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ABSTRACT: Solid lipid nanoparticles (SLNs) have recently
emerged as nontoxic, versatile alternatives to traditional
carriers (liposomes, polymeric nanoparticles) for drug delivery.
Because SLNs are composed of a solid lipid core, they offer
significant protection against chemical degradation of their
drug cargo and offer the potential for controlled release. SLNs
also hold promise for use as targeted agents and multimodal
imaging agents. Here we report the synthesis and character-
ization of SLNs loaded with gadolinium (1,4,7,10-tetraazacy-
clododecane)-1,4,7,10-tetraacetate (Gd-DOTA) in order to produce a new category of stable T1-weighted (T1w) magnetic
resonance imaging (MRI) contrast agents. Systematically varying components in the SLN synthesis, we demonstrated an increase
in Gd-DOTA incorporation and an increase in longitudinal relaxivity (r1) through optimizing the amount of surfactant (Span 80)
in the “oil” phase. These highly monodisperse SLNs confirm stable loading of Gd-DOTA and a stable size distribution (∼150
nm) over time in aqueous solution. Relaxivity measurements (1.4T, 37 °C) demonstrate that the r1 of Gd-DOTA does not
strongly decrease following encapsulation in SLNs, demonstrating an advantage over liposomes. These Gd-loaded SLNs
demonstrate enhanced contrast in vivo at 7T using T1w MRI and in the future can be loaded with other cargo (hydrophilic or
hydrophobic) to enable functionality with other imaging modalities such as optical or positron emission tomography.

■ INTRODUCTION

Many lipid-based drug delivery systems (i.e., liposomes,
lipoproteins, solid lipid nanoparticles, etc.) are currently
under development to modify drug delivery properties and to
protect bioactive cargo from degradation and/or deactivation.1

Solid lipid nanoparticles (SLNs) are biocompatible submi-
crometer colloidal carriers consisting of a solid lipid core and a
phospholipid monolayer that serve as versatile alternatives to
these traditional carriers for drug delivery.2−5 They are less
toxic than polymer nanoparticles and have a better control over
release than liposomes. Because SLNs are composed of a solid
lipid core instead of the aqueous core characteristic of
liposomes, they offer better protection against chemical
degradation of their drug cargo.2,6 As they biodegrade, SLNs
facilitate sustained drug release due to the zero-order kinetic
breakdown of the solid lipid matrix,7,8 while liposomes tend to
elicit a “burst” effect due to the nature of their aqueous core.9

Thus, in comparison to liposomes, SLNs offer the advantages of
better protection against chemical degradation potential for
longer release profiles in vivo.10

SLNs have demonstrated controlled release under various
administration routes5,6,10−14 in the brain,15,16 in tumors,17−20

in ocular applications,21−24 in lungs,25−27 and in skin.28−34

They have also been used as targeted agents by (1) modifying
their charge35−45 (i.e., cationic) or surfactant14,46−51 (i.e.,
poloxamers, polysorbates, etc.), or (2) conjugating them with
ligands16,52,53 for cellular targets. In addition to their role as
drug carriers, SLNs also have the potential to be used as
multimodal imaging agents; we have previously encapsulated
fluorophores inside SLNs and radiolabeled them for combined
optical imaging and positron emission tomography.54 Others
have reported incorporation of Tc-99m55 and quantum
dots.38,56−58

While many studies have reported SLN encapsulation of
therapeutic agents,3,59−61 very few have reported encapsulation
of diagnostic agents, especially for magnetic resonance imaging
(MRI) applications.15 One recent study described the ability to
create SLNs with surface bound gadolinium (Gd) using lipid-
bound gadolinium diethylenetriaminepenta acetic acid (Gd-
DTPA) molecules.62 The resulting Gd-lipid nanoparticles (Gd-
LNP) produced a 33-fold higher longitudinal relaxivity (r1)
constant than free Gd-DTPA, likely due to restricted rotation of
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the bound Gd-DTPA. These Gd-LNP demonstrated T1-
weighted (T1w) contrast enhancement in the vasculature up
to 24 h.62 Very few other studies have explored encapsulating
the paramagnetic payload inside of SLNs.62−65 Peira et al.
encapsulated T2 contrast agents such as iron oxides (Endorem)
into SLNs (SLN-Fe). They showed that SLN-Fe has similar
relaxometric properties to Endorem in vitro.63 Further
evaluation of the SLN-Fe in vivo using MRI at 4.7T
demonstrated that these lipid nanocarriers have slower blood
clearance than Endorem following intravenous injection in rats,
and that they are able to transport iron oxides across the blood
brain barrier (unlike Endorem).63 Aside from successful SLN
encapsulation of T2 MRI agents, there has also been one
successful incorporation of Gd-DTPA into SLNs.62 Following
transrectal administration, these SLNs efficiently absorbed into
the colorectal walls to provide positive MR contrast enhance-
ment at 3T.66

Despite these first successes, further work is required to
improve the Gd-loading of SLNs and to evaluate the
performance of these contrast agents in vivo. The task of
incorporating sufficient Gd chelates into SLNs is quite
challenging because of the hydrophobic nature of the solid
lipid core and the hydrophilic nature of the Gd chelate cargo.
Hu et. al confirmed higher loading (∼60%) of a hydrophilic
peptide, gonadorelin, into SLNs (∼450 nm)67 using a solvent
diffusion method. This solvent diffusion method was also used
to load insulin (another hydrophilic peptide) into SLNs (∼150
nm),68 but our objective was to avoid the use of potentially
toxic organic solvents. Another method used for the
encapsulation of hydrophilic molecules into SLNs involves
the formation of a hydrophobic ion pair between the
hydrophilic molecule and an anionic salt. Cisplatin, a
hydrophilic antitumor agent, was also loaded into SLN
(275−525 nm) after formation of a hydrophobic ion pair
between cisplatin and sodium dioctylsulfosuccinate.
Our approach was to use a double microemulsion synthesis

involving a water−oil (W/O) primary emulsion and a water−

oil−water (W/O/W) double emulsion (Figure 1). A double
microemulsion is an emulsion system where small water
droplets are entrapped within larger oil droplets that are in turn
dispersed in a continuous water phase.69 This microemulsion-
based synthesis has been successful in the incorporation of
water-soluble peptides,4,6,70 proteins,71−74 and other hydro-
philic molecules1,29,75−77 inside SLNs. The success of such
incorporation has relied on relatively high solubility of the
hydrophilic drug inside the primary emulsion. Adjustment of
various parameters (i.e., type/amount of surfactant/oil) in the
preparation of SLNs facilitates effective control of both
encapsulation efficiency and release rate of encapsulated
cargo.69,72,73,75,78,79

Herein, we report the synthesis and characterization of SLNs
that demonstrate stable loading of Gd-DOTA and a stable size
distribution (∼150 nm) over time in vitro. Through measure-
ments at 1.4T, we demonstrate that longitudinal relaxivity (r1)
of Gd-DOTA is not strongly decreased following encapsulation
in SLNs. We also show that the amount of Gd-DOTA loaded
inside the SLNs is large enough to provide contrast
enhancement in vivo at micromolar Gd concentrations using
T1w MRI at 7T.

■ EXPERIMENTAL PROCEDURES
Materials. 1-Decanoyl-rac-glycerol (glycerol monocaprate),

Span 80 (sorbitan monooleate), and sodium taurodeoxycholate
hydrate (TDC, taurodeoxycholic acid sodium salt hydrate)
were purchased from Sigma-Aldrich. Tween 80 (polyoxy-
ethylene (20) sorbitan monooleate) and soybean lecithin was
p u r c h a s e d f r om F i s h e r S c i e n t i fi c . Gd -DOTA
(GdC16H24N4O8Na·4H2O, FW = 652.7 g/mol) was purchased
from Macrocyclics. 14:0 PE-DTPA (Gd) 1,2-dimyristoyl-sn-
glycero-3-phosphoethanolamine-N-diethylenetriaminepentaace-
tic acid (gadolinium salt) (i.e., lipid-Gd-DTPA) was purchased
from Avanti Polar Lipids, Inc. Ultrafiltration membranes
(MWCO = 30 000 Da) and centrifugal spin filters (Amicon
Ultra) were purchased from Millipore. Spectra/Por dialysis

Figure 1. (a) Schematic of the double microemulsion synthesis used to form Gd-loaded SLNs (Gd-SLNs). (b) Schematic of a Gd-SLN suspended in
water. Aqueous pockets of Gd-DOTA are dispersed inside the solid lipid core (glycerol monocaprate). Span 80 (dark pink) serves as the
hydrophobic emulsifier and Tween 80 (blue) serves as the hydrophilic emulsifier. The SLN is stable in aqueous solution because of its phospholipid
monolayer (blue) at the surface. (c) Dynamic light scattering (DLS) showing an average size of 151.0 ± 4.0 for the initial synthesis (Table 1a).
Transmission electron microscopy (TEM) of the Gd-SLNs at low magnification (d) and high magnification (e) confirms a uniform, monodisperse
particle distribution with a mean diameter of 149.3 ± 32.5 nm (n = 500).
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membranes (MWCO = 2000 Da) were purchased from
Spectrum Laboratories. Formvar Coated Copper Grids (300
Mesh) were purchased from SPI Supplies (West Chester, PA).
Normal mice (C57BL6) were purchased from Harlan.
Synthesis and Purification of SLNs Loaded with Gd-

DOTA. Initial Synthesis. Gd-DOTA was loaded into SLNs
using a modified warm water−oil−water (W/O/W) double
microemulsion method.71 First, a mixture of glycerol
monocaprate (10 mg, 0.04 mmol), Span 80 (7.1 μL, 14.0 mg,
0.03 mmol), and Gd-DOTA (11 mg, 0.02 mmol dissolved in
150 μL nanopure water) were warmed at 60 °C, forming a W/
O (“oil” phase) emulsion. This W/O (“oil” phase) emulsion
was then introduced into a warm (60 °C) W/O/W (“aqueous”
phase) emulsion consisting of water and Tween 80 (1 μL, 1.08
mg, 0.8 μmol). This resulting mixture was heated (60 °C) for
30 min and then pipetted into vigorously stirring ice water (4
°C), forming an SLN suspension. Free, unencapsulated Gd-
DOTA was removed from the SLN suspension via ultra-
filtration (30 000 MWCO membrane, Amicon Millipore
ultrafiltration cell) and dialysis (10 000 MWCO) purification
methods. The final SLN dose was concentrated using centrifuge
membrane-filters (3000 MWCO).
Modifications for Smaller Size and Higher Gd-DOTA

Encapsulation. Modifications to the initial SLN synthesis
method (described above) were made in order to decrease
particle size diameter and to increase the loading of Gd-DOTA
inside the particle. First, in an attempt to decrease the particle
size diameter of the Gd-SLNs, sodium taurodeoxycholate
hydrate (5 mg, 0.01 mmol) was added to the secondary W/O/
W (“aqueous” phase) emulsion, consisting of water and Tween
80. Next, in an attempt to increase the loading of Gd-DOTA
inside the particle, several systematic variations (Table 1c-j)
were made to the initial synthesis. For variations c and d, the
amount of water in the W/O (“oil” phase) emulsion was
decreased to 1/2 and 1/4 of the original amount, respectively,
resulting in a 2-fold and 4-fold increase of Gd-DOTA
concentration. For variation e, soybean lecithin (5 mg, 0.007
mmol) was added as an additional ingredient to the W/O (“oil”
phase) emulsion. The same was true for variation f, except with
the addition of TDC (5 mg, 0.01 mmol) alongside the addition
of lecithin. For variation g, the amount of Span 80 in the W/O
(“oil” phase) emulsion was doubled from 7.1 μL (14.0 mg, 0.03
mmol) to 14.2 μL (28.0 mg, 0.06 mmol). We also tripled (h)

and quadrupled (i) the amount of Span 80 in the W/O (“oil”
phase) emulsion after observing the increase of Gd-DOTA
incorporation that resulted from doubling Span 80. For
variation j, 5 mg (0.004 mmol) of the lipid-Gd-DTPA molecule,
14:0 PE-DTPA (Gd) 1,2-dimyristoyl-sn-glycero-3-phosphoe-
thanolamine-N-diethylenetriaminepentaacetic acid (gadolinium
salt), was added as an additional ingredient to the primary W/
O (“oil” phase) emulsion. The temperature/heating time
conditions and the purification methods were the same for
the modified SLN syntheses (Table 1b-j) as they were for the
initial synthesis (Table 1a).

Determination of Gd-SLN Size and Monitoring of Size
Stability over Time. The mean hydrodynamic diameter
(intensity-weighted) of the purified Gd-SLN suspension was
determined using dynamic light scattering (DLS) immediately
following synthesis (Nanotrac 150 particle size analyzer,
Microtrac), and monitored every day (up to 2 weeks) in
aqueous solution. The mean hydrodynamic diameter and
polydispersity index (PDI) were calculated by the Microtrac
software, which uses frequency spectrum analysis to convert
detected frequency values to particles size from Brownian
motion theory. Particle size was also measured using trans-
mission electron microscopy (TEM) (CM120 Biotwin Lens,
FEI Company, Hillsboro, OR, U.S.A.) operating at 80 keV. The
Gd-SLN suspension was diluted 20-fold and plated onto
Formvar coated copper grids (300 Mesh) to dry overnight.
Images were analyzed using ImageJ software (National
Institutes of Health) and n = 500 particles were measured to
yield average particle diameter.

Determination of Gd Content inside Gd-SLNs and
Loss of Gd Content over Time. Inductively coupled plasma
mass spectrometry (ICP-MS) was used to measure the Gd
content of the Gd-SLN suspension. The prepared samples were
analyzed using an Agilent 7500CE ICP-MS (Agilent Tech-
nologies, Palo Alto, CA). The samples were introduced using a
MicroMist Nebulizer (Glass Expansion 4 Barlow’s Landing Rd.,
Unit 2A Pocasset, MA 02559) into a temperature controlled
spray chamber. The Gd instrument standards were diluted from
Certiprep ME 1 (SPEX CertiPrep, 203 Norcross Avenue,
Metuchen, NJ 08840) to 0.25 ppb, 0.5 ppb, 1 ppb, 10 ppb, 100
ppb, and 500 ppb respectively in 3% Trace Element HNO3
(Fisher Scientific) in 18.2 milliohm water. A separate 10 ppb
Certiprep ME 1 Standard was analyzed every 10th sample as a

Table 1. Systematic Variations to SLN synthesis for Increasing Gd-DOTA Incorporation‡

SLN synthesis parameters load of Gd into SLN (w/w%) Gd:SLN (mg/mg) Gd:SLN (mol/mol) r1 (mM−1s−1) size (nm)

(a) initial 7 0.07 0.03 2.67 151.0 ± 4.0
variations to initial synthesis

(b) initial, TDC 3 0.03 0.01 N/A 13.2 ± 3.7
(c) initial, 1/2 water in W/O 7 0.07 0.03 2.65 154.3 ± 6.5
(d) initial, 1/4 water in W/O 7 0.07 0.03 2.61 153.4 ± 5.1
(e) initial + lecithin 5 0.05 0.02 2.53 157.2 ± 7.6
(f) initial + lecithin + TDC 5 0.05 0.02 2.32 158.5 ± 5.4
(g) initial, 2× Span 80 19 0.19 0.08 3.34 152.6 ± 5.0
(h) initial, 3× Span 80 † † † 248.7 ± 9.2
(i) initial, 4× Span 80 † † † 282.3 ± 8.5
(j) initial + lipid-GdDTPA 21 0.21 0.09 20.66 99.5 ± 6.3

†We did not characterize these SLNs (h and i) further with inductively coupled plasma mass spectrometry (ICP-MS) and relaxivity because particles
>200 nm would not be useful for our applications since they would trigger rapid clearance by the reticuloendothelial system.83−85 ‡ Systematic
variations (b-i) were made to the initial SLN synthesis (a) in an attempt to increase Gd-DOTA encapsulation. One variation (b) decreased SLN size.
Two variations (g and j) increased the Gd:SLN ratio as well as longitudinal relaxivity (r1) at 1.4T (37°C). The average hydrodynamic diameter for all
SLN syntheses (except b, h, and i) was ∼150 nm.
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quality control. Sc, Y, and Bi Certiprep standards (SPEX
CertiPrep) were diluted to 100 ppb in 3% HNO3 and
introduced by a high precision peristaltic pump (peripump,
Omaha, NE 68110) as an internal standard. The detection limit
of Gd using this ICP-MS method is 0.004 ppb (0.004 ng/mL).
Lyophilization of the same Gd-SLN suspension analyzed by

ICP-MS enabled us to determine the dry weight of the Gd-
SLNs, from which we could approximate the Gd:SLN (mg/mg,
mol/mol) ratio from the molecular weight of the lipid and Gd-
DOTA components. Furthermore, this Gd-SLN suspension
was placed on dialysis (MWCO = 1000) for three weeks, and
the Gd content in the reservoir outside the dialysis membranes
was measured with ICP-MS. Any increase of the Gd content in
the reservoir over time would indicate that the Gd-SLNs were
breaking down and releasing their Gd-DOTA cargo.
Cytotoxicity Assay of the Gd-SLNs. Cytotoxicity of the

Gd-SLNs was evaluated with P388D1 (murine macrophage)
cells using the C12−Resazurin viability assays.80 The P388D1
cells were maintained in tissue culture flasks (75 cm2) in media
(RPMI-1640 with 1% L-glutamine and 10% fetal bovine serum
(FBS)) and incubated at 37 °C and 5% CO2 atmosphere.
When the cells reached 80−90% confluency, the media was
removed. The cells were scraped down with a rubber policeman
and were plated in 96-well dishes at a concentration of 1.2 ×
104 cells per well, an optimal seeding density for this
cytotoxicity assay. After overnight incubation (5% CO2, 37
°C), the existing RPMI-1640 was replaced with fresh media
containing varying concentrations of Gd-SLNs (variation g,
Table 1). Cells were incubated with the Gd-SLNs for either 4
or 24 h and then the media was removed. After that, the cells
were washed with 1× PBS three times and media containing
C12−Resazurin (5 μM) was added. Following 15 min
incubation for reduction of the compound, fluorescence was
measured using a Safire2 monochromator microplate reader
(Tecan Austria G.M.B.H., Austria) with excitation of 563 nm
and emission of 587 nm. Samples were performed in triplicate
to provide statistical significance and the experiment was
repeated to confirm the results.
Relaxivity of Gd-SLNs at 1.4 T. Longitudinal relaxivity

(r1) of the Gd-SLNs were measured at 60 MHz (1.4T) and 37
°C on a Bruker Minispec mq60 (Bruker, Billerica, MA). A stock
solution of Gd-SLNs was prepared (in triplicate) by dissolving
known amounts of lipid (by weight) in deionized water (pH
7.0). The concentration of Gd in this stock solution was
determined by ICP-MS. Serial dilutions of these stock solutions
yielded five different aqueous solutions (0.3 mL each) with
decreasing Gd concentration. T1 values were measured using an
inversion recovery sequence with 10−15 data points, with each
solution having been incubated at 37 °C for 10 min before
measurement. The longitudinal relaxivity (r1) was determined
as the slope of the line for plots of 1/T1 against Gd
concentration with a correlation coefficient greater than 0.99.
MR Imaging of Gd-SLN Solutions at 7 T. MR images

were acquired for solutions of the Gd-SLN by two different T1w
protocols. Images of Gd-SLN solutions (variation g, Table 1,
∼150 nm) at different concentrations of Gd (0.3, 0.6, 1.1, 2.2,
and 4.5 mM) were acquired to demonstrate T1w signal
enhancement with an increase in Gd concentration (2D spin
echo sequence, repetition time (TR) = 421.1 ms, echo time
(TE) = 12.0 ms, in plane spatial resolution = 188 × 375 μm2,
slice thickness = 1.0 mm, 7T Bruker spectrometer equipped
with a 72 mm diameter bird cage probe).

We then recorded images of vials containing nanopure water,
Gd-SLNs, and Gd-DOTA diluted in saline at the same Gd
stock concentration (1.525 mg Gd/ml, 9.7 mM) used for the in
vivo studies (2D gradient echo sequence, TR/TE/flip angle (α)
= 500 ms/5.31 ms/30°, in plane spatial resolution = 243 × 239
μm2, slice thickness = 1.3 mm). All samples were maintained at
room temperature (25 °C) during imaging.

T1w MRI at 7T following ICV Injection of Gd-SLNs into
Mice. ICV Technique. ICV injection of the Gd-SLNs was
completed according to a protocol approved by the UC Davis
Institutional Animal Care and Use Committee. First, mice (n =
6) were anesthetized with isofluorane (2.5%, inhalation route)
and placed into a stereotaxic device maintained at 37 ± 0.2 °C
on a feedback-controlled heating pad. The scalp was shaved and
prepared with 3 cycles of betadine scrub and 70% isopropyl
alcohol before the incision. A small burr hole was drilled into
the skull of the mice at −0.2 mm anterior and 1.0 mm lateral
(−1.0 for left ventricle, 1.0 for right ventricle) to bregma.81 A
Hamilton syringe with 26 gauge needle was lowered 1.8 mm
into the brain and 2 μL of contrast agent (Gd-SLNs or free Gd-
DOTA) was injected at a rate of 2 μL/minute. The Gd
concentration of the delivered contrast agent was 9.7 mM; this
yields a dose of 7.8 × 10−4 mM/kg per mouse. The needle was
maintained inside the ventricle for 2 min before being
withdrawn. For each mouse, the left ventricle was injected
first, followed by the right ventricle, with 10 min of preparation
time in between. Free Gd-DOTA in saline (0.9%) was injected
into the left and right ventricles of mice (n = 3) to serve as a
control for comparison against the mice (n = 3) injected with
Gd-SLNs. Following removal of the syringe from the ventricle,
the incision was sutured and Buprenex (0.1 mg/kg) was
delivered subcutaneously as a post-op analgesic.

T1w MRI. The mice were anesthetized with isoflurane (5%
for induction and 1−2% for maintenance) during the scans.
T1w MRI (3D gradient echo images, TR/TE/α = 25 ms/2.75
ms/30°, spatial resolution = 188 × 188 × 188 μm3, 7T Bruker
equipped with a 25 mm diameter bird cage probe) was used to
observe the contrast enhancement generated 55, 75, 85, and
100 min after ICV injection of Gd-SLNs. Animals were kept in
the MRI between the scans.

Quantifying Changes in Signal Intensity in T1w
Images over Time. Region of interest (ROI) analysis was
performed on the T1w images in order to characterize the
changes in signal intensity within the ventricles and other brain
regions over time. The T1w images were viewed with ImageJ
software (NIH), and circular ROIs were drawn bilaterally in the
following regions: ventricle, striatum, parietal cortex, septum,
muscle (outside the brain), and background (outside the tissue
region) (Figure 3d). The ROI area was equal to 0.6 mm2 for all
regions except the background, which had a larger area (∼120
mm2). The representative slice from the T1wMRI data sets that
was chosen for ROI analysis was the slice that depicted the
interventricular foramen (where the lateral ventricles meet the
third ventricle). Contrast-to-noise ratio (CNR) was calculated
for the various brain regions (following ICV injection of both
Gd-SLNs and free Gd-DOTA) using the following equation

=
−

CNR
mean signal intensity in brain ROI mean signal intensity in muscle

standard deviation of background

Statistical Analysis. Statistical analyses of CNR changes in
the T1w images in the ventricles, septum, parietal cortex, and
striatum were analyzed using a repeated measure ANOVA with
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time and contrast agent as variables. Posthoc analyses were
performed to analyze time effect for each contrast agent.
Statistica 7.1 (StatSoft, Inc., Tulsa, USA) was used for all the
analysis. Two-tailed p < 0.05 was considered statistically
significant.

■ RESULTS AND DISCUSSION
Synthesis of Gd-Loaded SLNs (Gd-SLNs) using W/O/W

Double Microemulsion. We developed a synthetic strategy
for loading Gd-DOTA into SLNs, and later systematically
varied the components (i.e., lipid, emulsifier, and water) in
order to maximize loading of Gd-DOTA into the SLNs while
maintaining appropriate size (<200 nm). We also modified the
synthesis to control particle size and investigated the different
loading properties of larger and smaller particles. Our initial
synthesis was based on a modified warm W/O/W double
microemulsion described by Li et al. for the encapsulation of
bovine serum albumin (BSA).71 The warm W/O/W double
microemulsion method is a relatively simple and efficient way
to prepare SLNs loaded with unstable and hydrophilic drugs
and proteins. In this method, the W/O/W double micro-
emulsion (lipid micelles in aqueous solution) contains smaller
dispersed droplets of the primary (W/O) emulsion (lipid
micelles containing aqueous pockets of hydrophilic cargo).82 A
schematic of this double microemulsion synthesis and the Gd-
loaded SLNs that result from this synthesis is shown in Figure
1a,b.
W/O/W double emulsions require at least two emulsifiers to

be present in the system, one that has a low hydrophilic−
lipophilic balance (HLB) value to stabilize the primary W/O
emulsion, and one that has a high HLB value to stabilize the
secondary W/O/W emulsion.69 The low HLB surfactant is
dominantly hydrophobic and is added to the primary W/O
(“oil” phase) emulsion to facilitate solubility of the hydrophilic
drug in oil. In the second step, the primary W/O (“oil” phase)
emulsion is re-emulsified by aqueous solution with a high HLB

surfactant to produce a double W/O/W (“aqueous” phase)
emulsion.71 A high concentration ratio of these two surfactants
is required for obtaining a high yield of stable double W/O/W
microemulsion systems such as SLNs, in which small water
droplets are entrapped within larger oil droplets that in turn are
dispersed in water.69 In our work, the primary W/O (“oil”
phase) emulsion is prepared from a warm mixture of lipid
(glycerol monocaprate), low HLB emulsifier (Span 80, HLB =
4.3), and hydrophilic cargo (Gd-DOTA dissolved in water).
The primary W/O (“oil” phase) emulsion is then dispersed in
the secondary W/O/W (“aqueous” phase) emulsion, contain-
ing Tween 80 and water (Figure 1a). Finally, this double
emulsion is dispersed into vigorously stirring ice water (4 °C),
forming SLNs that contain a hydrophobic emulsifier (Span 80,
HLB = 4.3) at the surface of the SLN’s lipid core and a
hydrophilic emulsifier (Tween 80, HLB = 15) at the surface of
the SLN monolayer (Figure 1b).
The outcome of the SLN synthesis was analyzed with

dynamic light scattering (DLS), transmission electron micros-
copy (TEM), relaxometry, and inductively coupled plasma
mass spectrometry (ICP-MS). DLS was used for determination
of hydrodynamic diameter and confirmed a unimodal, Gaussian
size distribution for the SLNs with an average value of 151.0 ±
4.0 nm (Figure 2c) and a polydispersity index of 0.25. From the
TEM images in Figure 1d and e, we observe that the SLNs exist
as a uniform, highly monodisperse population of spherical
particles with a diameter of 149.3 ± 32.5 nm (n = 500
particles). The larger standard deviation by TEM may be due to
effects of drying and sample preparation. By either measure-
ment, the SLNs fall into the 20−200 nm size range reported for
particles capable of avoiding rapid clearance through the
kidneys,2,83−85 thus making them attractive carriers for in vivo
contrast agent or drug delivery.
Longitudinal relaxivity (r1) measured at 1.4 T (37 °C)

yielded a value of 2.67 mM−1 s−1 for the initial synthesis (Table
1a). ICP-MS was used to determine the Gd content of the Gd-

Figure 2. (a) DLS verifies that the size of the Gd-SLNs (variation g, Table 1, ∼150 nm) was stable up to 14 days in aqueous solution. (b) ICP-MS
confirms that the Gd content in the Gd-SLN (variation g, Table 1, ∼150 nm) dialysis reservoir is not increasing over time. (c) Cell viability of
P388D1 after 4 h (blue diamonds), or 24 h (red squares) incubation with different concentrations of Gd-SLNs (variation g, Table 1, ∼150 nm).
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SLN suspension; lyophilization of this same suspension enabled
us to determine the dry weight of the Gd-SLNs, from which we
could approximate the Gd:SLN (mg/mg, mol/mol) ratio from
the molecular weight of the lipid and Gd-DOTA components.
The initial synthesis (Table1a) produced Gd-SLNs with a
Gd:SLN ratio of 0.07 mg/mg (∼0.03 mol/mol). The Gd:SLN
ratio (Table 1, mg/mg or mol/mol) was the main criteria used
for identifying the effectiveness of Gd-DOTA incorporation
into the SLN matrix.
Modifications to Synthesis for Enhanced Loading of

Gd-DOTA inside the SLNs. The initial synthesis (Table 1a)
was then modified with systematic variations of the primary W/
O (“oil” phase) emulsion and secondary W/O/W (“aqueous”
phase) emulsion compositions (Table 1b-j). The outcomes of
these synthetic variations (i.e., concentration of hydrophilic
cargo, surfactant amount and type, and addition of extra
emulsifier) were analyzed with DLS, relaxometry, and ICP-MS.
In an effort to decrease particle size, we added sodium

taurodeoxycholate hydrate (TDC) to the secondary W/O/W
(“aqueous” phase) emulsion (Table 1b). TDC is a bile salt and
anionic detergent that is typically used to disrupt the
phospholipid bilayer of a cell membrane for protein
extraction86,87 and also used for fat solubilization.88 It has
been investigated as a detergent for decreasing the size of
micelles during various syntheses.89 Previous studies show that
the addition of bile salts (low mole fractions) like TDC
decreases the size of micelles formed from nonionic surfactants
(i.e., Tween 80).90 This was observed for other studies in which
micelles as small as 50 nm were synthesized only after addition
of bile salts with other surfactants.91 In another study the use of
bile salts as cosurfactants was required to obtain particles with
average diameters as small as 30 nm.92,93 This was also the case
for a related study in which small (∼20 nm in diameter)
micelles were found to form only after incorporation of bile salt
into a surfactant mixture containing phosphatidylcholine.94

We found that the addition of TDC to the secondary W/O/
W (“aqueous” phase) emulsion of the initial SLN synthesis
(Table 1b) was effective in decreasing particle size (Table 1b).
The average hydrodynamic diameter of these modified SLNs
was 13.2 ± 3.7 nm, an order of magnitude lower than the
average hydrodynamic diameter (151.0 ± 4.0 nm) for the initial
synthesis (Table 1a). Although this variation of TDC addition
was successful in decreasing particle size, it did so at the
expense of decreasing Gd-DOTA incorporation, as seen by the
decrease in ratio of Gd:SLN from ∼0.03 mol/mol (initial
synthesis, Table 1a) to ∼0.01 mol/mol (TDC modified
synthesis, Table 1b). Since the most important aim of the
synthesis was to achieve maximal Gd-DOTA loading, we
focused toward SLN modifications that increased Gd-DOTA
incorporation rather than decreased particle size.
To increase Gd-DOTA loading, we modified the initial

synthesis to increase the concentration of hydrophilic cargo
Gd-DOTA inside the primary W/O (“oil” phase) emulsion of
the initial SLN synthesis (Table 1c and d). Increasing Gd-
DOTA concentration inside the W/O (“oil” phase) emulsion
by decreasing the amount of water (1/2 and 1/4 for Table 1c
and d) and keeping Gd-DOTA weight constant did not result
in any increase in the Gd:SLN ratio (average size = 154.3 ± 6.5
nm and 153.4 ± 5.1 nm for both variations, Table 1c, d).
Relaxivity measurements (1.4T, 37 °C) indicated r1 values of
2.65 mM−1 s−1 and 2.61 mM−1 s−1 for variations c and d,
respectively.

Also, addition of another emulsifier, lecithin, to the primary
W/O (“oil” phase) emulsion of the SLN synthesis (Table 1e)
or addition of two emulsifiers, lecithin and TDC, to the initial
synthesis (Table 1f) did not have any effect on the Gd loading
capacity of the SLNs. Relaxivity measurements (1.4T, 37 °C)
indicated r1 values of 2.53 mM−1 s−1 and 2.32 mM−1 s−1 for
variations e and f, respectively. DLS measurements indicated
average sizes of 157.2 ± 7.6 nm and 158.5 ± 5.4 nm for
variations e and f, respectively (Table 1). This result differs
from a previous study by You et al. where the addition of
lecithin improved the loading capacity of the hydrophilic drug
vinorelbine bitartrate.95 This may be due to the differences in
lipid and cargo type between studies; the main lipid component
used in the You et al. study was oleic acid while it was glycerol
monocarpate in our study.
In previous studies, surfactants had a distinct influence on the

particle matrix structure, and its corresponding stability and
drug loading capacity.96 We therefore made systematic
variations to the surfactant content to evaluate its effect on
cargo encapsulation and particle size. Considering the hydro-
philic nature of Gd-DOTA, we modified the reported synthesis
to increase the amount of low (4−6) hydrophile−lipophile
balance (HLB) emulsifier (Span 80, HLB = 4.3) in our warm
W/O/W double emulsion synthesis in order to increase the
loading efficiency of Gd-DOTA.
Doubling (2×) the amount of HLB emulsifier (compared to

the initial synthesis) more than doubled the Gd:SLN ratio from
0.03 mol/mol (Table 1a) to 0.08 mol/mol (Table 1g). Particle
size was not affected by this synthetic variation and DLS
measurements indicated an average size of 152.6 ± 5.0 nm, very
similar to the initial synthesis. Relaxivity determinations (1.4T,
37 °C) indicate that the increase in Gd encapsulation associated
with variation g resulted in a 25% increase in r1, moving from a
value of 2.67 mM−1 s−1 (initial synthesis, Table 1a) to ∼3.34
mM−1 s−1 (Table 1g). This confirms that increasing the loading
of Gd-DOTA into SLNs can enhance the longitudinal relaxivity
(r1). The r1 value for these Gd-SLNs (∼3.34 mM−1 s−1 at 1.4T,
variation g) was comparable to the r1 values of free Gd-DOTA
(∼3.94 mM−1 s−1).97 The high r1 relaxation reported for Gd-
SLN is different than results reported for other lipid-based drug
delivery systems such as liposomes. Indeed, encapsulation of
Gd(III) complexes inside liposomes were shown to reduce r1
by a factor of 2−5 times.98 This could be attributed to the
reduced exchange of water with Gd(III) complexes encapsu-
lated inside the liposomes.99 The high r1 relaxation reported for
Gd-SLN might be explained by the presence of aqueous
pockets within the SLN and by the relaxation of this interior
water. Interior water pockets could be associated with the
hydrophilic portion of the amphipathic lipid (glycerol
monocaprate) comprising the SLN matrix.
This technique of increasing HLB emulsifier content has

previously been successful in enhancing SLN incorporation of
hydrophilic components.100 Other studies have shown that the
HLB emulsifier we used (Span 80) has a stabilizing effect on
double emulsion globules and that this oil-soluble surfactant is
required for coalescence of such suspensions.101 Nevertheless,
there exists a threshold for which increased addition of Span 80
can actually affect particle size at the expense of the increased
cargo encapsulation; increasing the Span 80 content beyond
double (2×) the initial synthesis resulted in an increase of
particle size. For example, tripling (3×) and quadrupling (4×)
the amount of Span 80 in the W/O (“oil” phase) emulsion of
the initial synthesis (double the amount of Span 80 in variation
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g) increased the average hydrodynamic diameter to 248.7 ± 9.2
nm (Table 1h) and 282.3 ± 8.5 nm (Table 1i), respectively. We
did not characterize these SLNs because particles larger than
200 nm would not be as useful for in vivo applications as they
would trigger rapid clearance by the reticuloendothelial
system.83−85

We also investigated tethering contrast agents to the surface
of SLN. The commercially available lipid-Gd-DTPA molecule,
14:0 PE-DTPA (Gd) 1,2-dimyristoyl-sn-glycero-3-phosphoe-
thanolamine-N-diethylenetriaminepentaacetic acid (gadolinium
salt) was used in the initial synthesis (Table 1j). This adds a
Gd-DTPA tethered to a lipid component of the SLN. DLS
measurements indicated an average size of 99.5 ± 6.3 nm,
which is smaller than the 151.0 ± 4.0 nm size from the initial
synthesis. This variation resulted in similar gadolinium content
to variation g, 0.09 mol/mol (Table 1j) vs 0.08 mol/mol (Table
1g), confirming that Gd-DTPA conjugated to lipid could be
loaded to SLNs. However, SLN with surface tethered Gd-
DTPA had a much larger longitudinal relaxivity (r1= 20.66
mM−1 s−1) than variation g (r1= 3.34 mM−1 s−1). This is likely
because the lipid-Gd-DPTA incorporated at the surface of the
SLN such that the Gd-DPTA was accessible to the aqueous
environment; in addition, tethering likely resulted in slowed
rotational tumbling time for the tethered Gd-DTPA, which is
known to increase relaxivity.102,103 These observations are
similar to a study where a lipid-Gd-DTPA molecule was
incorporated on the surface of liposomes for use in T1w
imaging applications.62 These Gd-DTPA-liposomes were
reported to have an r1 value of 13.6 mM−1 s−1at 3T (37 °C)
compared to free Gd-DTPA which has r1 of 3.8 mM−1 s−1 at 3T
(25 °C).62 Several other studies have confirmed the addition of
Gd to the surface of a liposome using Gd conjugated to a
lipid.62,64

Surface conjugation, however, does not protect the cargo
(Gd-DOTA) from degradation or enable controlled release as a
SLN would. Thus, we proceeded to carry out stability,
cytoxicity, and imaging studies using variation g since this
variation yielded the highest Gd-DOTA encapsulation. This
variation displays the highest Gd:SLN ratio and the highest r1
with Gd fully incorporated inside (not outside) the SLN.
Stability of SLN Size and Gd-DOTA Cargo over Time.

Following purification through ultrafiltration methods, the
SLNs were incubated in water at room temperature and sized
every 24 h for up to 14 days. Figure 2a shows that the initial
particle size (151.0 ± 4.0 nm) was stable over time in aqueous
solution, confirming particle stability up to 14 days of
evaluation.
Dialysis studies were performed to evaluate the stability of

the Gd-DOTA cargo inside the Gd-SLNs (variation g). Gd-
SLNs were placed inside the dialysis membranes and ICP-MS
was used to monitor the release of Gd to the surrounding
solution over time. Only a negligible amount of Gd (∼0.3%) of
the dialysate (Gd-SLNs inside the dialysis bags) was present in
the dialysis reservoir 3 days after the start of dialysis (Figure
2b). This negligible amount of Gd did not increase over time
up to 15 days (Figure 2b). This means that the SLN matrix was
not breaking down and releasing Gd in aqueous solution up to
15 days. The stability studies were performed in vitro without
lipases. Because SLNs are composed of physiological lipids, the
stability in vivo will depend on exposure to physiologically
relevant enzymes, particularly lipases, which split the ester
linkage into glycerol and free fatty acids. Under the lipase-free
conditions of our in vitro study, there is no further release of

Gd-DOTA after the initial burst release (Figure 2b). One
method to control release rates/degradation of SLN is to
modify the amount of Tween 80 at the particle surface. Tween
80 is a steric stabilizer that is known to hinder SLN degradation
by lipases.104 This will be the topic of future studies.

Evaluation of of Gd-SLNs Cytotoxicity. In order to
assess the toxicity of Gd-SLNs to cells, Gd-SLNs were applied
to P388D1 (murine macrophage) cells in culture and the cell
viability was evaluated by the C12−Resazurin viability assay.80

Untreated cells served as negative control. The average cell
viability was above 94% or 93% after 4 or 24 h incubation with
the particles varying from 0.10 mg/mL to 1.55 mg/mL solid
lipid weight, respectively (Figure 2c). These results showed that
the Gd-SLNs (variation g, Table 1) at concentrations relevant
for biological imaging did not have observable toxicity to
mammalian cells. Our results agree with the majority of the
literature reporting low cytotoxicity of SLNs.105−108 Also, as
our SLNs were not tagged with fluorophores, we could not
visualize whether they were actually taken up by the
macrophages. However, several other studies on SLNs revealed
an uptake of SLNs by macrophages and a low toxicity despite
this uptake.106,107,109,110

As mentioned in the introduction, literature suggests that
SLNs are less toxic than polymeric nanoparticles,111−116 and
Mehnert et al. summarizes these studies in a comprehensive
review;117 he discusses how different aspects of SLN
composition and administration affect their safety and fate in
vivo. One study reported much lower (2.5%) cell viability of
human granulocytes after incubation with polymeric nano-
particles in comparison with SLNs (72%). Polylactide/
polyglycolide (PLGA) nanoparticles were also shown to reduce
cell viability to 50% at a concentration as low as 0.1% when
similar concentrations of SLN proved less toxic.116 Further-
more, many studies have demonstrated low SLN cytotoxicity
toward a variety of cell types (granulocytes, macrophages,
fibroblasts, lung endothelial cells, etc.).116,118−121 For example,
SLNs were shown to have neither direct nor indirect cytotoxic
effects106 on murine macrophages in vitro. These studies
support our use of SLNs for safe delivery of contrast agents in
vivo.

MRI of Gd-Loaded SLNs in Solution at 7T. We evaluated
the ability of Gd-loaded solid lipid nanoparticles (Gd-SLNs) to
provide positive contrast enhancement on T1w MR images at
7T by either spin echo or gradient echo (Figure 3). T1w MR
spin echo images of Gd-SLNs (variation g, Table 1, ∼150 nm)
containing increasing concentrations of Gd (0.3, 0.6, 1.1, 2.2,

Figure 3. (a) T1w MR images of Gd-SLNs solutions (variation g,
Table 1, ∼150 nm) containing various concentrations of Gd (0, 0.3,
0.6, 1.1, 2.2, and 4.5 mM) show an increased signal with increased Gd
concentration. (b) T1w MR images of Gd-SLNs (variation g, Table 1,
∼150 nm) and free Gd-DOTA solutions containing the same Gd
concentration as used for the in vivo experiments (1.525 mg Gd/ml,
9.7 mM) revealed an increased signal of Gd-SLN and Gd-DOTA
solutions compared to nanopure water (negative control, invisible on
this image).
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and 4.5 mM) demonstrate that the positive contrast (bright
signal) of the solution increases with increased Gd concen-
tration (Figure 3a). We also recorded T1w MR gradient echo
images of tubes of nanopure water, Gd-SLNs (variation g,
Table 1) and Gd-DOTA at the ICV concentration (1.525 mg
Gd/mL, 9.7 mM) used in vivo. Gd-SLNs and Gd-DOTA
showed a large signal enhancement as compared to nanopure
water (Figure 3b). These data confirm that the Gd-SLNs can
serve as an effective contrast agent for T1w imaging at 7T by
either spin echo or gradient echo acquisition protocols.
T1w in Vivo MRI in Mice. We then explored the signal

changes that can be provided by Gd-SLNs in vivo. We focused
on the brain ventricle as this is a well-characterized compart-
ment for which we had prior data for free Gd-DOTA
(unencapsulated) and in which Gd-DOTA is known to be
detectable for at least two hours.122,123 Studies in mice (n = 3
animals per group) after ICV injection of the Gd-SLNs
(variation g, Table 1) or free Gd-DOTA (both at 1.525 mg
Gd/mL, 9.7 mM) confirmed the ability of Gd-SLNs to provide

positive contrast enhancement in vivo with T1w MRI. As shown
in Figure 4 from a representative animal, there was a similar
increase in positive contrast from the preinjection to post-
injection (∼55 min) images of both Gd-SLNs (Figure 4a) and
free Gd-DOTA (Figure 4b) at the site of the ventricles (yellow
arrows).
Contrast to noise ratio (CNR) values were evaluated from

theT1w images in different regions of the brain (ventricle,
septum, parietal cortex, and striatum; illustrated in Figure 4c) at
various time points (∼55, ∼75, ∼85, ∼100 min; Figure 4d-e).
The CNR inside the ventricles and septum evolved significantly
with time for both the Gd-SLNs and the free Gd-DOTA
(ANOVA, all ps <0.0001). Posthoc analyses confirmed a
significant effect of time for each contrast agent taken
individually (all ps <0.05). The CNR changes over time were
very sharp from the 0 to 55 min time frames. Indeed, in the
ventricle the CNR increased 726% and 802% for the Gd-SLNs
(Figure 4d) and free Gd-DOTA (Figure 4e), respectively. In
the septum, the signal increase was larger than 200% for both

Figure 4. In vivo T1w MRI of (a) Gd-SLNs (variation g, Table 1, ∼150 nm) and (b) free Gd-DOTA following ICV injection in mice at 7T reveal
similar positive contrast enhancement for both contrast agents (gradient echo image, TR/TE/α = 25 ms/2.75 ms/30°). Signal intensity was
measured in representative regions of interest (ROI) displayed in (c) and used to calculate contrast-to-noise ratio (CNR) in the T1w MR images.
The CNR inside the ventricles increases drastically following ICV injection of the Gd-SLNs (d) and the free Gd-DOTA (e) but then decreases over
time up to ∼100 min. Aside from the ventricles and septum, the CNR inside the other brain regions (striatum and parietal cortex) changed
minimally following ICV injection of Gd-SLNs (variation g, Table 1, ∼150 nm) and free Gd-DOTA, remaining relatively constant up to ∼100 min.
Value = mean ± standard error of the mean, n = 3 animals per group.
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Gd-SLNs and free Gd-DOTA. In other brain regions (parietal
cortex or striatum), the signal did not evolve with time
(ANOVA, n.s) suggesting that the agents did not diffuse out of
the ventricles and septum into these tissues. For all of the brain
regions, the signal changes induced by Gd-SLNs were similar to
those induced by Gd-DOTA (ANOVA, n.s.). This indicates
that Gd-SLNs have the potential to be used as effective contrast
agents for in vivo MRI.
Advantages of SLN-Encapsulated Contrast Agent and

Potential Applications. Small Gd-based complexes such as
Gd-DOTA are widely used as contrast agents for clinical MRI,
and the incorporation of such complexes inside nanocarriers
can offer improved pharmacokinetic properties, target specific-
ity, multimodal functionality, and controlled release of the
complexes for sustained T1 contrast enhancement in vivo with
MRI.64 In general, the encapsulation of Gd-DOTA into SLNs
has several advantages over the free cargo: (1) increased blood
circulation time through protection from rapid kidney
clearance; (2) multimodal functionality117,124 by incorporation
of an additional imaging moiety into the nanoparticle carrier;
(3) targeted delivery through modifications at the particle
surface;65,82,125 (4) protection from degradation; and (5) the
possibility of controlled Gd-DOTA release14,82 for sustained
T1w positive contrast enhancement. Control over these
properties is dependent upon SLN composition,108 and future
studies will involve thorough investigation of SLN degradation
kinetics in order to effectively manipulate SLN composition for
controlled release of Gd-DOTA.
SLNs offer many potential advantages over other drug

carriers such as polymeric nanoparticles and liposomes for
applications of MRI. Because SLNs are composed of naturally
occurring physiological lipids, they exhibit high compatibility
and biodegradability and have lower risk of toxicity than do
polymeric nanoparticles.2,3 Also, since SLNs are composed of a
solid lipid core instead of the aqueous core characteristic of
liposomes, they offer better protection against chemical
degradation of their drug cargo than do liposomes.2 Although
liposomes have demonstrated successful encapsulation of
paramagnetic payload (MnCl2, Gd-DTPA, Mn-diethylenetri-
amine pentaacetic acid (Mn-DTPA), Gadodiamide (Gd-
DTPA-MBA), Gadoteridol (Gd-HP-D03A)),6,64 there is a
tendency for the paramagnetic content inside their aqueous
core to leak out of their permeable membranes, making the
interpretation of observed contrast enhancement problematic.64

This is less of an issue for SLNs because of the solid lipid core
that acts as a membrane barrier to erosion and thus hinders
encapsulated cargo from leaking outside the particle.
However, loading of hydrophilic cargo has been a major

challenge in the field.1,73,77,118,120,125−127 In the current article,
we managed to create Gd-SLNs and focused on cerebral
imaging to provide a proof of concept of the ability to induce
signal changes in in vivo MR images with SLNs. We have
demonstrated sufficient encapsulation of hydrophilic cargo
(Gd-DOTA) into SLNs in order to generate adequate T1w
positive contrast enhancement that is similar to that of free Gd-
DOTA. ICV injection enables one to observe contrast
enhancement in a contained, localized region of the brain
and thus was an effective model for evaluating in vivo contrast
generated by the Gd-SLNs. We also showed that Gd-SLNs are
able to cross the cerebral spinal fluid (CSF)-brain barrier since
a signal increase was detected in the septum after
administration of the Gd-SLN inside the ventricles.

In future studies, we will explore potential applications of
Gd-SLNs. One such application is called gadolinium stain-
ing,122 and it refers to the use of Gd-DOTA for detection of
amyloid-beta (Aβ) plaques, the lesions of Alzheimer’s disease
(AD), by MRI in animal models. Gadolinium staining122 has
already demonstrated significant improvement in detecting Aβ
plaques in vivo after intracerebroventricular (ICV) injection of
Gd-DOTA into the brain parenchyma of transgenic AD mouse
models122 or intravenous injection of the contrast agent and
opening of the blood brain barrier.123 The ability to load Gd-
DOTA into SLNs will allow tailoring of slow, controlled release
of Gd-DOTA in the brain tissue in order to increase its lifetime
or to optimize the targeting of SLNs to amyloid plaques.
Other applications include modifying SLNs with antibodies

to target specific tissues. For example, Kuo et al. demonstrated
the ability to target saquinavir (SQV)-loaded SLNs to human
brain-microvascular endothelial cells (HBMECs) after modify-
ing the SLN surface with the 83−14 monoclonal antibody
(mAb). The receptor-mediated endocytosis of these 83−14
mAb-grafted SQV-loaded SLNs (83−14 mAb/SQV-SLNs) into
human brain-microvascular endothelial cells (HBMECs) was
confirmed with histology.74

Several studies also demonstrate the ability to modify SLNs
for slow release. SLNs loaded with nisin, a natural antimicrobial
agent, demonstrated antimicrobial activity up to 20 days in
comparison to 3 days for free nisin.97 Similarly, SLNs loaded
with the antiviral agent, yak interferon-alpha (IFN-alpha),
demonstrated both IFN-alpha release and antiviral activity up
to 16 days.128

Even more, Gd-SLNs can be useful for imaging applications
calling for longer residence of Gd-DOTA. Indeed, we have
previously reported a longer blood half-life (∼1.2 h) for SLNs54
in comparison to Gd-DOTA (∼3 min). Thus Gd-SLNs may be
useful in angiography applications that require sustained MRI
contrast in the vasculature over longer periods of time. This
agrees with results from another groups demonstrating longer
vasculature retention of Gd-lipid particles (Gd-LNPs) when
compared to free Gd-DTPA; they attributed the Gd-LNPs’
longer blood residence to their biliary versus renal clearance.62

An additional advantage of SLNs is that they have great
potential as multimodal imaging agents because they can be
radiolabeled using lipid chelator conjugates, as previously
demonstrated by our group.54 In this way, a radiolabel could be
used to track the SLN carrier while MRI can be used to track
the cargo.

■ CONCLUSION
In conclusion, we have synthesized monodisperse (hydro-
dynamic diameter = 151.0 ± 4.0 nm, polydispersity index =
0.25) SLNs loaded with Gd-DOTA for T1w MRI. This
demonstrates that hydrophilic metal complexes such as Gd-
DOTA can be incorporated into SLNs. Through systematic
variations to the W/O/W double microemulsion synthesis, we
determined that optimizing the amount of low hydrophilic−
lipophilic balance (HLB) surfactant, Span 80, to the “oil” phase
significantly increased incorporation of hydrophilic cargo (Gd-
DOTA) and resulted in a 25% increase of longitudinal relaxivity
(r1) leading to a relaxivity similar to that of free Gd-DOTA
agents. The stability of particle size and stability of cargo
encapsulation were verified over time. The significant enhance-
ment of T1 contrast for solution and in vivo MRI at 7T was
observed after ICV injection of these Gd-SLNs into mice. SLN-
encapsulated MRI contrast agents represent a new carrier to
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protect diagnostic agents from degradation/clearance and holds
the potential to extend to advantages of SLN to the delivery of
these diagnostic agents.
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