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Gadolinium oxide nanoparticles (GONs) have the potential to be one of the best candidates for the contrast
agents of magnetic resonance imaging. Even though the influence of parameters on the relaxation has been
substantially demonstrated, the variation of the r; of GONs with a similar structure and surface chemistry
implied our limited understanding. We herein synthesized GONs with adjustable size, shape, and
crystallinity, modified them with a series of molecules with different acidities, and recorded their r; values
and imaging contrast. Our results showed that the isoelectric point could be regarded as an indicator of
the relaxation covering the influence of both surface modification and size, which highlighted the impact
of protons dissociated from the contrast agents. We further showed that the nanoparticles with lower
crystallinity possess higher relaxivity, and this phenomenon manifested significantly under a low field.
Our work clarified that the longitudinal relaxivity of Gd,O3z nanoparticles is sensitively dependent on the
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Introduction

Magnetic resonance imaging (MRI) is a crucial technique for
noninvasive diagnosis of diseases."” To fulfill the clinical
demands of imaging sensitivity, over 40% MRI examinations
are conducted with the help of contrast agents.*> The most
important contrast agents that have been approved are gadoli-
nium (Gd) chelates. They inherit the advantages of Gd** such as
a large number of unpaired electrons, high magnetic moment,
and the capability of effectively decreasing the longitudinal
relaxation time of hydrated protons.®™* However, fast clearance
away from sites of interest requires repeated doses within
a short time frame, which may increase the risk of toxicity such
as eliciting nephrogenic systemic fibrosis.**™** Compared with
small molecules, gadolinium oxide nanoparticles (GONs) could
be detained at target positions. Meanwhile, they possess a high
density of paramagnetic ions, and exhibit a promising
enhancement of the longitudinal relaxivity (r,).>***® Therefore,
potentiating the r; value of GONs to maximize their advantages
has attracted intensive attention in recent years.

The influence of size,"”**?*° shape,'®** and surface modifica-
tion**** of GONs on T, relaxation has been highly studied. In
general, the relaxivity can be described by Solomon-Bloember-
gen-Morgan (SBM) theory, in which the key parameters are the
hydration number (g), proton residence time (1), and
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high-performance nanoparticulate T; contrast agents.

rotational correlation time (zg). Ty relaxivity is positively corre-
lated with g, 1/t,,, and tx. Decreasing the size or enlarging the
surface-to-volume ratio of Gd,O; core elevates the relaxivity.
Since the direct chemical exchange between GONs and water
molecules is the largest contributor to proton relaxation,
decreasing the Gd,O; core size enhances T;-weighted MRI by
increasing the density of Gd** ions on the surface, or the
parameter g."”** Another pivotal factor is the surface modifica-
tion, which influences the tumbling time (), that depends on
the viscosity of medium. Assuming that the viscosity is constant
for the solvent containing nanoparticles, the viscosity would be
elevated in the modified range close to the surface, which
increases the tumbling time.*® Therefore, the increased hydro-
dynamic size promotes the relaxivity. This explained that Gd,O;
nanoparticles modified with glycol with a longer chain (poly-
ethylene glycol) possessed a higher r; value than those modified
with glycol with a shorter chain (diethylene glycol or triethylene
glycol).?® Other studies evidenced that coating polyacrylic acid
(PAA) on GONs revealed higher Ty relaxivity. This result was
attributed to the hydrogen bond between carboxyl groups,
leading to both the factor g and the speed up of water exchange
(1/tm).*”*" Surface coating also impacts the water diffusion. Any
factors preventing the affinity between hydrated protons and
the nanoparticles could have negative influence on the relaxivity
because of the reduced g number. For example, modifying
nanoparticles with double layers of amphiphilic molecules led
to impaired contrast as the hydrophobic end prevents the
approaching of water protons.>***

Although the mechanism of the contrast enhancement has
been substantially understood, practically, significant variation
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of r; of the GONs with a similar structure and surface chemistry
raises the question on the influences from parameters. For
example, for PAA coated Gd,O; nanoplates with a core diameter
of 2 nm, the longitudinal relaxivity showed huge variation
ranging from 13.28 to 70.20 mM ' s~ " at 1.5 T,"7?*** while the ry
value of GONSs coated by polyethylene glycol (PEG) mentioned in
the three reports also varied from 5.75 to 29.00 mM " s " at 3
T.?**° The remarkable difference of r; implied that attributing
a high r; value only to the above mentioned parameters might
be limited.

Herein, we synthesized a series of GONs with adjusted
microstructure by modifying a thermal decomposition
method.** These nanoparticles were then modified with citric
acid (CA), PAA, (3-aminopropyl)triethoxysilane (APTS) and
polyacrylamide (PAM), respectively, to evaluate the influence of
surface modification on MRI T, contrast. Combined with T,
relaxivity measured under various pH conditions, we integrated
the already-known factors for r; of GONs into a framework of
the isoelectric point. In addition, we unexpectedly observed that
different degrees of crystallinity of GONs with uniform size and
same modification lead to the distinctive MRI T, contrast. Thus,
our work may shed light on the design of nanoparticulate T
contrast agents.

Experimental

Materials

Oleic acid (OA, >90%), 1-octadecene (ODE, >90%), Arg-Gly-Asp
(RGD, 97%), polyacrylamide (PAM, M, = 40 000), (3-amino-
propyl)triethoxysilane (APTS, 99%), sodium hydroxide (NaOH,
97%), and hydrochloric acid (HCl, 37%) were purchased from
Sigma-Aldrich. Cyclohexane (99.5%), N-hexane (97%), ethanol
(99.7%), and diethylene glycol (DEG, 98%) were purchased from
General-Reagent. Sodium oleate (NaOL, 98%), gadolinium
chloride hexahydrate (GdCl;-6H,0, 99.99%), and citric acid
(CA, 99.5%) were purchased from Macklin. N,N-Dime-
thylformamide (DMF, 99.8%) and oleylamine (OM, 80-90%)
were purchased from Aladdin. Poly(acrylic acid) (PAA5000, M,,
= 5000, 50 wt%) and poly(acrylic acid) (PAA2000, M,, = 2000,
63 wt%) were purchased from Acros Organics.

Synthesis of GONs

Synthesis of the Gd-oleate precursor. GONs were synthesized
via modifying the thermolysis of metal-oleate complexes.** Gd
chloride hexahydrate (160 mmol) and NaOL (480 mmol) were
added to a mixture solvent composed of ethanol (640 mL),
distilled water (480 mL) and hexane (1120 mL) with magnetic
stirring at 70 °C for four hours. Then 240 mL distilled water was
used to extract the upper organic layer containing the Gd-oleate
complex three times in a separator funnel. After the process of
extraction, a yellow viscous solution was obtained. Finally,
hexane was evaporated at 35 °C, resulting in the Gd-oleate
precursor in a waxy solid form.

Synthesis of GONs. The precursor and a mixed solvent of OA,
OM, and ODE were added in a three-neck round-bottom flask
and heated to 100 °C under vacuum for 1 h to remove water.
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Table 1 Synthesis conditions and the resultant yield and size of a part
of GONs

OA oM ODE  Temperature Time Yield Size
Sample (mL) (mL) (mL) (°C) (min) (%) (nm)
GONS5-a 12 36 32 310 60 384 5+£15
GONS5-b 24 36 20 310 60 421 5%1.0
GONS5-¢ 12 66 2 320 60 46.8 5=*0.8
GON9-a 12 36 32 320 60 66.0 9+0.7
GON9- 36 54 30 320 40 985 9+04
b(l
GON17- 12 54 14 320 60 72.6 17 £2.6
a
GON17- 12 54 14 320 60 91.7 17 £5.3
b?

“ prepared with 1.2 g Gd-oleate precursor. ” Synthesized by directly
decomposing the mixture of NaOL and GdCl;. All other samples were
prepared with 0.8 g Gd-oleate precursor. The yields were the ratio
between Gd in resultant GONs (measured by ICP) and that in the
precursor (0.7 mmol).

After bubbling in a nitrogen atmosphere for 10 min, the reac-
tion solution was then quickly heated to the reaction tempera-
ture (310 °C/320 °C) for a period (1 h or noted in the text) under
protection of bubbling nitrogen, resulting in the formation of
GONs. The resultant solution containing the GONs was then
cooled to 70 °C. An excess amount (~80 mL) of ethanol was
added into the solution to precipitate the GONs. Then as-
precipitated nanocrystals were washed with cyclohexane and
ethanol three times, collected by centrifugation and dried in air
at 35 °C overnight. In our experiments, the reaction tempera-
ture, the reaction time, the amount of precursor, and the
composition of OA, OM and ODE were varied, as listed in Table
1.

Surface modification

The as-synthesized nanoparticles that are capped with oleate
ligands were surface modified by using general ligand exchange
procedures and grafting reactions.

Synthesis of GON-CA**> CA coated GON was made by
exchange of surface oleic acid with citric acid. GON (27 mg) was
stirred with citric acid (0.2 M, 6 mL) for 16 h at room temper-
ature. After adjusting the pH value to 10 with a dilute solution of
NaOH (0.1 M), the resulting solution was dialyzed (M, cut-off
3.5 kDa) in pure water for purification.

Synthesis of GON-PAA(2000/5000).>** PAA2000 (600 pL) or
PAA5000 (766 puL) and 12 mL of diethylene glycol were heated to
110 °C under vacuum for 30 min. A cyclohexane solution (8 mL)
containing GON (1000 mg) was slowly injected into the hot
solution, while keeping the solution temperature at 110 °C
under a nitrogen atmosphere, followed by rapid heating to
240 °C and keeping at this temperature for 30 min. After the
solution was cooled to room temperature, 1 mL of dilute solu-
tion of HCI (0.10 M) was added to precipitate the GON-PAA.
After washing with deionized (DI) water three times, the
precipitate was collected by centrifugation, and then neutral-
ized with a dilute solution of sodium hydroxide (0.05 M).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of GON-PAA-RGD.** A DMF solution (30 mL)
containing GON-PAA (90.0 mg) and RGD (12.2 mg) was stirred
at room temperature for 24 h to graft the RDG to the surface of
GON-PAA. The resultant solution of GON-PAA-RGD was then
rinsed by dialysis (M, cut-off 7 kDa) in pure water for
purification.

Synthesis of GON-APTS.**** GON (10 mg) was mixed with
ethanol solution (20 mL) and APTS (500 pL) under stirring for
48 h at room temperature. The GON-APTS was then precipi-
tated with ethanol, followed by rinsing with pure water three
times.

Synthesis of GON-PAM.”” 10 mL weakly alkaline PAM
aqueous solution (5 mg mL™', pH 8) was stirred at room
temperature for 30 min. 10 mL cyclohexane solution containing
10 mg GON and 5 mL DMF was sequentially injected into the
PAM solution under stirring for 4 h. The resulting reaction
liquid was allowed to stand, and the lower layer liquid was
retained. After washing twice with ethanol, the precipitate was
collected by centrifugation, and then dispersed in an aqueous
solution.

Characterization

The size and morphology of the nanocrystals were observed
with a TALOS L120C transmission electron microscope (TEM).
The high-resolution images were recorded on a TALOS F200X
high resolution transmission electron microscope (HRTEM),
with which the selected area electron diffraction (SAED)
patterns were also obtained. Samples for TEM were prepared by
depositing a drop of GONs dissolved in hexamethylene or
deionized water onto carbon-coated copper grids and evapo-
rating the solvent immediately. The concentration of Gd in the
solution sample was determined via a Thermo Scientific™
iCAP™ 7600 ICP-OES inductive coupled plasma emission
spectrometer (ICP). The X-ray diffraction patterns were recorded
with a D8 Advance Da Vinci X-ray diffractometer (Bruker Co.).
Zeta potential measurements under different pH were per-
formed with a NanoBrook Omni to determine the isoelectric
point. The relaxivities and T,-weighted MR images were ob-
tained using a MesoMR23-060H-I (0.5 T, Shanghai Electronic
Technology Co.).

Results and discussion
Microstructural adjustment of GONs

In general, the Gd-oleate complex was prepared as the
precursor of GONs by the reaction between GdCl; and sodium
oleate. Then the precursor was decomposed in a mixture of OA,
OM, and ODE, among which OA and OM served as the ligands,
while ODE acted as the solvent. We at first evaluated the influ-
ence of the ratio of OA/OM/ODE. A ternary phase diagram
(Fig. 1a) schematically showed the outcome of the protocol, and
the typical morphologies of the resultant nanoparticles are
presented in Fig. 1b-f. All the syntheses in the figure were
conducted using 800 mg precursor ([Gd*'] = 0.7 mmol) by
decomposing it at 320 °C for 1 hour. In most cases (marked as
round solid points in Fig. 1a, and presented as Fig. 1b-d), the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) The outcomes with 800 mg Gd-oleate precursor at 320 °C
for 1 h with different volume ratios of OA, OM and ODE; and (b—f) TEM
images of the corresponding samples labelled in a.

GONs were in a nanoplate shape that the flat faces were near
round. Meanwhile, other shapes, such as nanowires (Fig. 1e),
irregular-shaped nanoplates, nanotriangles, and their mixture
(Fig. 1f), were obtained with other ratios of OA/OM/ODE.
Additionally, GON was not produced under some conditions,
especially when OM : OA < 1:1 (the left half of the ternary
phase diagram). Among those conditions forming nanoplates,
the influence of OM and OA on the diameter of the nanoplates
was evaluated, as shown in Fig. S1 and S2, ESL.f With the
elevation of OM percentage, the particle size decreased gradu-
ally, whereas the increased OA in the reaction solution in
general leads to a larger size of nanoparticles. It has been re-
ported that OM possesses the capability of promoting the
nucleation process during a thermo-decomposition process.*®
Thus, the increase of OM resulted in more number of nuclei,
which contributes to the decreased size of resultant nano-
particles. In contrast, OA can adhere to the precursor molecules
or the surface of the formed GON nuclei during the growth
stage.*® This attachment prevented nanoparticles from rapid
agglomeration and fast growing. This attachment was also
suggested by the cases that the solvent almost did not contain
OA. In these cases (en dash in Fig. 1), nanowires were obtained,
indicating that the small nuclei would conjugate one by one
without the protection of OA.* In contrast, when the amount of
OA in the reaction solution increases, the OA conjugating to the
active monomers led to the difficulty of nucleation, resulting in
larger nanoplates. Additionally, when the dose of OA increased
to a certain range (in our case, more than that of OM), the
nucleation was inhibited, resulting in no products.

Apart from the ratio of OA/OM/ODE, other parameters could
also be utilized to adjust the microstructure. For example, all of
the remaining reaction conditions were unchanged, and
shortening the reaction time reduced the diameter of

Fig.2 Typical TEM images of decomposing 8 g Gd-oleate in a mixture
of 24 mL OA, 36 mL OM, and 20 mL ODE at 320 °C for (a) 1 h, (b) 2 h,
and (c) 3 h.
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GONs0020 (shown in Fig. S3, ESIT). Meanwhile, doubling or
tripling the concentration of the precursor also led to the
smaller size of nanoplates. Further, we unexpectedly observed
that if the feeding dose increased to 10-fold higher (to 8 g Gd-
oleate), a mixture of round nanoplates and tripodal GONs was
produced (Fig. 2a). In this case, when we elongated the reaction
time from 1 h to 3 h, most of the nanoplates disappeared,
whereas the tripodal GONs grew in both width and length of
each arm (Fig. 2). C. B. Murray et al. reported® that tripodal
GONSs could be synthesized by decomposing gadolinium acetate
in OA/OM/ODE with the help of lithium hydroxide. They high-
lighted the crucial role of Li" in the morphology control as the
substitution by NaOH didn't lead to the same shape. In
contrast, we showed that tripodal GONs can be synthesized
without adding any other metal ions. Besides, we noticed that if
the raw materials, sodium oleate and gadolinium chloride, were
directly mixed in the solution of OA, OM, and ODE, GONs were
still obtained without the preparation of the Gd-oleate complex
(Fig. S4, ESIY).

Aiming at studying the MRI contrast of GONs, we focused on
three distinct sizes of monodisperse nanoplates synthesized
under different conditions (listed in Table 1). The TEM images
of a series of as-obtained nanoparticles are shown in Fig. S4,
ESL 1 presenting a uniform diameter of 5 nm (Fig. 3a-c), 9 nm
(Fig. S2bt for GON9-a and Fig. S3bf for GON9-b), and 17 nm
(Fig. S4, ESIt), respectively. As illustrated in Fig. 3¢, GON5-c
showed a regular crystalline lattice with an interplanar
distance of d = 3.1 A, which matched to the (222) plane of the
cubic Gd,0; phase. Contrary to the ordered crystal of GON5-c,
the HRTEM images of GON5-b (Fig. 3b) and GON5-a (Fig. 3a)
illustrated a crystal with defects, and an amorphous particle,
respectively. The different crystallinity can be further evidenced
by their X-ray diffraction (XRD) patterns. As shown in Fig. 3d,
XRD patterns demonstrated that cubic Gd,O; nanoparticles
(JCPDS-86-2477) were obtained, and the broadening of diffrac-
tion peaks should be ascribed to the nano-scale size. Notably,
although with the same size of 5 nm, the more disordered GONs
that were observed by HRTEM possessed wider XRD peaks.
Similar phenomena were recorded between the XRD patterns of
samples GON9-a and GON9-b, and between those of GON17-
a and GON17-b. These results further proved the variation of
the crystallinity among the GONs with the same size. Besides,
the energy dispersive X-ray spectrum (EDS) in Fig. 3e showed
that the GONs were composed of Gd and O elements.

MRI contrast affected by the isoelectric point

Five hydrophilic molecules, namely CA, PAA2000, PAA5000,
PAM, and APTS, were coated on the GONSs, respectively, to
evaluate the influence of acidity on the MRI contrast. All the
modified nanoparticles showed excellent water solubility,
indicating successful modification. Fig. 4a—c present the FT-IR
spectra of GONs-CA, -APTS and -PAM, respectively, with the
corresponding modified molecules as the references. The
characteristic peak observed near 690 cm ™" for all the samples
corresponded to the stretching vibration of Gd-O in Gd,0;.*°
The C=O stretching vibrations at 1743 and 1708 cm ™' in the
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Fig. 3 Characterization of GONs, (a—c) HRTEM images of GON5-a,
GON5-b and GONS5-c. The insets presented one enlarged nanoplate
of the corresponding samples. Their boundary was circled. (d) XRD
pattern of GONSs. (e) EDS result of the sample GON5-a.

a
£
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§
5

Fig. 4 FT-IR absorption spectra of GON5-a, (a) —CA, (b) —APTS, (c)
—PAM, (d) -PAA5000-RGD, and (e) —-PAA2000-RGD along with their
respective coatings.

FT-IR absorption spectrum of the GONs-CA were red-shifted
from 1592 cm ™" of the pure CA due to the electrostatic bonds
between the COO™ groups of each CA and surface Gd** ions of
each GON. The peaks at 1076 and 794 cm™ ' of GONs-APTS
could be attributed to the antisymmetric and symmetric
stretching vibrations of the Si-O-Si bond of the APTS group,
respectively. The antisymmetric and symmetric stretching
vibrations of the N-H bond at 3350 and 3185 cm™*, as well as
the C=0 stretching vibration at 1664 cm™ ' in GON-PAM were
the typical signals which supported the successful coatings.
Fig. 4d and e present the FT-IR absorption spectra of GON-
PAA2000-RGD  and  GON-PAA5000-RGD,  respectively,
compared with those of the neat PAA and RGD molecules. These
two kinds of coated GONs exhibited a peak near 1720 cm™ "' due
to the C=0 stretching vibration in PAA, and other two peaks at
1554 and 1456 cm ' given by the N-H bending and C-N
stretching in RGD, confirming the surface coating of the GON
with both PAA and RGD.

In the evaluation of T; relaxation, we firstly recorded the r,
value of clinically used Gd-DTPA as a reference, which was 4.46
mM ' s, Those of GON5-a and GON9-a with different modi-
fications varied from 33.52 to 0.14 mM " s~ " and 14.79 to 0.29
mM ' s, respectively (as listed in Table $1, ESI). For example,
among the modified samples GON5-a, GON5-a-PAA5000
showed the highest r; value of 33.52 mM ' s ' in neutral
solvent. With a shorter chain length of ligand, GON5-a-
PAA2000 retained a relatively low r, value of 26.35 mM ™" s,
This discrepancy was consistent with the reported case of PEG
modified GONs. We also chose an oligopeptide, Arg-Gly-Asp
(RGD), a ligand that can target the RGD receptor overex-
pressed tumors to graft to the PAA coated GON5-a. The T;
relaxivity of GON5-a-PAA2000-RGD increased to 27.20 mM "
s~ ', while that of GON5-a~-PAA5000-RGD slightly decreased to
30.54 mM ' s™' under 0.5 T. The high relaxivity was also
confirmed by the phantom images presented in Fig. 5a. At the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) The MR images of GON5-a modified with different ligands,

with Gd—-DTPA (Magnevist) as a control. (b) ry value of different coated
GON:s as a function of their isoelectric points.

same concentration, 7T;-weighted MR images of GON5-a-
PAA5000-RGD showed much brighter contrast than commer-
cially available Gd-DTPA molecules. These results were, to some
extent, consistent with those reported results. For instance, the
relaxivity went higher as the chain length of the ligand
increased.> Meanwhile, GONs coated with PAA manifested
outstanding T; relaxivity, which previously was ascribed to the
hydrogen bonds between PAA and water molecules.?”***%*
However, GON5-a-PAM, in which hydrogen bonds between
amine groups and water molecules also exist, possessed an
undesirable 7, of only 3.31 mM ' s~ . In the meantime, for 9 nm
particles, the CA modified GON has a slightly higher relaxivity
than the PAA2000 modified one, which was unexpected.*

Nonetheless, our results appeared to be associated with the
acidity and alkalinity on the surface of the nanoparticles. We
thus determined the isoelectric points (pI) of all the modified
GONs and correlated them with the r; values. The results
showed that the r; relaxivity decreases with the increase of their
isoelectric point (Fig. 5b). For example, GON5-a-PAA5000 with
the highest relaxivity had the lowest isoelectric point (pI = 2.40);
in contrast, the sample modified with APTS with a minimum r;
value has the highest isoelectric point (pI = 6.26). Since the
isoelectric point is the environmental pH value when there is no
charge on the surface of nanoparticles, it describes the ability of
the surface to dissociate hydrogen protons.* A smaller pI
means that in a neutral solution, more H' could be dissociated
from the surface of the nanoparticles (g increases) and affected
by the paramagnetic Gd** strongly (t, and 1 increase), thus
contributing to the imaging contrast. It should be mentioned
that these dissociated protons are in addition to those existing
in the water. Contrarily, when the isoelectric point is close to 7
(-PAM or -APTS), the additional protons can hardly be dissoci-
ated. Thus, the r; values were close to that of Gd-DTPA. The
influences of already-known factors with surface modification,
including hydrogen bonding, hydration radius, hydrophilicity,
etc., may be explained by the isoelectric points, as all these
factors dictate the change of pL.*

It should be noted that the impact of isoelectric points may
also cover that of the size of GONs. For the nanoparticles with
certain composition, phase, and surface modification, a smaller
size or larger surface-to-volume ratio leads to that more H'

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) 1/T; and (b) the MRI phantom images of the sample GON5-
a—PAA5000 at different pH values (25 °C, 0.5 T).

protons in the environment are needed to inhibit the dissoci-
ation of H' on the surface of nanocrystals, which means that
smaller sized nanoparticles have a smaller value of pI.** Hence,
when we put the points of GON9-a into Fig. 5b, they also fit well
with the trend of GON5-a. Still, the lower pI of GON results in
the better capability of generating additional H" in neutral
solvent, resulting in a higher relaxation rate. Therefore, the
isoelectric point could be a direct indicator of the relaxivity,
regardless of the surface modification of the
nanoparticles.

Thus, the imageable H" protons could be categorized into
two parts: those exist in water and those dissociated from the
modified surface of nanoparticles. We proposed that the latter
part played a pivotal role in MRI T; imaging. If the modified
surface of a nanoparticle dissociates more H', the nanoparticle
has a better imaging contrast. Additionally, because nano-
particles with “inappropriate” modification present comparable
r; with Gd-DTPA, the enhancement of the contrast might have
predominantly originated from the latter type.

To further verify this, pH values of the solvent were adjusted
by adding diluted hydrochloric acid or sodium hydroxide
solution. The influence of the environmental pH should be
double fold: on one hand, lowering pH increases the number of
protons in the solvent (the former kind); on the other hand, it
makes the ionization of modified molecules harder (decreasing
the latter type). Taking GON5-a-PAA5000 as an example (Fig. 6),
when the pH was lowered from 9 to 6, the longitudinal relaxivity
increased to their maximum, 62.53 mM~' s~ (1/T, vs. the
concentration is shown in Fig. S51). This result was close to the
reported highest r; value'” and indicated that the concentration
of H' in the environment made contributions to the contrast.

size or

However, when we further increase the concentration of H, the
r, value decreases to 28.76 mM ' s ' at pH = 5. This
phenomenon can only be explained by the shift of chemical
balance of the ionization, which reduced the number of disso-
ciated H' from the nanoparticle surface. Furthermore, the
dependence of the contrast of GONs on environmental pH
possesses the potential to be applied in active imaging of
tumors because of the acidity of the tumor microenvironment.

Crystallinity: the hidden factor

We also measured r; and r, of the samples with various crys-
tallinities yet the same size and citric acid modification. Unex-
pectedly, with the decreased crystallinity, the r; value increased
from 9.41 to 14.21 mM ' s %, and the r,/r, ratio varied from 1.05
to 1.25 for GON5-c-CA and GON5-a—CA, respectively. For those
nanoparticles of 9 nm and 17 nm, still the GONs with a lower
degree of crystallinity showed a higher relaxation rate (Table S1,
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Fig. 7 ry values of the samples GON5-a—CA, GON5-b-CA, and
GON5-c—-CA under the applied field of 0.25 T, 05 T and 1 T,
respectively.

ESIT). The relaxivities of GONs turned out to be dramatically
different despite the same size and modification. The more
defects the GONs possessed, the higher relaxivities the GONs
presented.

To explain this unusual phenomenon, we proposed that the
electronic relaxation (t5) might be the main contribution. The
influence of 73 depends mainly on the decay of the electron spin
magnetization.”” 74 is the dominant correlation time at very low
fields (<0.1 T) and is inversely related to 4. For high spin ions
like Gd*', the electronic relaxation largely depends on the
interelectronic interactions in paramagnetic compounds with
two or more unpaired electrons.*® In the studies of classical Gd
chelates, generally one Gd*" existed in one molecule. Thus, the
decrease of 7 only happens when the distance between Gd ions
in different molecules is significantly shortened. This is hard to
occur in a solution state. Therefore, its contribution to the
relaxivity of Gd chelates is negligible and 74 was usually not
considered in the development of small-molecule contrast
agents. However, Gd ions within one certain nanoparticle are
close, which may shorten 75 into an influential range. Based on
this, owing to that the defects in the nanocrystals could shorten
the distance between metal ions,*® further decrease of 75 could
be expected. Owing to that 7, proportionally increases with the
square of increasing applied field, its contribution could
manifest on relaxivity more significantly at low fields than at
high fields. Thus, we detected r; of the nanoparticles under an
applied magnetic field of 0.25 T, 0.5 T and 1 T respectively. As
shown in Fig. 7b, the difference among samples decreases with
the increase of applied field, which confirms that 74, or the
distance between Gd ion inter-nanoparticles, contributes to the
MRI contrast.

Although shortening of 75 by the intramolecular electronic
relaxation between Gd** ions in classical chelate molecules has
been observed in their solid form,>*** few studies considered its
contribution in nanoparticles. An only example was reported by
Gao et al.>* who reported a method to substitute the Fe* ions in
magnetite nanoparticles by Mn>". This substitution resulted in
a remarkably higher r; than their parent iron oxide nano-
particles. They ascribed their results to the 5 unpaired electrons
of Mn?" and the consequent change of t,. Combined with their
work, utilizing electronic relaxation may possess promising
potential in developing nanoparticulate MRI contrast agents.

Conclusions

We synthesized a series of Gd,0; nanoparticles with adjustable
size, shape, and crystallinity. By modifying the molecules with

100 | Nanoscale Adv., 2022, 4, 95-101
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different acidities, we showed that the longitudinal relaxivity of
the nanoparticles was dependent on the isoelectric points.
Besides surface modification, the influence of nanoparticles
size was also integrated into the framework of isoelectric points.
Furthermore, we showed that the crystallinity of the nano-
particles also has an impact on the relaxivity. Our results pre-
sented that the difference in r; among samples with different
crystallinities was more obvious in the lower applied field, and
thus, we ascribed the difference to the contribution of electronic
relaxation. Our work clarified how the parameters affect the
longitudinal relaxivity of Gd,O3 nanoparticles, which may shed
light on developing high-performance nanoparticulate T,
contrast agents.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was financially supported by the National Natural
Science Foundation of China (Nos 31671004 and 31671027). We
thank the Instrumental Analysis Center of SJTU for assistance
with the instrumentation.

Notes and references

1 P. Garg, A. J. Swift, L. Zhong, C. J. Carlhall, T. Ebbers,
J. Westenberg, M. D. Hope, C. Bucciarelli-Ducci, J. J. Bax
and S. G. Myerson, Nat. Rev. Cardiol., 2020, 17, 298-312.

2 H. B. Na, I. C. Song and T. Hyeon, Adv. Mater., 2009, 21,
2133-2148.

3 H. Li and T. J. Meade, J. Am. Chem. Soc., 2019, 141, 17025-
17041.

4 ]J. Wahsner, E. M. Gale, A. Rodriguez-Rodriguez and
P. Caravan, Chem. Rev., 2019, 119, 957-1057.

5 V. M. Runge, Invest. Radiol., 2017, 52, 317-323.

6 W.Ngwa, O. C. Irabor, J. D. Schoenfeld, J. Hesser, S. Demaria
and S. C. Formenti, Nat. Rev. Cancer, 2018, 18, 313-322.

7 ]J. Wang, Y. Jia, Q. Wang, Z. Liang, G. Han, Z. Wang, J. Lee,
M. Zhao, F. Li, R. Bai and D. Ling, Adv. Mater., 2020, 33,
2004917.

8 H. Chen, Y. Qiu, D. Ding, H. Lin, W. Sun, G. D. Wang,
W. Huang, W. Zhang, D. Lee, G. Liu, J. Xie and X. Chen,
Adv. Mater., 2018, 30, 1802748.

9 S. Wang, J. Lin, Z. Wang, Z. Zhou, R. Bai, N. Lu, Y. Liu, X. Fu,
O. Jacobson, W. Fan, J. Qu, S. Chen, T. Wang, P. Huang and
X. Chen, Adv. Mater., 2017, 29, 1701013.

10 N. Rammohan, K. W. MacRenaris, L. K. Moore, G. Parigi,
D. ]J. Mastarone, L. M. Manus, L. M. Lilley, A. T. Preslar,
E. A. Waters, A. Filicko, C. Luchinat, D. Ho and
T. J. Meade, Nano Lett., 2016, 16, 7551-7564.

11 Z. Hai, Y. Ni, D. Saimi, H. Yang, H. Tong, K. Zhong and
G. Liang, Nano Lett., 2019, 19, 2428-2433.

12 T. Grobner, Nephrol., Dial., Transplant., 2006, 21, 1104-1108.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1na00612f

Open Access Article. Published on 25 October 2021. Downloaded on 12/5/2025 3:24:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

13 P. Marckmann, L. Skov, K. Rossen, A. Dupont,
M. B. Damholt, J. G. Heaf and H. S. Thomsen, J. Am. Soc.
Nephrol., 2006, 17, 2359-2362.

14 T. Kanda, T. Fukusato, M. Matsuda, K. Toyoda, H. Oba,
J. i. Kotoku, T. Haruyama, K. Kitajima and S. Furui,
Radiology, 2015, 276, 228-232.

15 M. L. Lord, D. R. Chettle, ]J. L. Grife, M. D. Noseworthy and
F. E. McNeill, Radiology, 2018, 287, 96-103.

16 D.Luo, S. Cui, Y. Liu, C. Shi, Q. Song, X. Qin, T. Zhang, Z. Xue
and T. Wang, J. Am. Chem. Soc., 2018, 140, 14211-14216.

17 Z. Shen, W. Fan, Z. Yang, Y. Liu, V. I. Bregadze, S. K. Mandal,
B. C. Yung, L. Lin, T. Liu, W. Tang, L. Shan, Y. Liu, S. Zhu,
S. Wang, W. Yang, L. H. Bryant, D. T. Nguyen, A. Wu and
X. Chen, Small, 2019, 15, 1903422.

18 Z. Zhao, K. Xu, C. Fu, H. Liu, M. Lei, J. Bao, A. Fu, Y. Yu and
W. Zhang, Biomaterials, 2019, 219, 119379.

19 L. Zhou, T. Yang, J. Wang, Q. Wang, X. Lv, H. Ke, Z. Guo,
J. Shen, Y. Wang, C. Xing and H. Chen, Theranostics, 2017,
7, 764-774.

20 L. Faucher, M. Tremblay, J. Lagueux, Y. Gossuin and
M.-A. Fortin, ACS Appl. Mater. Interfaces, 2012, 4, 4506-4515.

21 T. Paik, T. R. Gordon, A. M. Prantner, H. Yun and
C. B. Murray, ACS Nano, 2013, 7, 2850-2859.

22 F. Wang, E. Peng, F. Liu, P. Li, S. F. Li and J. M. Xue,
Nanotechnology, 2016, 27, 425101.

23 Y. Cheng, X. Tan, ]J. Wang, Y. Wang, Y. Song, Q. You, Q. Sun,
L. Liu, S. Wang, F. Tan, J. Li and N. Li, J. Controlled Release,
2018, 277, 77-88.

24 M. Cho, R. Sethi, J. S. Ananta narayanan, S. S. Lee,
D. N. Benoit, N. Taheri, P. Decuzzi and V. L. Colvin,
Nanoscale, 2014, 6, 13637-13645.

25 B. R. Smith and S. S. Gambhir, Chem. Rev., 2017, 117, 901~
986.

26 A. Guleria, P. Pranjali, M. K. Meher, A. Chaturvedi,
S. Chakraborti, R. Raj, K. M. Poluri and D. Kumar, J. Phys.
Chem. C, 2019, 123, 18061-18070.

27 X. Li, Z. Xue, J. Xia, G. Zhou, D. Jiang, M. Dai, W. Wang,
J- Miu, Y. Heng, C. Yu and Q. Li, Nanomaterials, 2021, 11, 17.

28 N. Luo, X. Tian, C. Yang, J. Xiao, W. Hu, D. Chen and L. Li,
Phys. Chem. Chem. Phys., 2013, 15, 12235-12240.

29 S. L. Ho, G. Choi, H. Yue, H.-K. Kim, K.-H. Jung, J. A. Park,
M. H. Kim, Y. J. Lee, J. Y. Kim, X. Miao, M. Y. Ahmad,
S. Marasini, A. Ghazanfari, S. Liu, K.-S. Chae, Y. Chang
and G. H. Lee, RSC Adv., 2020, 10, 865-874.

30 J. Li, J. You, Y. Dai, M. Shi, C. Han and K. Xu, Anal. Chem.,
2014, 86, 11306-11311.

31 Y. C. Cao, J. Am. Chem. Soc., 2004, 126, 7456-7457.

32 S. Wu, G. Han, D. J. Milliron, S. Aloni, V. Altoe, D. V. Talapin,
B. E. Cohen and P. J. Schuck, Proc. Natl. Acad. Sci. U. S. A.,
2009, 106, 10917.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

33 Q. ]Ju, X. Chen, F. Ai, D. Peng, X. Lin, W. Kong, P. Shi, G. Zhu
and F. Wang, J. Mater. Chem. B, 2015, 3, 3548-3555.

34 J. Morlieras, S. Dufort, L. Sancey, C. Truillet, A. Mignot,
F. Rossetti, M. Dentamaro, S. Laurent, L. Vander Elst,
R. N. Muller, R. Antoine, P. Dugourd, S. Roux, P. Perriat,
F. Lux, J.-L. Coll and O. Tillement, Bioconjugate Chem.,
2013, 24, 1584-1597.

35 Y. Liu, Y. Xu, X. Geng, Y. Huo, D. Chen, K. Sun, G. Zhou,
B. Chen and K. Tao, Small, 2018, 14, 1800293.

36 S. Shahsavarifar, M. Masteri-Farahani and M. R. Ganjali,
Langmuir, 2021, 37, 1925-1931.

37 P.Li, L. Liu, J. Zhou, L. Zhao, H. Fan and X. Huang, RSC Adv.,
2017, 7, 50643-50647.

38 A. Heuer-Jungemann, N. Feliu, I. Bakaimi, M. Hamaly,
A. Alkilany, I. Chakraborty, A. Masood, M. F. Casula,
A. Kostopoulou, E. Oh, K. Susumu, M. H. Stewart,
1. L. Medintz, E. Stratakis, W. J. Parak and A. G. Kanaras,
Chem. Rev., 2019, 119, 4819-4880.

39 X. Sun, Y.-W. Zhang, Y.-P. Du, Z.-G. Yan, R. Si, L.-P. You and
C.-H. Yan, Chem.-Eur. J., 2007, 13, 2320-2332.

40 J. Y. Park, M. J. Baek, E. S. Choi, S. Woo, J. H. Kim, T. J. Kim,
J. C. Jung, K. S. Chae, Y. Chang and G. H. Lee, ACS Nano,
2009, 3, 3663-3669.

41 G. Stinnett, N. Taheri, J. Villanova, A. Bohloul, X. Guo,
E. P. Esposito, Z. Xiao, D. Stueber, C. Avendano,
P. Decuzzi, R. G. Pautler and V. L. Colvin, Adv. Healthcare
Mater., 2021, 10, 2001780.

42 J. Fang, P. Chandrasekharan, X. L. Liu, Y. Yang, Y. B. Ly,
C. T. Yang and ]. Ding, Biomaterials, 2014, 35, 1636-1642.

43 M. Yon, C. Billotey and J. D. Marty, Int. J. Pharm., 2019, 569,
118577.

44 T. Lopez-Leoén, E. L. S. Carvalho, B. Seijo, J. L. Ortega-Vinuesa
and D. Bastos-Gonzalez, J. Colloid Interface Sci., 2005, 283,
344-351.

45 C. Sacchetti, K. Motamedchaboki, A. Magrini, G. Palmieri,
M. Mattei, S. Bernardini, N. Rosato, N. Bottini and
M. Bottini, ACS Nano, 2013, 7, 1974-1989.

46 Q. Gan, T. Wang, C. Cochrane and P. McCarron, Colloids
Surf,, B, 2005, 44, 65-73.

47 F. A. Bovey, P. A. Mirau and H. Gutowsky, Nuclear magnetic
resonance spectroscopy, Elsevier, 1988.

48 P. H. Fries and E. Belorizky, J. Chem. Phys., 2005, 123,
124510.

49 J. Miao, P. Ercius and S. J. L. Billinge, Science, 2016, 353,
aaf2157.

50 A. M. Raitsimring, A. V. Astashkin, O. G. Poluektov and
P. Caravan, Appl. Magn. Reson., 2005, 28, 281-295.

51 A. Borel, L. Helm and A. E. Merbach, Chem.-Eur. J., 2001, 7,
600-610.

52 Z.Zhao, C. Sun, J. Bao, L. Yang, R. Wei, J. Cheng, H. Lin and
J. Gao, J. Mater. Chem. B, 2018, 6, 401-413.

Nanoscale Adv., 2022, 4, 95-101 | 101


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1na00612f

	Revisiting the factors influencing the magnetic resonance contrast of Gd2O3 nanoparticlesElectronic supplementary information (ESI) available: TEM images of the samples, and a table of T1 and T2 of the samples. See DOI: 10.1039/d1na00612f
	Revisiting the factors influencing the magnetic resonance contrast of Gd2O3 nanoparticlesElectronic supplementary information (ESI) available: TEM images of the samples, and a table of T1 and T2 of the samples. See DOI: 10.1039/d1na00612f
	Revisiting the factors influencing the magnetic resonance contrast of Gd2O3 nanoparticlesElectronic supplementary information (ESI) available: TEM images of the samples, and a table of T1 and T2 of the samples. See DOI: 10.1039/d1na00612f
	Revisiting the factors influencing the magnetic resonance contrast of Gd2O3 nanoparticlesElectronic supplementary information (ESI) available: TEM images of the samples, and a table of T1 and T2 of the samples. See DOI: 10.1039/d1na00612f
	Revisiting the factors influencing the magnetic resonance contrast of Gd2O3 nanoparticlesElectronic supplementary information (ESI) available: TEM images of the samples, and a table of T1 and T2 of the samples. See DOI: 10.1039/d1na00612f
	Revisiting the factors influencing the magnetic resonance contrast of Gd2O3 nanoparticlesElectronic supplementary information (ESI) available: TEM images of the samples, and a table of T1 and T2 of the samples. See DOI: 10.1039/d1na00612f
	Revisiting the factors influencing the magnetic resonance contrast of Gd2O3 nanoparticlesElectronic supplementary information (ESI) available: TEM images of the samples, and a table of T1 and T2 of the samples. See DOI: 10.1039/d1na00612f
	Revisiting the factors influencing the magnetic resonance contrast of Gd2O3 nanoparticlesElectronic supplementary information (ESI) available: TEM images of the samples, and a table of T1 and T2 of the samples. See DOI: 10.1039/d1na00612f
	Revisiting the factors influencing the magnetic resonance contrast of Gd2O3 nanoparticlesElectronic supplementary information (ESI) available: TEM images of the samples, and a table of T1 and T2 of the samples. See DOI: 10.1039/d1na00612f
	Revisiting the factors influencing the magnetic resonance contrast of Gd2O3 nanoparticlesElectronic supplementary information (ESI) available: TEM images of the samples, and a table of T1 and T2 of the samples. See DOI: 10.1039/d1na00612f
	Revisiting the factors influencing the magnetic resonance contrast of Gd2O3 nanoparticlesElectronic supplementary information (ESI) available: TEM images of the samples, and a table of T1 and T2 of the samples. See DOI: 10.1039/d1na00612f
	Revisiting the factors influencing the magnetic resonance contrast of Gd2O3 nanoparticlesElectronic supplementary information (ESI) available: TEM images of the samples, and a table of T1 and T2 of the samples. See DOI: 10.1039/d1na00612f
	Revisiting the factors influencing the magnetic resonance contrast of Gd2O3 nanoparticlesElectronic supplementary information (ESI) available: TEM images of the samples, and a table of T1 and T2 of the samples. See DOI: 10.1039/d1na00612f
	Revisiting the factors influencing the magnetic resonance contrast of Gd2O3 nanoparticlesElectronic supplementary information (ESI) available: TEM images of the samples, and a table of T1 and T2 of the samples. See DOI: 10.1039/d1na00612f

	Revisiting the factors influencing the magnetic resonance contrast of Gd2O3 nanoparticlesElectronic supplementary information (ESI) available: TEM images of the samples, and a table of T1 and T2 of the samples. See DOI: 10.1039/d1na00612f
	Revisiting the factors influencing the magnetic resonance contrast of Gd2O3 nanoparticlesElectronic supplementary information (ESI) available: TEM images of the samples, and a table of T1 and T2 of the samples. See DOI: 10.1039/d1na00612f
	Revisiting the factors influencing the magnetic resonance contrast of Gd2O3 nanoparticlesElectronic supplementary information (ESI) available: TEM images of the samples, and a table of T1 and T2 of the samples. See DOI: 10.1039/d1na00612f
	Revisiting the factors influencing the magnetic resonance contrast of Gd2O3 nanoparticlesElectronic supplementary information (ESI) available: TEM images of the samples, and a table of T1 and T2 of the samples. See DOI: 10.1039/d1na00612f

	Revisiting the factors influencing the magnetic resonance contrast of Gd2O3 nanoparticlesElectronic supplementary information (ESI) available: TEM images of the samples, and a table of T1 and T2 of the samples. See DOI: 10.1039/d1na00612f
	Revisiting the factors influencing the magnetic resonance contrast of Gd2O3 nanoparticlesElectronic supplementary information (ESI) available: TEM images of the samples, and a table of T1 and T2 of the samples. See DOI: 10.1039/d1na00612f
	Revisiting the factors influencing the magnetic resonance contrast of Gd2O3 nanoparticlesElectronic supplementary information (ESI) available: TEM images of the samples, and a table of T1 and T2 of the samples. See DOI: 10.1039/d1na00612f


