM of Gd**). (Ill) Ty-weighted MR
images of prepared nanoassemblies with high DTPA-BSA-Gd content (30, 40 and 50% w/w) and with 25% w/w of surfactant Pluronic F127 at different
Gd** ion concentrations ([Gd®*] in mM), collected with a 9.4 T MRI horizontal scanner at room temperature.
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Finally, the applicability of prepared nanoassemblies (2GMO-
50DTPA-25F127 as representative) as a potential MRI CA was
assessed with the NMR studies performed on cervical cancer
cells (HeLa). Results (Fig. 6II) show that 2GMO-50DTPA-25F127
shows lower longitudinal relaxation time (7; = 1.043 s) vs.
Gadovist (T; = 1.241 s) at the same Gd concentration in
the probe.

To sum up, the results of relaxation parameters obtained in
this work for the prepared high molecular weight nanoassem-
blies of GMO@DTPA-BSA-Gd show the superiority over com-
mercially developed low molecular weight and non-assembled
contrast agents such as Magnevist, Gadovist, or Dotarem. This
can be credited to their larger molecular weight and size, which
result in a decreased tumbling rate, and thus, longer reorienta-
tion correlation times.>” Moreover, tested self-assembling lipid
systems may enable more efficient water proton exchange,
resulting in higher relaxation for these systems, with some
restrictions regarding the surfactant content in the system. The
nanoassemblies in this work are based on two types of amphi-
phile molecules that offer a fair loading of coordinated Gd**
ions and enable efficient water proton exchange between the
inner and outer spheres surrounding the Gd*" ions, finally
resulting in better relaxation. An interesting conclusion is also
that the prepared nanoassemblies with a higher content of Gd-
chelating lipid (30, 40, 50% w/w) are characterized by a lower
degree of internal order, and yet they show better parameters of
longitudinal relaxation. Similar conclusions were presented by
Moghaddam et al.>* for Gd-DTPA nanoassemblies with differ-
ent complexing amphiphiles, i.e., with the mono- and bis-oleyl
(Gd-DTPA-MO, Gd-DTPA-BO) and with mono- and bis-phytanyl
(Gd-DTPA-MP, Gd-DTAP-BP). Likewise, the results in our pre-
vious work on hybrids of lipid liquid crystalline nanoparticles
with MnO demonstrated such behavior of internal ordering vs.
relaxivity."” However, to fully understand the impact of the
various structures obtained on the relaxivity of the studied
systems, it is necessary to determine the hydration state of
Gd*" and the correlation times from relaxometry and 7O
measurements, which is a challenge in the case of Gd*".>®

3.7. MR imaging

To assess the efficiency of prepared nanoassemblies as MRI
contrast agents, direct observations of the contrast enhance-
ment in MR imaging using the prepared solutions of nano-
particle dispersions were performed. T;-weighted MRI images
(Fig. 6III) confirmed the effectiveness of prepared nanoparticle
dispersions GMO-DTPA-F127 as T; positive contrast agents,
owing to their high relaxivities (Table 3). As the molar concen-
tration of Gd*" increased, the brightening of the images was
observed, indicating a clear relaxivity signal dependency on Gd
ion concentration. Even though the paramagnetic Gd-based
contrast agents are mainly used to brighten the image due to
the shortening of Tj, the effectiveness of the prepared nano-
particle dispersions as 7, negative contrast agents was also
tested for comparison purposes (Fig. S2 in ESIt). T,-weighted
MRI images become increasingly darker as the concentration of
Gd ion increases. However, the observed contrast changes in
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T,-weighted images are not as efficient as in the case of T;-
weighted MRI images.

The results confirm the potential of prepared nanoassem-
blies as positive MRI contrast agents; however, further studies
are necessary to improve the payload of Gd** ions into the GMO
amphiphile matrix, including increased payload per nano-
assembly and to understand the effect of the formed type of
nanostructure on the relaxivity. Future work will also address
the in vivo contrast enhancement and bio-distribution to
unequivocally determine their final efficiency as positive MRI
contrast agents.

4. Conclusions

This study presents the preparation of nanoassemblies using
two types of amphiphiles, GMO as a matrix and Gd-chelating
lipid DTPA-BSA-Gd as a paramagnetic ion source, stabilized
with the surfactant Pluronic F127 molecules. As-prepared
nanoassemblies are considered high molecular weight Gd
ion-containing contrast agents for MR imaging. However, the
preparation of such nanoassemblies has some limitations, as
reported in this study. Structural analysis showed that in an
environment rich in DTPA-BSA-Gd molecules (high DTPA-BSA-
Gd content), next to the GMO molecules, the process of self-
assembly into more curved cubic structures is disturbed.
Instead, a lower degree of internal order or simply order of
other type is observed within the formed nanoparticles. The
prepared nanoparticles are stable in size and surface charge,
including long-term observations. The proposed nanoassem-
blies are characterized by the high loading efficiency of Gd**
ions, which confirms their strong entrapment within nano-
particles. The achieved final Gd** ion content (nanoassemblies
with high 30, 40, 50% w/w of DTPA-BSA-Gd) translated into an
improved high relaxivity r;, which may compete with the one
reported for Gd-based commercially developed contrast agents
or other lipid-based nanoassemblies under similar measure-
ment conditions reported in the literature. The study also
showed that the surfactant content impacts the loading effi-
ciency of DTPA-BSA-Gd within the GMO matrix upon nanoas-
sembly formation, resulting in the increased content of Gd**
ions. However, it is not further reflected accordingly in the
obtained r, parameters. This was assigned to the inhomoge-
neous distribution of Gd** ions within the formed bilayer and
then interior nanoassemblies, hampering an efficient water
proton exchange. The comprehensive analysis also points out
that a lower degree of internal ordering does not exclude the
formed nanoassemblies as efficient MRI positive contrast
enhancers, which was proven in the presented in vitro MRI
results, where the contrast in the collected T;-weighted images
was brightened. The prepared nanoassemblies are also effi-
ciently up-taken by cells, which was reflected in the Gd*" ion
content within the analyzed single cells, as well as in the T
NMR measurements in cell suspensions. Further, biocompat-
ibility studies showed the proposed nanoassemblies are not
toxic at the applied broad concentration range of nanoparticles,
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and hence the metal-associated toxicity is not the case for this
system, but the content of surfactant may play a negative role,
particularly at higher nanoparticle concentrations. In summary,
the lipid-based nanoassemblies proposed in the study can serve
as a new type of high molecular weight contrast agent for MRI.
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