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Abstract
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Gadolinium chelates, which are currently approved for clinical MRI use, provide relaxivities well
below their theoretical limit, and they also lack tissue specificity. Recently, the geometrical
confinement of Gd3+-based contrast agents (CAs) within porous structures has been proposed as a
novel, alternative strategy to improve relaxivity without chemical modification of the CA. Here,
we have characterized and optimized the performance of MRI nanoconstructs obtained by loading
[Gd(DTPA)(H2O)]2− (Magnevist®) into the pores of injectable mesoporous silicon particles.
Nanoconstructs with three different pore sizes were studied, and at 60 MHz, they exhibited
longitudinal relaxivities of ~ 24 mM−1s−1 for 5 – 10 nm pores and ~ 10 mM−1s−1 for 30 – 40 nm
pores. No enhancement in relaxivity was observed for larger pores sizes. Using an outer-sphere
compound, [GdTTHA]−3, and mathematical modeling, it was demonstrated that the relaxivity
enhancement is due to the increase in rotational correlation times (CA adsorbed on the pore walls)
and diffusion correlation times (reduced mobility of the water molecules), as the pore sizes
decreases. It was also observed that extensive CA adsorption on the outer surface of the silicon
particles negates the advantages offered by nanoscale confinement. Upon incubation with HeLa
cells, the nanoconstructs did not demonstrate significant cytotoxicity for up to 3 days post
incubation, at different particle/cell ratios. In addition, the nanoconstructs showed complete
degradation after 24h of continuous agitation in PBS. These data support and confirm the
hypothesis that the geometrical confinement of Gd3+-chelate compounds into porous structures
offers MRI nanoconstructs with enhanced relaxivity (up to 6 times for [Gd(DTPA)(H2O)]2−, and 4
times for [GdTTHA]−3) and, potentially, improved stability, reduced toxicity and tissue
specificity.

Keywords
Gadolinum chelates; MRI contrast agents; relaxivity enhancement; mesoporous silicon particles

♠

Corresponding author: Paolo Decuzzi, Ph.D., pdecuzzi@tmhs.org.

Sethi et al.

Page 2

Introduction
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Magnetic Resonance Imaging (MRI) is a clinically established, non-invasive technique
providing three dimensional whole body anatomical and functional imaging with virtually
no limit in penetration depth [1–3]. It takes advantage of the magnetic properties of water
protons (present in abundance in the body) and their tissue-dependent behavior. At the
clinically-relevant field strength of 1.5T, the longitudinal T1 and transversal T2 relaxation
times of water protons in cerebrospinal fluid are about 2,000 and 160 ms, respectively, and
these values decrease to about 200 and 80 ms in fat tissue [4]. Such differences in relaxation
times between different organs and tissue enable MRI to discriminate among the various
tissues, biological compartments and body fluids, providing information with high spatial
resolution. The inherent tissue-dependent relaxation can be further enhanced by using
chemical contrast agents (CAs) that alter the magnetic behavior of the water protons in their
vicinity, shortening the local T1 and T2 compared to the surrounding tissue without CA [5].
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The ability of CAs to effectively enhance the image contrast depends on their relaxivity
(longitudinal r1; transversal r2); and the level of accumulation at the target site. The
relaxivity is defined as the rate of change in relaxation times of the water protons per mM
concentration of [Gd3+]. The larger the relaxivity of a given CA, the larger will be the
induced T1,2 shortening. The clinically-used MRI CAs are polyamino carboxylate
complexes of Gd3+, where the Gd3+-ion cytotoxicity is sequestered by chelation with
ligands such as DTPA, DOTA, etc. [2,6,7].
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Most of the clinically-used CAs are characterized by low relaxivity (r1~4 mM−1s−1) and the
lack of tissue specificity, thus providing contrast enhancement which is well below the
theoretical maximum limit [8]. Usually the r1 relaxivity of low-molecular weight Gd3+based CAs have similar contribution from both the inner- and outer-sphere relaxation
mechanisms [6]. In such complexes, the inner-sphere mechanism is influenced primarily by
the number of water molecules (q) in the first co-ordination sphere and the rotational
correlation time (τR) of the CA with its inner-sphere water molecules. For the outer-sphere
mechanism, the diffusion correlation time (τD) of the water molecules surrounding the CA is
the dominant contributor. The longitudinal relaxivity r1 increases as q, τR and τD increase
[5,7]. This observation has fostered the development of novel agents where Gd3+-ions are
linked to larger structures, such as macromolecular aggregates and nanoparticles. Examples
are the ‘rigidification’ of Gd3+complexes leading to a r1 relaxivity of ~5.5 mM−1s−1 at 60
MHz [9], the development of glycoconjugates of Gd3+complexes producing a relaxivity r1
ranging between 10 and 26 mM−1s−1 at 1.5T, depending on the structure of the complex
[10], the study of benzene-core trinuclear Gd3+-ion macromolecular aggregates providing a
r1 ~21.6 mM−1s−1 at 1.5T [11], creation of dendrimer-based nanoprobes with Gd3+-ions
covalently attached to PAMAM dendrimers which produced a r1~20 mM−1s−1 at 3T [12],
functionalization of gold nanoparticles with Gd3+ chelates reaching r1 ~60 mM−1s−1 at 1.5T
[13]. Although, Gd3+chelate compounds usually offer reasonably high relaxivities, they are
also often associated with limited stability [14] and low or negligible tissue specificity.
Recently, we proposed a general strategy for boosting the efficacy of Gd3+-based CAsthat
can also provide tissue specificity[15]. The strategy consists of nanoscale confinement of
readily-available Gd3+-complexes by mesoporous silicon nanostructures, which are
systemically injectable. The mesoporous silicon particles are rationally designed to
recognize and accumulate within the diseased vasculature [16,17]. Nanoscale confinement
of CAs within the porous structure resulted in a 2 – 3 times enhancement in r1. The
universality of the strategy has been demonstrated for three different Gd-based CAs, namely
[Gd(DTPA)(H2O)]2− (Magnevist®), Gadofullerenes (Gd@C60, GFs) and Gadonanotubes
(Gd3+@US-tubes, GNTs) [15]. This geometrical confinement limits the free rotation of the
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CAs and also the diffusion of water molecules in the CA’s vicinity, thus leading to an
increase of both τR and τD [5,7]. The confinement is achieved by simply loading Gd3+-based
CAs into the porous structure via capillary action [16] without any chemical modification
[18]. The external surface of these mesoporous silicon nanoparticles can also be further
functionalized with ligand molecules and targeting moieties for tissue specific recognition
[17]. In this work, the relaxivity properties of such nanoconstructs resulting from the
confinement of [Gd(DTPA)(H2O)]2− within the porous structure of discoidal silicon
particles has been examined, and the consequences of geometrical confinement within the
pores (ranging between 5 and 50 nm in diameter) considered. In addition, the stability and
cytotoxicity of the nanoconstructs have also been evaluated.

Experimental Procedures
Fabrication of the discoidal mesoporous silicon particles
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Discoidal porous silicon particles with 1 mm diameter and 400 nm thickness were used in
this study. All the particles were fabricated in the Microelectronics Research Center at The
University of Texas at Austin by modification of the protocols described in [15], which
combined the standard photolithography and electrochemical etching of single crystalline
silicon. This allows for accurate control of size, shape and porosity of the particles. Three
different pore sizes of silicon nanoparticles, namely, 5–10 nm (small pore, SP), 30–40 nm
(huge pore, HP) and 50–60 nm (giant pore, GP) were obtained by tuning the electrochemical
etching parameters. Briefly, starting with heavily doped p++ type (100) silicon wafers with
resistivity of 0.005 ohm-cm (Silicon Quest, Inc, Santa Clara, CA) as the silicon source, 400
nm SP, HP, and GP layers was formed by anodic etching of silicon in HF ethanolic solution.
The 400nm SP layer was etched by applying 2.3 mA/cm2 current for 270″ in a 3:7
HF(49%):ethanol solution, followed by applying 100 mA/cm2 current for 8″ to form the
release layer. The etch condition for 400 HP layer was 7 mA/cm2 current for 125″ in a 1:3
HF(49%):ethanol solution. For 400nm GP layer, the anodic etching process started with
applying 2.3 mA/cm2 current for 20″ in a 1:3 HF(49%):ethanol solution to form a
mechanical enhanced layer, then the current was gradually increased 14 mA/cm2 in a time
course of 15″ to form a transition layer, and the current was kept at 14 mA/cm2 for 45″ to
form the device layer. The release layer for both HP and GP electrical current was etch at 76
mA/c m2 for 8″. Following the formation of 400nm SP, HP, and GP layers, a 40 nm SiO2
layer was deposited by Low Pressure Chemical Vapor Deposition at 400°C. Standard
photolithography was used to pattern a 1 mm circular pattern with 0.9 mm pitch over the
SiO2 capped porous layer using a contact aligner (K.Suss MA6 mask aligner) and
NR9-500P photoresist (Futurrex Franklin, NJ, USA). The pattern was transferred into the
porous double layer by dry etch in CF4 plasma (Plasmatherm 790, 25sccm CF4, 100 mTorr,
200W RF). The capping SiO2 layer was removed in 49% HF, and the particles were released
from the substrate by sonication in isopropanol. The particles were treated with H2O2 at
100°C to oxidize the surface. Volumetric particle size, size distribution and count were
obtained using a Multisizer 4 Coulter® Particle Counter (Beckman Coulter, Fullerton, CA,
USA). Prior to the analysis, the samples were dispersed in the balanced electrolyte solution
(ISOTON® II Diluent, Beckman Coulter Fullerton, CA, USA) and sonicated for 20 seconds
to ensure a homogenous dispersion. The zeta potential of the silicon particles was analyzed
in phosphate buffer (PB, pH 7.3) using a ZetaPALS Zeta Potential Analyzer (Brookhaven
Instruments Corporation, Holtsville, NY, USA). The sample cell was sonicated for 2 min
before the analysis, and an electrode-probe was then put into the cell. Measurements were
conducted at room temperature in triplicate. Particles structure and integrity were verified by
SEM.
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Loading of the mesoporous silicon particles
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[Gd(DTPA)(H2O)]2− was diluted to prepare stock solutions of different concentrations,
namely 1, 10 and 100 mM. To examine the effect of pore size on the r1 relaxivity, dry
mesoporous silicon particles of different pore sizes were exposed multiple times to a
solution of known concentration of [Gd(DTPA)(H2O)]2− followed by washing with HPLC
water. Briefly, a known number of mesoporous silicon particles were lyophilized to dryness
for 6 h in a Labconco® freeze dryer system. The dried particles were then exposed to a
concentrated solution of [Gd(DTPA)(H2O)]2− (1 mM; 100 μL) in a microcentrifuge tube.
The suspension was sonicated (30W bath sonicator) for 10 min and left to standat room
temperature for 5 min. The suspension was then centrifuged at 14,000 rpm for 10 min. The
supernatant was discarded, and the precipitated particles were washed with 100 μL of HPLC
water. This process of loading and washing was repeated two more times. Upon completion
of the third and final loading step, an additional washing with 100 μL of HPLC water was
performed to remove any loosely adhering [Gd(DTPA)(H2O)]2− on the external surface of
the particles. The washings from the final loading step were collected for elemental analysis
by Inductively-Coupled Plasma Mass Spectrometry (ICP-MS) (Perkin Elmer ELAN
9000®). An identical approach was followed for [GdTTHA]−3.
Characterizing the Gd3+-ion content in the mesoporous silicon particles
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The Gd3+-ion content of the samples was analyzed using ICP-MS. Briefly, the [Gd(DTPA)
(H2O)]2− loaded particles were mixed with 100 μL of 0.1 M NaOH and let stand overnight.
The resulting solution was treated with 500 μLof ~26% HClO3 and heated carefully to
dryness. The resulting precipitate was dissolved in trace metal grade HNO3 (2% V/V) and
used for ICP-MS analysis. Similarly, a sample of the nanoconstruct not loaded with
[Gd(DTPA)(H2O)]2−, was prepared using the same procedure and analyzed as a control. An
identical approach was followed for [GdTTHA]−3.
Relaxometry studies of mesoporous silicon nanoconstructs
The proton relaxation measurements were performed using a BrukerMinispec mq-60
benchtop relaxometer (Bruker Optics Inc., Billerica, MA) operating at 60 MHz and 37 °C.
The T1 relaxation times were measured using inversion recovery pulse sequence. HPLC
water was used as a diamagnetic control.
Modeling the relaxivity of the mesoporous silicon nanoconstructs

NIH-PA Author Manuscript

The classical theory of Solomon, Bloembergen and Morgan (the SBM theory) was used to
predict the NMRD profiles in the medium-to-high field regime of Gd3+chelate compounds
[2,5]. The complete formulation is available in the Supplementary Information of [15]. The
accuracy of the model was firstly verified by reproducing the well known NMRD profile of
[Gd(DTPA)(H2O)]2− [6]. The following parameters were used for fitting the NMRD profile
of free [Gd(DTPA)(H2O)]2− in free solution [6,13]: q =1, the number of fast exchanging
water molecules in the inner sphere; τm= 143 ns, the residence lifetime of the inner sphere
water molecules; γI = 2.675×10+8 T−1s−1, the gyromagnetic constant for protons; g = 2, the
electronic g-factor; S = 7/2, the total electron spin of for Gd3+ ions; μB= 9.274×10−24 JT−1,
the Bohr magneton; μO =1.257×10−6 NA−2, the permeability of vacuum; rGdH =0.31 nm, the
distance between the proton and the Gd3+ion; ωs =658ωI, the angular electronic frequency;
ωI =γIB, the proton Larmor frequency with B= 1.4T the magnetic field, A= −3×10+6·ħ J, the
hyperfine coupling constant; ħ =h/(2π)=1.054×10−34 Js, the reduced Planck constant; Δ2=
38.3×10+18 s2, the mean square zero field splitting (ZFS) energy; τv= 25 ps, the correlation
time for splitting; τR = 54 ps the rotational correlation times; τD = 40 ps, the diffusion
correlation time. For [Gd(DTPA)(H2O)]2− in bulk solution, it is assumed τR = 54 ps and τD
= 40 ps [6].
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Stability and release studies of the mesoporous silicon nanoconstructs
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The [Gd(DTPA)(H2O)]2− loaded nanoconstructs were mixed with 150 μL of PBS. The
nanoconstructs were kept shaking at 100 rpm at 37 °C. The solution was divided into two
equal parts at 3, 6, 24 and 48 hrs post incubation. One half of the solution was assessed by
ICP-MS for the total concentration of Gd3+ ions loaded within the nanoconstructs. The
other half of the solution was filter-spun using 0.45 um filter columns at 14,000 rpm for 5
min, and the filtrate was analyzed for Gd3+ ions. The two concentrations were compared,
and the amount of Gd3+ ions released over time was determined.
Cytotoxicity studies for the mesoporous silicon nanoconstructs
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A human cervical carcinoma cell line (HeLa) was used. The cells were cultured in lowglucose Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal calf serum, lglutamine (2.9 mg/ml), streptomycin (1 mg/ml) and pencilin (1000 units/ml) at 37 °C in
water-saturated air supplemented with 5% CO2. For the cytotoxicity measurements, the cells
were plated in 96-well microlitre plates for 24 h. before the addition of the nanoconstructs.
Fresh medium containing an increasing number of nanoconstruct particles was added to
each well and the cells were incubated for 24 h, 48 h, and 72 h. Upon completion of each
time point, the cytotoxicity of the nanoconstructs was tested using an MTT assay, which is
based on the conversion of water-soluble tetrazolium salt (yellowish in color) to water
insoluble formazan (purple color) by living cells. Briefly, phosphate-buffered saline (PBS)
containing MTT was added to each well and the cells were incubated for 2 h. Spectral
absorption of the samples were measured at 584 nm. The number of live cells isproportional
to the amount of formazan produced.
For the internalization and confocal microscopy analysis, HeLa cells were grown on no. 1.5
glass coverslips. When confluent, cells were incubated with nanoconstructs, loaded and not
loaded with [Gd(DTPA)(H2O)]−2, at differ cell:particle ratios (1:10; 1:50; 1:100; 1:200)
overnight at 37 °C. The cells were washed three times with 0.5 ml of sterile PBS. Then, cells
were fixed for 30 min with 0.5 ml of 3.5% (vol/vol) formaldehyde in PBS and washed as
before. Ten millimolar DAPI (Molecular Probes, Eugene, Oreg.) stock solution was diluted
to 1:100 in PBS, and 0.02 ml was deposited on the cell slides. The slides were incubated for
1h at room temperature, washed twice with PBS, and left to dry at room temperature.
Coverslips were then washed and mounted on glass slides using Vecta shield mounting
media (Vector Laboratories, Burlingame, CA) containing a 1000-fold dilution DRAQ5
(Biostatus Limited, UK). Images were acquired using a Nikon A1R-A1 Confocal
Microscope equipped with a 40X objective.
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Statistical analysis
The results are expressed as the mean ± SD. The student’s t-Test was used for testing the
difference between two means. Differences with p<0.05 were considered significant.

Results and Discussion
Enhanced relaxivity by geometrical confinement
We have previously demonstrated [15] that Gd3+-based CAs, such as [Gd(DTPA)(H2O)]2−,
GFs and GNTs, exhibit enhanced longitudinal relaxivity upon confinement within
mesoporous silicon particles. The relaxivity of [Gd(DTPA)(H2O)]2− nanoconstructs (r1 ~ 10
mM−1s−1 at 60 MHz) is more than twice as great as the relaxivity measured for free
[Gd(DTPA)(H2O)]2− in solution (r1 ~ 4 mM−1s−1). The r1 enhancement was documented
for porous silicon particles with two different shapes and sizes (quasi-hemispherical shape
with a diameter of 1.6 μm; discoidal shape with a diameter of 1.0 μm and a thickness of 0.4
μm), but exhibiting the same average pore size (30 – 40 nm) [15]. As the geometrical
Contrast Media Mol Imaging. Author manuscript; available in PMC 2013 December 02.
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confinement of CAs within porous particles does not involve chemical modification of the
CAs, the observed boost in relaxivity is likely due to: i) an increase in the rotational
correlation time (τR) of [Gd(DTPA)(H2O)]2− (inner-sphere effect) which cannot tumble
freely being adsorbed on the walls of the pores and ii) an increase in the diffusion
correlation time (τD) for water molecules (outer-sphere effect) which are geometrically
confined and forced to interact longer with [Gd(DTPA)(H2O)]2− adsorbed to the inner pore
surface. Indeed, both these parameters are known to have a dramatic effect on the
longitudinal relaxivity r1 of [Gd(DTPA)(H2O)]2− [6].
In this work, discoidal silicon particles with different pore sizes have been loaded with
[Gd(DTPA)(H2O)]2− leading to HP nanoconstructs (pore size: 30 – 40 nm) or the same as
those used in [15], as well as SP nanoconstructs (pore size: 5 – 10 nm) and GP
nanoconstructs (pore size: 50 – 60 nm). SEM images of the discoidal particles with the three
different pore sizes are presented in Figure. 1a. The rationale behind the present study was to
understand the effect of pore sizes on the enhanced longitudinal relaxivity.
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The longitudinal relaxivities of nanoconstructs with different pore sizes are presented in
Figure. 1b. As the pore size increases, the r1 enhancement diminishes and, the r1 values
observed for GP nanoconstructs were comparable to that of free [Gd(DTPA)(H2O)]2− in
solution (~ 4 mM−1s−1). Indeed, with a pore size larger than 50 nm, the geometrical
confinement effect is lost and [Gd(DTPA)(H2O)]2− loading is minimal. In contrast, the SP
nanoconstructs exhibited a strong enhancement, reaching values as high as ~ 24 mM−1s−1 or
approximately six times greater than that of free [Gd(DTPA)(H2O)]2−, and more than two
times greater than the r1 values observed for the HP nanoconstructs (r1 ~ 10 mM−1s−1),
confirming previous results [15].
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The dynamics and diffusion of water molecules into porous silica structures have been
extensively studied experimentally, using techniques such as neutron scattering, nuclear
magnetic resonance and X-ray diffraction [19–23], and theoretically, using molecular
dynamics simulation tools [24–26]. These studies have confirmed that geometrical
confinement of water molecules affects their mobility. In porous structures with hydrophilic
pore walls, the diffusion coefficient of confined water molecules, Dcw, can be significantly
smaller than that of free bulk value (Dw ~ 3.3×10−9 m2/s), and the difference, Dw − Dcw,
increases as the pore size decreases [17, 23]. Using nuclear magnetic resonance
spectroscopy, the diffusion coefficient of water molecules in MCM-41 (amorphous silica)
mesoporous structures was measured as a function of the average pore size [19]. Compared
to unconfined conditions, Dcw was observed to decrease by an order of magnitude in 4.0 nm
pores, with Dcw ~ 2.3 ×10−10 m2/s) to two orders of magnitude in 1.8 nm pores, with Dcw ~
1.7 ×10−11 m2/s). Such behavior is mainly associated with the strong interaction of the water
molecules with the hydroxyl groups which decorate the inner pore surface, thus limiting the
mobility of the water molecules and reducing Dcw below Dw [24].
To verify that geometrical confinement can limit the mobility of water molecules and
thereby enhance the relaxation response of T1 CAs, the compound [GdTTHA]−3 was loaded
into the SP and HP nanoconstructs. This Gd-based complex is known to lack an inner-sphere
contribution, so that its longitudinal relaxivity is only related to the translational outersphere contribution [8, 27]. In other words, the r1 of [GdTTHA]−3 is mostly controlled by
the dynamics of water molecules surrounding the compound. Following the same approach
used above for [Gd(DTPA)(H2O)]−2, the longitudinal relaxivity of [GdTTHA]−3 confined
within the SP and HP nanoconstructs was estimated. The corresponding relaxivity values are
presented in Figure. 2a. For the SP nanoconstructs, r1 ~ 6.61±1.81 mM−1s−1; for the HP
nanoconstructs, r1 ~ 3.83±1.73mM−1s−1; in bulk water, the free [GdTTHA]−3 shows a r1 ~
1.71±0.10 mM−1s−1, in agreement with the current literature [27]. Given the specific
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relaxation properties of [GdTTHA]−3, these data indicate that, moving from bulk solution to
geometrically confined conditions, the mobility of the water molecules changes thus
affecting the outer-sphere contribution to the overall relaxation behavior of this complex.
Also, the outer sphere contribution is observed to increase by ~ 2 times for the HP
nanoconstructs, and ~ 4 times for the SP nanoconstructs.
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Although a precise estimation of the rotational τR and diffusion τD correlation times for
[Gd(DTPA)(H2O)]2− would require the accurate interpolation of a full NMRD profile of the
SP and HP nanoconstructs, based on the results obtained above, it is reasonable to speculate
that the enhancement in outer-sphere contribution would be more relevant in the SP
nanoconstructs. Therefore, using the classical SBM theory [2, 5] and assuming for the HP
nanoconstructs the same diffusion correlation time as for the free [Gd(DTPA)(H2O)]2−
molecules (τD = 40 ps), it would be required a τR ~ 350 ps to provide a r1 ~ 11 mM−1s−1. On
the other hand, for the SP nanoconstructs, a major contribution would be also given by the
outer-sphere with an increase in τD. Therefore, assuming the same τR (~ 350 ps) as for the
HP nanoconstructs, a r1 ~ 24 mM−1s−1 is achieved by imposing τD ~ 500 ps. Note that an
increase in τD from 40 to 500 ps for the SP nanoconstructs would be consistent with the
documented decrease (about an order of magnitude) in the diffusion coefficient of water
molecules, measured in 4.0 nm pores of the amorphous silica structures described previously
(Dcw ~ 2.3×10−10 m2/s from Dw ~ 3.3×10−9 m2/s). Indeed, molecular dynamics calculations
of the translational and rotational mobility of water as well as adsorbed [Gd(DTPA)
(H2O)]2− molecules would provide more accurate values. The variation of the longitudinal
relaxivity r1 of [Gd(DTPA)(H2O)]2− is presented in Figure. 2b for a wide range τR and τD,
suggesting that significant enhancement can still be achieved by proper modulation of the
pore size.
Optimal loading conditions
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[Gd(DTPA)(H2O)]2− molecules were loaded into the porous structure of the SP
nanoconstructs via capillary suction, whereby dry silicon particles are exposed to a
concentrated stock solution of the CA. In order to optimize the MRI performance of the SP
nanoconstructs, the effect of the [Gd(DTPA)(H2O)]2− concentration in the stock solution
was investigated. As the concentration of the stock solution increased from 1 to 100 mM, the
amount of Gd3+-ions loaded increased to about 0.01 mM (Figure. 3a – dark blue bars), but
the r1 relaxivity decreased from ~ 24 to 5 mM−1s−1 (Figure. 3a – light blue bars). Since the
relaxivity is normalized for Gd3+-ion concentration, it should stay constant for different
concentrations unless the relaxation mechanism changes. Hence, the observed decrease in
the relaxivity upon increasing the stock solution concentration can be explained by a more
extensive adsorption of [Gd(DTPA)(H2O)]2− on the external surface of the nanoconstructs.
In this case, only a small portion of the loaded Gd3+-ions would contribute to the
enhancement in relaxivity (ions adsorbed on the inner the pore surface), whereas the
remaining, larger portion of Gd3+-ions would contribute only slightly (ions adsorbed on the
external surface of the silicon particles), thus leading to r1 ~ 5 mM−1s−1. In other words, the
geometrical confinement is limited and hence, the enhancement in r1 is compromised. This
is consistent with the observation that the relaxivity values associated with the higher stock
solution concentrations are closer to [Gd(DTPA)(H2O)]2− in bulk solution (Figure. 3a).
In order to ensure that the loaded Gd3+-ions are mostly confined within the pores of the
nanoconstructs, extra washings were performed after the loading step with the objective of
removing loosely adsorbed [Gd(DTPA)(H2O)]2− from the external surface. The effect of the
extra washing steps on the amountof loaded Gd3+-ions and corresponding relaxivity is
presented in Figure. 3b. Data are derived for SP nanoconstructs originally exposed to a 1
mM stock solution (0 number of washes in Figure. 3b). After the first extra washing step, the
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concentration of loaded Gd3+-ions decreased by one order of magnitude from about 0.02 to
0.003 mM, but the r1 value increased considerably from ~ 5 to 20 mM−1s−1. By adding one
more extra washing step (two washing steps in Figure. 3b), r1 eventually reached ~ 24
mM−1s−1. After two washing steps, ICP-MS analysis on the washings showed a negligible
amount of Gd3+-ions, suggesting that the majority of the [Gd(DTPA)(H2O)]2− is confined
within the porous structure of the particles.
Stability and cytoxicity of the mesoporous silicon nanoconstructs
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To assess the stability of the SP nanoconstructs, the release of [Gd(DTPA)(H2O)]2− from the
nanoconstructs was measured at different time points, namely 3, 6, 12 and 24h, and under
two different, physiologically relevant conditions, namely stationary and constant shaking in
PBS (pH= 7.4). For SP nanoconstructs under stationary conditions, the amount of Gd3+-ions
released over time was found to be below the detection limit (0.3 ppb) of ICP-MS even after
12h. For SP nanoconstructs kept in a rotary shaker operating at 100 rpm, [Gd(DTPA)
(H2O)]2− was released in solution for ~ 0%, 60%, 80% and 90% of the originally loaded
amount at 3, 6, 12 and 24h, respectively. Figure. 4a shows the percentage of Gd3+-ions
released over time from the SP nanoconstructs. Figure. 4b presents SEM images of the
nanoconstruct at 3 and 6h post shaking. A slight increase in pore size and corrugation of the
particle borders can be appreciated at 6h as compared to 3h. At 24h, the particles are fully
degraded. This indicates that the release of Gd3+-ions is, at first, mainly associated with the
leakage of [Gd(DTPA)(H2O)]2− out of the porous structures, then followed by full particle
degradation. Indeed, the adsorption of [Gd(DTPA)(H2O)]2− molecules on the inner pore
surfaces could prevent and retard degradation by limiting the interaction of the water
molecules with the silicon surface which would explain the very low release within the first
few hours of intense shaking [28].
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The toxicity of the SP nanoconstructs was tested on HeLa cells using an MTT assay. The SP
nanoconstructs were incubated with HeLa cells at different cell:particle ratios ranging from
10 to 200. The cell viability is shown in Figure. 5a (mesoporous silicon particles alone, not
loaded with [Gd(DTPA)(H2O)]2−) and Figure. 5b (mesoporous silicon particles loaded with
[Gd(DTPA)(H2O)]2−) at all times and concentrations. No significant toxicity is observed
even for the highest cell:particles ratio. It is also important to note that most of the SP
nanoconstructs incubated with the HeLa cells were internalized after overnight incubation,
as shown in Figure. 5c. Here, the dark circular spots represent silicon mesoporous particles
accumulating in a perinuclear position, consistently with data already presented in the
literature [29]. The absence of toxicity and the progressive release of [Gd(DTPA)(H2O)]2−
from the SP nanoconstructs would suggest that geometrical confinement, and the resulting
enhancement in relaxivity, can be retained by the nanoconstructs even under physiological
conditions for a sufficiently long period. Indeed, it has been shown that such particles can
rapidly accumulate within the tumor vasculature at high doses [17, 30]. Also, the stability
and highly localized concentration of [Gd(DTPA)(H2O)]2− within the porous particles,
along with the easily functionalizable external silicon surface, provide a potential platform
for cellular and molecular imaging using MRI.
It should also be mentioned that the progressive release of [Gd(DTPA)H2O]−2 from
degrading mesoporous silicon particles could reduce the blood concentration of circulating
complexes and possibly alleviate the occurrence of nephrogenic systemic fibrosis (NSF).
This is a rare and serious disorder observed in patients with renal dysfunction which seems
to be associated with the tissue deposition of free Gd3+-ions and their transmetallation with
other metal ions (Ca2+, Zn2+, …) present in the body. [31, 32].
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A new class of MRI nanoconstructs is presented comprising of porous silicon particles,
discoidal in shape, loaded with a clinically-relevant Gd3+-chelate compound, [Gd(DTPA)
(H2O)]2−. The nanoconstruct performance has been assessed in terms of longitudinal
relaxivity r1 as a function of the pore size and loading conditions. The leakage of
[Gd(DTPA)(H2O)]2− out of the porous structure has been quantified for multiple time points
and under different physiologically-relevant conditions. Finally, the in vitro, long-term
toxicity of the nanoconstructs also has been analyzed using HeLa cells.
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The r1 relaxivity of geometrically confined [Gd(DTPA)(H2O)]2− molecules was shown to
increase with decreasing pore size of the silicon particles. For GP nanoconstructs, with an
average pore size larger than 50 nm, no enhancement in relaxivity was observed. In contrast,
the HP (average pore size 30–40 nm) and SP (average pore size 5–10 nm) nanoconstructs
exhibited relaxivity values of ~ 10 mM−1s−1 and ~ 24 mM−1s−1, respectively. These values
are 2.5 to 6 times higher compared to the r1 relaxivity of free [Gd(DTPA)(H2O)]2− in
solution. Using the SBM theory and by characterizing the behavior of [GdTTHA]3−, the
enhancement in r1 was found to be compatible with an increase in the rotational τR and
diffusion τD correlation times upon confinement of [Gd(DTPA)(H2O)]2−. The relaxivity was
dramatically reduced by extensive [Gd(DTPA)(H2O)]2− adsorption on the outer surface of
the nanoconstructs. These results continue to confirm that the geometrical confinement of
Gd3+-chelate compounds is responsible for the observed enhancement in relaxivity for the
nanoconstruts. In addition to improved MRI performance, the nanoconstructs did not
produce any significant cytotoxicity when incubated with HeLa cells for up to three days.
These results support the notion that confinement of Gd3+-based CAs within porous
particles could possibly help improve their stability and reduce their toxicity.
The discoidal mesoporous silicon particles used in the present work can reach
unprecedented levels of accumulation in orthotopic tumor models [17, 30] (~ 10% of the
injected dose per gram tumor), while offering circulation times of a few hours. The outer
silicon surface can be readily functionalized with targeting moieties and chemical
functionalities [33] to impart tissue specificity, controlled degradation and leakage, and
integrate additional imaging and therapeutic capabilities [18, 33–35].
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Figure 1. Mesoporous silicon particles loaded with [Gd(DTPA)(H2O)]2−

a. SEM images of discoidal mesoporous silicon particles loaded with [Gd(DTPA)(H2O)]2−.
The discoidal particles have all the same diameter (1.0 μm) and height (400 nm) (top row)
[bar: 400 nm], and exhibit three different pore structures with average pore size of 5 – 10 nm
(SP nanoconstructs – left, middle row); of 30 – 40 nm (HP nanoconstructs middle, middle
row); and larger than 50 nm (GP nanoconstructs – right, middle row). Schematics showing
the [Gd(DTPA)(H2O)]2− adsorbed over the walls of the pores with different average
diameter (bottom row) [bar: 100 nm]. b. Bar chart showing the longitudinal relaxivity r1 per
Gd3+ ion of the MRI nanoconstructs with different pore size compared with that of free
[Gd(DTPA)(H2O)]2− in solution [field strength: 60 MHz].
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Figure 2. Computed NMRD profile for the MRI nanoconstructs

a. Bar chart showing the longitudinal relaxivity r1 per Gd3+-ion of the MRI nanoconstructs
with different pore size compared with that of free [GdTTHA]−3 in solution. b. The
computed longitudinal relaxivity r1 for SP nanoconstructs as a function of τR and τD,
ranging between 10 and 1000 ps. [field strength: 60 MHz]
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Figure 3. MRI nanoconstructs loading and relaxivity

a. Amount of Gd3+ions loaded per SP nanoconstructs (Gd3+ – gray bar) and corresponding
longitudinal relaxivity (r1 – blue bar) as a function of the stock solution concentration. b.
Amount of Gd3+ions washed away per SP nanoconstructs (Gd3+ – dark blue bar) and
longitudinal relaxivity of the corresponding SP nanoconstructs (r1 – light blue bar) as a
function of the number of washings performed at the end of the loading step. [field strength:
60 MHz]
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Figure 4. Stability of the MRI nanoconstructs

a. The percentage of Gd3+-ions leaking out of the SP nanoconstructs at 3, 6, 24 and 48h
(incubation in PBS on a plate shaking at 100 rpm and 37°C). b. SEM micrographs of the SP
nanoconstructs at 3 and 6h post incubation. Scale bar = 200 nm.
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Figure 5. Toxicity of the MRI nanoconstructs

a. HeLa cell viability at 24, 48 and 72 h post incubation with SP nanoconstructs (alone and
loaded with [Gd(DTPA)(H2O)]2−) at different cell:particle ratios ranging from 0 (control) to
200. b. Microscopy images showing SP nanoconstructs localizing in a perinuclear location
after overnight incubation. The cell nucleus is stained in blue with DAPI.
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