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’ INTRODUCTION

Gadolinium (Gd) complexes are widely used in magnetic
resonance imaging (MRI) as diagnostic contrast agents because of
their strong paramagnetic properties. In the clinical setting, Gd che-
lates are extensively employed in order to provide positive contrast
yielding increased sensitivity; however, their low retention time and
difficulty in further functionalization limits their improvement in
advanced medical applications such as targeted drug delivery. Furth-
ermore, high dosages of these contrast agents must be given due to
the low sensitivity, lack of selectivity, and low retention time, making
them effective only in areas of high accumulation. Much effort has
been aimed at improvingGdchelate retention times bymodifying the
chelates themselves with preformed polymers such as albumin,1

polylysine,2 dextran,3�5 dendrimers,6�11 liposomes,12�16 and other
biocompatible polymers.5,17,18 Although these results have shown
increased retention times and relaxation rates, toxicity and chelate
stability continue to be issues.

In an attempt to overcome some of these downfalls, research
has recently focused on enhancing MRI contrast agent in vivo
lifetime, efficiency, and functionality by incorporating gadoli-
nium into nanoscale templates. Because of their increased size in
comparison to the clinically employed chelates, Gd nanoparticles
provide increased in vivo circulation time and also contain higher
concentrations of Gd3þ per contrast agent, which when targeted,
yield superiorMRI relaxivities.19�28 Recently, a range of different
methods of incorporating Gd into nanoparticle based templates
have been presented in the literature with compositions, such as
Gd fluoride,19 Gd phosphate,20 Gd oxide,21,22 Gd encapsulated
in a perfluorocarbon emulsion,23�25 and Gd metal�organic
framework (MOF) nanoparticles.26�29 In most cases, these Gd
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ABSTRACT: Gadolinium metal�organic framework (Gd MOF) nano-
particles are an interesting and novel class of nanomaterials that are being
studied as a potential replacement for small molecule positive contrast
agents in magnetic resonance imaging (MRI). Despite the tremendous
interest in these nanoscale imaging constructs, there are limitations,
particularly with respect to controlling the particle size, which need to
be overcome before these nanoparticles can be integrated into in vivo
applications. In an effort to control the size, shape, and size distribution of
Gd MOF nanoparticles, hydrotropes were incorporated into the reverse
microemulsion synthesis used to produce these nanoparticles. A study of how hydrotropes influenced the mechanism of formation
of reverse micelles offered a great deal of information with respect to the physical properties of the Gd MOF nanoparticles formed.
Specifically, this study incorporated the hydrotropes, sodium salicylate (NaSal), 5-methyl salicylic acid, and salicylic acid into the
reverse microemulsion. Results demonstrated that addition of each of the hydrotropes into the synthesis of Gd MOFs provided a
simple route to control the nanoparticle size as a function of hydrotrope concentration. Specifically, Gd MOF nanoparticles
synthesized with NaSal showed the best reduction in size distributions in both length and width with percent relative standard
deviations being nearly 50% less than nanoparticles produced via the standard route from the literature. Finally, the effect of the size
of the Gd MOF nanoparticles with respect to their MRI relaxation properties was evaluated. Initial results indicated a positive
correlation between the surface areas of the Gd MOF nanoparticles with the longitudinal relaxivity in MRI. In particular, Gd MOF
nanoparticles with an average size of 82 nm with the addition of NaSal, yielded a longitudinal relaxivity value of 83.9 mM�1 [Gd3þ]
sec�1, one of the highest reported values compared to other Gd-based nanoparticles in the literature to date.
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nanoparticles have proven to be advantageous because of their
increased retention times and higher relaxivities than Gd che-
lates. Of particular interest are the Gd MOF nanoparticles first
discussed by Lin et al., these Gd MOF nanoparticles synthesized
using a reverse microemulsion technique showed significantly
enhanced relaxivity properties, up to an order of magnitude
better than liposomal Gd chelates.26,29 Despite these promising
results, a high degree of particle size dispersity has to date limited
their in vivo application.

Recently, it has become exceedingly important to have the
ability to manipulate and control the size and size distribution of
nanoparticles, which will be used in biological systems. Size is
particularly important to take advantage of the enhanced per-
meation and retention (EPR) effect, which can also provide a
means of enhanced imaging.30�35 The EPR effect allows for a
passive targeting mechanism by utilizing the “leaky” nature of a
tumor’s endothelium to uptake nanoparticles. Furthermore, ease
of clearance of the particles from a tumor is impaired resulting in
longer retention times allowing for enhanced imaging of the
tumor. Though an optimal particle size to take advantage of the
EPR effect is still widely debated, the general consensus seems to
be particles in the size range of 50�150 nm should prove to be
most effective for a passive targeting mechanism.30�33 For rod-
shaped nanoparticles, this measurement refers to the length as it
is the most commonly reported nanoparticle dimension for the
EPR effect. It has been noted in the literature that rod-shaped
nanoparticles are specifically advantageous as they are up taken
by cells preferentially in comparison to spherical particles.36�38

To date, there has been minimal research on determining routes
to effectively control both the size and size distribution of Gd
MOF nanoparticles.26,28 Additionally, to the best of our knowl-
edge, there has been no work presented on the effect of GdMOF
nanoparticle size on their relaxivity properties.

Gd MOF nanoparticles are synthesized via a reverse micro-
emulsion procedure and incorporation of molecules that may
alter the micelle itself is of particular interest. For example, it has
been shown that the addition of a hydrotrope, defined as a
compound that exhibits both hydrophobic and hydrophilic prop-
erties, can effectively change the rigidity of an oil-in-water
micelle.39�48 Therefore it would be interesting to determine if
by manipulating the reverse micelle, in the case of the GdMOFs,
a simple route could be developed to tune the size and size
distribution of the nanoparticles formed. Our work will present

the effect of the addition of a range of hydrotropes on Gd MOF
nanoparticles synthesized via a reverse microemulsion method
(Figure 1). Specifically, this study investigated the incorporation
of hydrotropes into a Gd MOF reverse microemulsion system.
The effects on nanoparticle shape, size, and size distribution were
studied with respect to type and concentration of hydrotrope,
along with changes in the bridging ligand used to prepare the Gd
MOF nanoparticle. The three hydrotropes employed were
sodium salicylate (NaSal), 5-methylsalicylic acid (5-mSalAc),
and salicylic acid (SalAc) (Figure 2), because of the great deal of
literature which has confirmed each of these compounds to be
effective in oil-and-water micelle structure manipulation. Each
hydrotrope proved to be an effective means of controlling both
the shape and relative size of GdMOF nanoparticles formed. The
trends in the surface area, volume of nanorod, and Gd3þ per
nanorods indicate that the surface area is the most important
factor that influences the relaxivity values. This study shows that
GdMOF nanoparticles exhibit higher relaxivity values compared
to the commonly administered positive contrast agent, Magne-
vist, and most importantly the GdMOFs synthesized at 82 nm in
length with addition of NaSal show the highest reported long-
itudinal relaxivity (R1) values.

’EXPERIMENTAL SECTION

Materials. Cetyltrimethylammonium bromide (CTAB) (Sigma
Ultra, 99%), gadolinium(III) chloride (GdCl3) (99.999%), terephthalic
acid (98%), 1,2,4-benzenetricarboxylic acid (>99%), NaSal (99.5%),
hexanol (98%), methylamine solution (40 wt % in water), and xanthan
gum were purchased from Sigma-Aldrich. 5-mSalAc (98%) was pur-
chased from Acros Organics. Heptane (HPLC grade), SalAc (ACS
grade, crystal), and nitric acid were purchased from Mallinckrodt
Chemicals. Deionized ultrafiltered (DIUF) water and ethanol were

Figure 1. General route to produce Gd MOF nanoparticles via a reverse microemulsion synthesis with a hydrotrope. Cetyltrimethylammonium
bromide (CTAB) is employed as a surfactant and hexanol as a cosurfactant. Gadolinium(III) chloride and 1,4-benzenedicarboxylate (1,4-BDC) form the
three-dimensional nanoscale metal�organic framework.

Figure 2. Hydrotropes used in the synthesis of GdMOF nanoparticles:
(a) sodium salicylate (NaSal), (b) salicylic acid (SalAc), and (c)
5-methylsalicylic acid (5-mSalAc).
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purchased from Fisher. Gadopentetate dimeglumine (Magnevist) was
obtained from Berlex. All chemicals, unless specified, were reagent grade
and used as received.
Synthesis of 1,4-Benzenedicarboxylate (1,4-BDC) and

1,2,4-Benzenetricarboxylate (1,2,4-BTC)Methyl Ammonium
Salts. Either terephthalic acid (10 g) or 1,2,4-benzenetricarboxylic acid
(10 g) was concentrated in a methyl amine solution (40 wt.% water).
The solvent was then removed via rotary evaporation and the remaining
salt was dried overnight in a vacuum oven.
Formation of Gd MOF Nanoparticles via the Standard

Route from the Literature. Gd MOF nanoparticles were synthe-
sized via a reverse microemulsion system developed by Reiter and co-
workers26 employing 0.05 M GdCl3, 0.05 M CTAB, as the surfactant,
and 0.075 M 1,4-BDC or 0.05 M 1,2.4-BTC, as the chelating agent. The
1,4-BDC was utilized at a water-to-surfactant ratio, w, of 8 or 10, while
the 1,2,4-BTC was employed using either a w value of 16 or 22. Briefly, a
stock suspension was produced of CTAB (1.3766 g, 0.05 M) in heptane
(216.6 mL) and hexanol (23.5 mL). In a beaker equipped with a stir bar,
CTAB suspension (100 mL) was combined with either 1,4-BDC
solution (0.075 M) or 1,2,4-BTC solution (0.05 M) and allowed to stir
for 15 min. In a 250 mL Pyrex bottle equipped with a stir bar, CTAB
suspension (100 mL) was combined with GdCl3 solution (0.05 M) and
allowed to stir for 15 min. Exact volumes of 1,4-BDC, 1,2,4-BTC, and
GdCl3 were determined based on the targeted w value. The 1,4-BDC or
1,2,4-BTC solution was then added into the GdCl3 solution. The
combined reverse microemulsion was then allowed to stir in a sealed
bottle at room temperature for 24 h. After 24 h, the microemulsion was
centrifuged at 5000 rpm for a total of 30 min. After removal of the
supernatant, the particles were washed with ethanol (15 mL), sonicated,
and then recentrifuged for 30 min. The supernatant was discarded. The
particles underwent an additional cycle of dispersement in ethanol
(15 mL), sonication, and centrifugation, to remove any excess reactants.
The particles then underwent a cycle of dispersement in DIUF water
(15 mL), sonication, and centrifugation. Finally, the particles were
redispersed in DIUF water for both transmission electron microscopy
(TEM) and inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) characterization.
Formation of Gd MOF Nanoparticles with Addition of

Hydrotrope.GdMOF nanoparticles were synthesized via a similar route
as discussed above. A stock suspension of CTAB (1.3766 g, 0.05 M) in

heptane (216.6 mL) and hexanol (23.5 mL) was prepared. GdCl3
(0.05 M), 1,4-BDC (0.075 M), and 1,2,4-BTC (0.05 M) solutions were
prepared. In a beaker equipped with a stir bar, an aliquot of the CTAB
suspension (100 mL) was combined with either 1,4-BDC solution
(0.075 M) or 1,2,4-BTC (0.05 M) and allowed to stir for 15 min. In a
250 mL Pyrex bottle equipped with a stir bar, a second aliquot of the
CTAB suspension (100 mL) was combined with GdCl3 solution
(0.05 M) and allowed to stir for 15 min. Exact volumes of 1,4-BDC,
1,2,4-BTC, and GdCl3 were determined based on the targeted w value.
The hydrotrope was then measured into a scintillation vial and trans-
ferred to the GdCl3 flask via multiple rinses with the 1,4-BDC solution.
The combined reverse emulsion was then allowed to stir in a sealed
bottle at room temperature for 24 h. After 24 h, the microemulsion was
centrifuged at 5000 rpm for a total of 30 min. After removal of the
supernatant the particles were washed with ethanol (15 mL), sonicated,
and then recentrifuged for 30 min. The supernatant was discarded. The
particles underwent an additional cycle of dispersement in ethanol
(15 mL), sonication, and centrifugation, in an attempt to remove any
excess reactants. The particles then underwent a cycle of dispersement in
DIUF water (15 mL), sonication, and centrifugation. Finally, the
particles were redispersed in DIUF water for both TEM and ICP-AES
characterization.
Characterization. TEM was performed on a Philips CM200 with

an accelerating voltage of 200 kV. A Keen View Soft Imaging System
coupled to iTEM Universal TEM Imaging Platform Software was
utilized to acquire digital TEM images. ImageJ (National Institute of
Health, Bethesda, MD), an image processing and analysis software, was
employed to measure length and width properties of Gd MOF nano-
particles. Each dimension shown in Table 1 and 2 is an average of at least
500 nanoparticles from three independently synthesized batches of Gd
MOF nanoparticles. Longitudinal relaxation time (T1)-weighted MRI
was performed using a 4.7 T Bruker PharmaScan instrument. Briefly, Gd
MOF nanoparticles at a range of serial dilutions were suspended in
0.02% xanthan gum/DIUF water solution in microcentrifuge tubes, as
has been previously discussed in the literature.26 Tubes were then placed
onto the custom designed holder and inserted into a Bruker volume coil
(62mmdiameter). The coil, tuned to the 1H frequency of 200MHz, was
used for radiofrequency RF transmission and receiving. Rapid acquisi-
tion with relaxation enhancement (RARE) T1-weighted scans were
performed with various echo times (TE). The following parameters

Table 1. Effect of NaSal as a Hydrotrope on Gd MOF Nanoparticle Dimensions

w bridging liganda NaSal (μM)b length (nm)c % RSDd width (nm)c % RSDd aspect ratioe

8 1,4-BDC 0 93 44 42 59 2

10 1,4-BDC 0 122 50 46 50 3

8 1,4-BDC 135 82 25 17 22 5

10 1,4-BDC 67.5 112 32 23 22 5

10 1,4-BDC 135 114 33 25 22 5

10 1,4-BDC 270 156 31 28 23 6

10 1,4-BDC 405 146 32 24 20 6

10 1,4-BDC 440 145 34 25 26 6

10 1,4-BDC 470 149 28 29 22 5

10 1,4-BDC 540 159 25 26 21 6

16 1,2,4-BTC 0 70 30 39 41 2

22 1,2,4-BTC 0 113 30 56 30 2

16 1,2,4-BTC 3050 24 34 17 26 1

22 1,2,4-BTC 3050 98 27 70 32 1
a 1,4-BDC and 1,2,4-BTC are defined as 1,4-benzenedicarboxylate and 1,2,4-benzenetricarboxylate methyl ammonium salts, respectively. bGd MOF
nanoparticles synthesized via the standard route from the literature with no incorporation of NaSal (0 μM). cAminimum of 500 particles were measured
and averaged from at least five independent batches of GdMOF nanoparticles. d%RSD is defined as percent relative standard deviation. eAspect ratio is
defined as the length divided by the width of the Gd MOF nanoparticle.
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were used: field of view 6.0 cm, slice thickness 2.0 mm, with 2 axial or
sagittal slices, matrix size 128 � 128, relaxation time = 600, 800, 1000,
1200, 1400, 1600, 1800, 2000, 2500, 3000, 3500, and 4000 ms, TE =
50.8 ms, number of averages 1, total scan time 12 min and 14 s. The
calculations of T1 values were performed automatically for a selected
region of interest using Bruker ParaVision software (Version 3.0, Bruker
Medical, Billerica, MA) according to the equation y = Aþ C(1� e�t/T1).
ICP-AES data was acquired on a Perkin-Elmer Optima 3000 ICP-
AES instrument following the EPA 200.7 standardized method. The
instrument was calibrated with an internal scandium standard and recali-
brated if there was greater than 20% drift from the 50 ppm concentration.
GdMOF nanoparticle samples were diluted in a 2% nitric solution and run
against an internal quality control gadolinium standard from High Purity
Standards using a five point calibration.

’RESULTS AND DISCUSSION

MRI is arguably one of the most powerful diagnostic imaging
techniques because of its noninvasive nature and resolution. In
MRI, a magnetic field aligns proton spins in the body; low-
intensity radio frequency electromagnetic waves are then pulsed
to disrupt the proton’s alignment with the magnetic field. The
protons relax to their original alignment once the radiofrequency
is ceased, producing a nuclear magnetic resonance reflecting the
spatial distribution of proton densities. MRI is widely used
clinically for imaging of various soft tissues to identify patholo-
gical processes and is the premier technique for imaging cancer
and other advanced diseases. Contrast agents are regularly
employed in diagnostic MRI to attain higher resolution physio-
logical images.49�51 Contrast agents indirectly affect the signal by
significantly altering the T1 or transverse relaxation times (T2)
because of their dipole�dipole interaction with water protons.
Negative contrast agents, such as iron-based nanoparticles, affect

the T2 relaxation time but are rarely used in the clinical setting
due to their limitations with respect to dynamic range, void
separation, and toxicity.49�53 Conversely, positive contrast
agents, such as Magnevist, are predominantly used in the clinic.
These are based on Gd chelates and greatly decrease the T1
relaxation time. Despite their wide clinical use, Gd chelates have
several limitations including short in vivo retention times, limited
relaxation properties, along with being difficult to modify for
more advanced diagnostic capabilities.49�53 As such, Gd based
nanoparticles have gained a great deal of interest as diagnostic
and nanomedicine platforms due to their potential for increasing
retention times and introduction of increased functionality, such
as targeting ligands and therapeutics, along with yielding en-
hanced imaging through both changes in their physical and
chemical properties.20,22,26,29,54�57 Although a great deal of
interest has focused on modification of the surface of these
nanoparticles, as of late, there is limited research on how shape
and size properties of the Gd nanoparticles affect MRI relax-
ation rates.
Synthesis of Gd MOF Nanoparticles with Hydrotropes.

Gd-based nanoparticles have shown a great deal of promise
toward positive contrast agents for MRI.20,22,26,29,54�57 In
particular, Lin et al. have shown enhanced T1 relaxation pro-
pertieswithGdMOFnanoparticles synthesized via a reversemicro-
emulsion technique.26,28,29 Our group has recently shown that
modifying the Gd MOFs with a range of polymers can greatly
affect their final MRI properties.56,58 It has also been reported
that the size of these Gd MOF nanoparticles can be varied by
changing the w value, the choice of bridging ligand and cosurfac-
tant, and the temperature of the reaction.26,28 To date, there have
been no studies to examine the effect of hydrotropes on reverse
micelle systems forming nanoscale MOFs or the overall effect of
their size with respect to MRI relaxation properties. The amphi-
philic nature of hydrotrope molecules provides the ability to
significantly increase the solubility of slightly soluble organic
compounds in water. At a minimum hydrotrope concentration,
hydrotropes begin to self-associate, but cannot form well orga-
nized self-assemblies such as micelles without the addition of a
surfactant.42 Experimental studies which incorporated hydro-
tropes into oil-in-water micelles, with CTAB as the surfactant,
show a transition from spherical/ellipsoidal to worm-like
micelles.39,40,44�46 It is expected that the same effect may be
observed for reverse microemulsion systems involving the sur-
factant CTAB, such as the system which forms Gd MOF
nanoparticles.
Herein, we employ a combination of the literature procedure

to synthesize GdMOF nanoparticles with the addition of a range
of hydrotropes in an attempt to control the shape, size, and size
distribution of the nanoparticles formed. First, Gd MOF nano-
particles were synthesized via the standard route from the
literature with a reverse microemulsion system of heptane,
hexanol, and CTAB (0.05 M). The addition of GdCl3 (0.05
M) and 1,4-BDC (0.075M) or 1,2,4-BTC (0.05M) solutions at a
range of w values successfully produced Gd MOF nanoparticles
(Figure 3a-3d). GdMOF nanoparticles synthesized with the 1,4-
BDC ligand provided an average length near 100 nm with the
general composition of Gd(1,4-BDC)1.5(H2O)2 (Figure 3a�b
and Table 1). Nanoparticles that employed 1,2,4-BTC as a
bridging moiety yielded Gd MOF nanoparticles with average
lengths between 70 and 113 nm and a general composition of
Gd(1,2,4-BTC)(H2O)3 3H2O (Figure 3c�d and Table 1). All
four Gd MOF nanoparticles synthesized via the standard route

Table 2. Effect of 5-mSalAc and SalAc as Hydrotropes on Gd
MOF Nanoparticles Synthesized at w = 10

5-

mSalAc

(μM)

length

(nm)a
%

RSDb

width

(nm)a
%

RSDb

aspect

ratioc

67.5 127 39 23 25 6

135 136 41 23 21 6

270 160 38 23 25 7

405 207 36 27 25 8

440 527 44 40 28 13

470 1000 39 90 26 11

540 1000 35 81 19 12

SalAc

(μM)

length

(nm)a
%

RSDb

width

(nm)a
%

RSDb

aspect

ratioc

67.5 116 26 42 48 3

135 106 15 31 21 3

270 297 44 44 31 7

405 252 50 39 23 6

440 445 47 48 26 9

470 1170 32 90 21 13

540 1350 32 113 25 12
aA minimum of 500 particles were measured and averaged from at least
five independent batches of Gd MOF nanoparticles. b%RSD is defined
as percent relative standard deviation. cAspect ratio is defined as the
length divided by the width of the Gd MOF nanoparticle.
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from the literature26 yielded broad particle size distributions
(Table 1), as can be seen by the high percent relative standard
deviation (%RSD) values in both the nanoparticle length and
width. In an effort to reduce the size distribution of the GdMOF
nanoparticles, three different hydrotropes, NaSal, 5-mSalAc, and
SalAc, were integrated into the reverse microemulsion synthesis.
Each of these hydrotropes have been reported to control the size
and morphology of oil-in-water micelles,39,40,44�46 and it is
hypothesized that these hydrotropes will also enable more
control over nanoparticle size and provide reduced size distribu-
tions for the Gd MOF nanoparticles synthesized by the reverse
microemulsion method.
Influence of Sodium Salicylate on Gd MOF Nanoparticle

Size. The addition of NaSal into oil-in-water micelles formed
using the surfactant CTAB has been shown to cause a transition
from spherical/ellipsoidal to worm-like micelles at varying con-
centrations.44,46 It is hypothesized that the same trend would
be expected for the addition of NaSal to reverse microemulsion
systems, which potentially provides a mechanism to control
particle size and reduce particle size distribution. As such, Gd
MOF nanoparticles were synthesized by a reversemicroemulsion
as reported earlier;26 however, NaSal was incorporated into the
final microemulsion during the combination of the two reverse
microemulsions of GdCl3 and 1,4-BDC. Gd MOF nanoparticles
at w values of 8 and 10 were synthesized with the addition of a
range of concentration of NaSal to directly compare with Gd
MOFs synthesized without any hydrotrope at the same w value.
An increase in the concentration of NaSal at a constant w value of
10, from 67.5 μM to 540 μM, confirmed both an increase in
length and decrease in diameter in comparison to those GdMOF
nanoparticles made without NaSal (Figure 3e�f and Table 1).
This can be more clearly seen with comparison of the average
aspect ratios (Table 1), defined as the length divided by width of
the nanoparticles, with respect to NaSal concentration. As NaSal
concentration increases, the aspect ratio of the Gd MOF
nanoparticles triples in most cases (Table 1). This is particularly
interesting from a passive targeting approach, as it has been
previously discussed that nanoparticles with higher aspect ratios,

or more rod-like character, should be up taken by the EPR effect
preferentially to spheres.36�38

TheGdMOFnanoparticles synthesized with a combination of
1,2,4-BTC, as the bridging ligand, and NaSal, as the hydrotrope,
showed decreases in the average length and width dimensions
(Figures 3g�h and Table 1). Unfortunately, there were not large
decreases in the particle length or width distributions. The Gd
MOF nanoparticles with a length of 24 nm may be useful for
comparison of size versus cellular uptake and T1 relaxation
properties. Overall, the Gd MOF nanoparticles formed from a
reverse microemulsion system, with the addition of NaSal as a
hydrotrope, showed significant changes in their overall shape and
size distributions. Furthermore, addition of NaSal when em-
ployed with the 1,4-BDC bridging ligand yielded particles with a
much lower particle size distribution in comparison to GdMOFs
synthesized via the standard route from the literature.26

Influence of 5-Methylsalicylic Acid on Gd MOF Nanopar-
ticle Size. Literature on incorporation of 5-mSalAc into oil-in-
water CTAB-based micelles suggests that the addition of 5-mSa-
lAc also promotes elongation to worm-like micelles.39,42,59

Although 5-mSalAc has a similar structure to NaSal, Figure 2,
it is hypothesized that the addition of an acid moiety and methyl
group on the aromatic ring may screen the repulsive electrostatic
forces between the surfactant head groups of the CTAB yielding
a more worm-like micelle structure.42 Despite these changes in
hydrotrope structure, it is hypothesized that similar effects will be
observed in a reverse microemulsion produced with 5-mSalAc in
comparison to NaSal. When Gd MOF nanoparticles were syn-
thesized with and without 5-mSalAc, the nanoparticles synthe-
sized with 5-mSalAc showed a significant decrease in width,
nearly half, with respect to the %RSD, Table 2. The Gd MOF
nanoparticles became increasingly longer as the concentration of
5-mSalAc was increased (Table 2, Figure 4a-b, and Supporting
Information S1). Increasing the 5-mSalAc concentration to 440
μM yielded a dramatic increase in the average length to 527 nm
(Figure 4b, Table 2, and Supporting Information S1), while 540
μM 5-mSalAc produced Gd MOF nanoparticles with lengths in
the micrometer range (Table 2 and Supporting Information S1).

Figure 3. Transmission electron microscopy of GdMOF nanoparticles synthesized via a reverse microemulsion utilizing 0.05MCTAB, 0.05MGdCl3,
and (a) 0.075 M 1,4-BDC at w = 8, (b) 0.075 M 1,4-BDC at w = 10, (c) 0.05 M 1,2,4-BTC at w = 16, (d) 0.05 M 1,2,4-BTC at w = 22, (e) 0.075 M 1,4-
BDC, 135 μMNaSal at w = 8, (f) 0.075 M 1,4-BDC, 135 μMNaSal at w = 10, (g) 0.05 M 1,2,4-BTC, 3050 μMNaSal at w = 16, and (h) 0.05 M 1,2,4-
BTC, 3050 μM NaSal at w = 22.
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The diameter of the Gd MOF nanoparticles decreased with the
introduction of 5-mSalAc yielding particles with significantly
larger aspect ratios (Table 2). Unlike the GdMOF nanoparticles
formed with the addition of NaSal, which seemed to have a
‘locked-in’ width of around 25 nm, these particles showed a
noticeable increase in width with increase in 5-mSalAc concen-
tration (Table 2). Results from the 5-mSalAc studies demon-
strate a significantly larger influence on the Gd MOF nano-
particle size in comparison with NaSal producing particles in the
micrometer range in length.
Influence of Salicylic Acid on Gd MOF Size. Literature has

taken advantage of SalAc in oil-in-water micelles to provide
elongated structures with worm-like morphologies. Much like
the addition of NaSal and 5-mSalAc into oil-in-water emulsions,
SalAc is also expected to affect the overall dimensions of a reverse
micelle. Although we have confirmed that NaSal and 5-mSalAc
change the micelle significantly when added to a reverse micro-
emulsion system, to fully understand the influence of the hydro-
trope chemical structure on the reverse micelle, SalAc was also
studied. As with 5-mSalAc, the addition of SalAc increased the
lengths, widths, and aspect ratios of the Gd MOF nanoparticles
with increasing hydrotrope concentration (Table 2 and Figure 4c�d).
As the SalAc concentration increased to 270 μM SalAc, the Gd
MOF nanoparticles formed were much more disperse in both
their length and width dimensions with respect to %RSDs
(Figure 4c and Table 2). In all cases the addition of SalAc to
the reverse microemulsion system yielded particles with signifi-
cantly increased aspect ratio (Table 2), suggesting these rod-like
particles might be effective for passive targeting through the
EPR effect.
Effect of a Hydrotropes on Reverse Microemulsion

System. Reported studies indicate that with the addition
of hydrotropes to oil-in-water CTAB-based micelles, there is
an observed transition from spherical/ellipsoidal micelles into

worm-like shapes.39,40,44�46 In oil-in-water micelles which in-
clude a hydrotrope, literature suggests that the carboxylic head of
a hydrotrope aligns next to the head of the surfactant, and the
hydrophobic part of the hydrotrope orientates close to the tail of
the surfactant.42 This ordered alignment between the surfactant
and hydrotrope screens the electrostatic repulsion between the
CTAB head groups allowing the CTAB to pack tighter together,
reducing the micelle curvature and promoting growth along
the axial position, yielding a micelle with a larger aspect ratio
(Figure 5).
It is expected that parameters that influence oil-in-water

emulsions will also have similar effects in reverse microemulsion
systems. As such the same interactions between a hydrotrope and
the surfactant in the reverse micelle are expected to occur. In our
studies with the addition of all three hydrotropes to the reverse
microemulsion system, results compared quite closely to oil-and-
water emulsions with the incorporation of a hydrotrope. In nearly
all cases, the addition of NaSal, 5-mSalAc, or SalAc yielded Gd
MOF nanoparticles with longer length and narrower width
dimensions, suggesting an increase in the elongation of the
reverse micelles formed. As such, it is hypothesized that the
length and diameter of the reverse micelle changed with the add-
ition of each of the hydrotropes due to tighter packing of the
surfactant heads of the CTAB at the oil�water interface.
Increased concentrations in hydrotrope provided closer packing,
which reduced the electrostatic repulsion of the CTAB head
groups. The reduction in electrostatic repulsion causes an axial
elongation of the micelles and a transition from an ellipsoidal
micelle to a more rigid worm-like structure.
The decrease in size distribution of the GdMOF nanoparticles

suggests that the incorporation of hydrotropes into a reverse
microemulsion produce micelles with a much more rigid struc-
ture in the axial dimension. It is hypothesized that this increase in
rigidity is an effect of an increase in the end-cap energy of the
micelle and the chemical structure of the hydrotrope. The results
are in agreement with reports that show when the hydrotrope
concentration is increased the surfactant and hydrotrope will
favor aligning in a linear manner reducing the curvature of the
micelles in order to decrease the energy of the system. Further-
more, the chemical structures of the hydrotropes used are very
similar (Figure 2), with either a change in counterion or sub-
stituent. It has been reported that the pH of the aqueous droplet
affects the formation of reverse micelles.48,60,61 Because NaSal,
5-mSalAc, and SalAc can, and likely do, undergo dissociation at
the aqueous interfacial pool, the pH of the water droplet may be
affected differently. Our data suggests that the smaller Hþ ion
may promote higher packing of the surfactant at the micelle
interface. Increased dissociation of the acidic group leads to lower
water droplet pH and higher surface packing of the CTAB head

Figure 4. Transmission electron microscopy of GdMOFs synthesized at w = 10 with (a) 270 μM5-mSalAc, (b) 540 μM5-mSalAc, (c) 270 μMSalAc,
and (d) 540 μM Sal.

Figure 5. Schematic of a hydrotrope in a reverse microemulsion.
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groups, which elongate the micelles. This observation can be
attributed to the protons further reducing the electrostatic
repulsion between the surfactant’s headgroup; therefore the
higher the concentration of protons, the more elongated the
micelles, which was confirmed by creating longer particles
(Table 1 and 2). Further work is focused on manipulating the
counterion size to determine effects on micelle shape.
Furthermore, it could be hypothesized that the addition of

substituents may cause steric effects in turn decreasing surfactant
packing. Comparing the chemical structures of 5-mSalAc and
SalAc, demonstrates only a methyl substituent difference in
structure (Figure 2). In this case, Gd MOF nanoparticles syn-
thesized with 5-mSalAc and SalAc yielded particles with nearly
identical dimensions up to a concentration of 440 μM hydro-
trope. Once the concentration of SalAc was increased the lengths
of the Gd MOF nanoparticles showed significant increases up to
1350 nm at a concentration of 540 μMSalAc. This trend suggests
that the addition of a methyl substituent to the hydrotrope
decreases the ability of CTAB head groups to pack closely, while
the SalAc structure provides a closer packing.
In an attempt to confirm the Gd MOF nanoparticle chemical

structure is not affected by changes in size, ATR-FTIR spectros-
copy was employed. Each of the ATR-FTIR spectra (Supporting
Information S2) from Gd MOF nanoparticles synthesized at a
range of differing sizes appeared to be identical. Each Gd MOF
particle sample showed the characteristic out-of-plane =C�H
aromatic stretch at 725 cm�1, symmetric carboxylate stretch at
1400 cm�1, an asymmetric carboxylate stretch at 1540 cm�1,
along with peaks at 2855 cm�1, 2925 cm�1, and 3065 cm�1,
which are attributed to the�C-H stretching vibrations of the 1,4-
BDC bridging ligand, and 3460 cm�1, which is attributed to the
�OH stretch of the water ligand. Powder X-ray diffraction
patterns were utilized to determine the crystalline structure
of Gd MOF nanoparticles with respect to changes in size
(Supporting Information S3). In each case, Gd MOF nanopar-
ticles showed similar diffraction patterns to those originally
synthesized without the addition of a hydrotrope by Rieter
et al. and the known crystalline phase for Tb(1,4-BDC)1.5-
(H2O)2 reported by Reineke et al.

26,62 Powder X-ray diffraction
patterns suggest an extended 3D, triclinic topology with an
overall unit cell structure of Gd2(1,4-BDC)3(H2O)4, where each
Gd atom binds to six oxygen atoms from the 1,4-BDC bridging
ligands and two oxygen’s from coordinated water.26,62

T1 Relaxation Properties with Respect to Gd MOF Nano-
particle Size.Contrast agents used in MRI enhance the contrast

by decreasing the relaxation time of nearby water protons effecting
either the T1 or T2 value. Generally these values are discussed as
either the R1 or the transverse relaxivity (R2), respectively, and
are simply the inverse of the relaxation time with respect to the
concentration of contrast agent. The ratio of R2/R1 indicates the
type of contrast agent; where positive contrast agents show a
value of less than two and are preferred over negative contrast
agents due to their brightening effect in T1-weighted images.
Recently, Gd-based nanoparticles have proven to be desirable due
to their ability to increaseR1, which produces a brighter contrast in
comparison to clinically employed Gd chelates. Gd MOF nano-
particles are predominantly being investigated as an alternative to
Gd chelates because they are larger in size resulting in potentially
higher retention times in vivo, have higher concentrations of Gd3þ

ion per targeted contrast agent producing higher relaxivity values,
and their size and surface chemistry can be easily tuned.
The relaxivity values of Gd MOF nanoparticles synthesized in

these experiments were obtained by employing in vitro MRI
using a 4.7 T scanner. A range of sizes were studied in order to
provide information on the effects of Gd MOF nanoparticles
physical properties on their T1 relaxation characteristics. For
each sample, a series of dilutions of Gd MOF nanoparticles was
prepared and the concentration of Gd3þwas determined by ICP-
AES. The relaxivity results (Table 3 and Supporting Information
S2) are shown for several Gd MOF nanoparticle samples as the
calculated R1 and R2 rates for the various contrast agents with
respect to their Gd3þ concentration. In all cases, the Gd MOF
nanoparticles showed increased R1 values with respect to the
clinical positive contrast agent, Magnevist, used for comparison.
Furthermore, each of their ratios of R2/R1 are less than two
confirming their ability to be employed as positive contrast
agents. In this study, the Gd MOF nanoparticles provided an
increased R1 ranging from 17.8 to 70.9 mM�1 s�1 in comparison
to 4.4 mM�1 s�1 seen for Magnevist. For example, the Gd MOF
nanoparticles with an average length of 112 nm displayed a R1
value of 69.3 mM�1 s�1 yielding a R2/R1 ratio of 1.3 (Table 3).
In comparison, Gd MOF nanoparticles with an average length of
1001 nm, showed a measured R1 value of 17.8 mM�1 s�1, with a
R2/R1 ratio of 1.4 (Table 3). As can be seen in Table 3, the
smaller GdMOFnanoparticles showedmarked improvements in
relaxivity. Most interesting are the Gd MOFs which were
synthesized at an average length of 82 nm. The obtained R1
value of 83.9 mM�1 s�1 is nearly 20 times larger than that of the
Magnevist, and to the best of our knowledge, is one of the highest
reported relaxivity values to date for Gd MOF nanoparticles.

Table 3. Gd MOF Nanoparticle Physical Properties with Respect to MRI Relaxivity Properties

contrast agent volume (nm3)b total surface area (nm2)b Gd3þ (atoms per particle)c,d R1 (mM�1 s�1)e R2 (mM�1 s�1)e R2/R1

Magnevist 4.3 5.5 1.3

Gd MOF (24 nm)a 9.79� 103 3.92� 1019 3.76� 104 70.1 105.4 1.5

Gd MOF (82 nm)a 1.86� 104 4.51� 1019 6.45� 104 83.9 98.2 1.2

Gd MOF (112 nm)a 4.65� 104 3.33� 1019 1.61� 105 69.3 88.3 1.3

Gd MOF (146 nm)a 6.60� 104 3.13� 1019 2.29� 105 31.4 37.5 1.2

Gd MOF (207 nm)a 1.19� 105 2.74� 1019 4.11� 105 29.4 39.6 1.3

Gd MOF (527 nm)a 6.62� 105 1.80 � 1019 2.29� 106 22.1 31.8 1.4

Gd MOF (1001 nm)a 5.16 � 106 0.893� 1019 1.79� 107 17.8 24.4 1.4
aValues in parentheses are average lengths of Gd MOF nanoparticles (Table 1 and 2). b Experimental volumes and surface areas for each Gd MOF
sample were determined assuming a cylindrical shape (with the exception of the GdMOF (24 nm) which was assumed to be a cube) and utilizing length
and width values determined by TEM. cGd3þ concentrations were determined by ICP-AES. dGd3þ (atoms per nanoparticle) values were determined as
previously discussed in the literature.28 e relaxivity values were determined using a 4.7 T MRI scanner in a 0.2% xanthan gum solution.
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As can be seen by the data, a trend of increasing relaxivity is
seen with decreasing average particle length (Table 3), with the
exception of the Gd MOF nanoparticles with an average length
dimension of 24 nm. As such, in order to determine if there is an
effect on MRI capabilities with respect to particle size, volumes
and total surface areas were estimated for each of the Gd MOF
particles. The volume of each nanoparticle was determined
assuming a cylindrical shape using the measured dimension of
length and width from TEM. The exception was the 24 nm
sample, which was assumed to be a cube based upon the TEM
images (Figure 3h). The total surface area of each batch of Gd
MOF nanoparticles was calculated by multiplying the average
surface area of one particle and the total number of particles in
each sample. In order to calculate the total surface area of each
batch, it was assumed that 100% of the Gd3þ introduced into the
initial synthesis was incorporated into the final Gd MOF
nanoparticles. The number of Gd3þ atoms per Gd MOF nano-
particle was calculated as previously discussed in the literature.28

As the data suggests, the relaxivity values seem to follow a trend
of increasing values with respect to increasing total surface area of
the Gd MOF nanoparticles. For example, the Gd MOF nano-
particles with an average length of 82 nm and 6.45� 104 Gd3þ/
nanoparticle exhibited the highest surface area of 4.51 �
1019 nm2 and produced the highest R1 value of 83.9 mM�1 s�1

(Table 3). Conversely, the largest Gd MOF nanoparticle with
an average length of 1000 nm and 1.79 � 107 Gd3þ/
nanoparticle had a total surface area of 0.893 � 1019 nm2 and
showed the lowest R1 value of 17.8 mM�1 s�1. This trend is
hypothesized to be due to the higher total surface area providing
more Gd3þ ions for coordination with water. An increase in
surface area of the GdMOF nanoparticles allows for an increased
number of Gd3þ to be available at the surface allowing for
increased interaction with the surrounding water protons. This
provides an increase in the R1 values of nanoparticles with
smaller dimensions, a valuable characteristic taken advantage of
in a wide range of nanoscale technologies. Furthermore, it is
important to note that R1 does not increase with increasing
amounts of Gd3þ per nanoparticle. Table 3 confirms that with an
increase in the volume of a Gd MOF nanoparticle a decrease in
the relaxivity is seen, which is hypothesized to be due to a lower
number of Gd3þ available for coordination with water at the
surface of particle. Finally, the data suggests that optimization of
relaxivity properties of Gd MOF nanoparticles is closely related
to their total surface area, with smaller particles offering the best
relaxation properties. Specifically, the Gd MOF nanoparticles
synthesized with a length of 82 nm yield enhanced imaging
capabilities, along with offering the potential to take advantage
of passive targeting through the EPR effect due to their
rod-like shape.

’CONCLUSIONS

Reverse microemulsions have been shown to be a useful
technique to synthesize Gd MOF nanoparticles for use as
positive contrast agents in MRI. To date, it has been quite
difficult to control the shape and size properties of the nano-
particles that are produced. This study showed by incorporating
hydrotropes into the reverse microemulsion, control over the Gd
MOF nanoparticle size and shape could be achieved. Specifically,
the three hydrotropes employed, NaSal, 5-mSalAc, and SalAc,
were each introduced into the reverse microemulsion to deter-
mine effects on the nanoparticle formed. The addition of both

5-mSalAc and SalAc yielded increased lengths with respective
increased concentration in hydrotrope. Although, there was a
definitive decrease in the %RSD values for the widths of GdMOF
nanoparticles synthesized with these two hydrotropes, the stan-
dard deviations in length were still quite significant. The addition
of NaSal to the reverse microemulsion also provided Gd MOF
nanoparticles with increased lengths with respect to increased
hydrotrope concentration. More interestingly, Gd MOF nano-
particles synthesized with the addition of NaSal showed de-
creases in both %RSD of length and width, nearly 40% and more
than 50%, respectively. MRI studies demonstrated that all of the
GdMOF nanoparticles exhibit higher relaxivities than that of the
conventionally employed MagnevistTM. A trend was seen of
increasing R1 values for the Gd MOF nanoparticles with respect
to decreasing average length values. This trend is hypothesized to
be an effect of the increase in total surface area of the Gd MOF
nanoparticles yielding more Gd3þ available at the surface of the
nanoparticles. Specifically, Gd MOF nanoparticles synthesized
with an average length of 82 nm provided the highest reported R1
values of 83.9 mM�1 s�1. As such, we have developed both a
simple method of controlling shape, size, and size distribution of
Gd MOF nanoparticles, along with displaying the effects of size
of Gd MOF nanoparticles on relaxation properties.
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