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Abstract

Mesoporous silica nanoparticles have the capacity to load and deliver therapeutic cargo and
incorporate imaging modalities, making them prominent candidates for theranostic devices. One
of the most widespread imaging agents utilized in this and other theranostic platforms is nanoscale
superparamagnetic iron oxide. Although several core-shell magnetic mesoporous silica
nanoparticles presented in the literature have provided high 7, contrast /in vitroand /n vivo, there
is ambiguity surrounding which parameters lead to enhanced contrast. Additionally, there is a need
to understand the behavior of these imaging agents over time in biologically relevant
environments. Herein, we present a systematic analysis of how the transverse relaxivity () of
magnetic mesoporous silica hanoparticles is influenced by nanoparticle diameter, iron oxide
nanoparticle core synthesis, and the use of a hydrothermal treatment. This work demonstrates that
samples which did not undergo a hydrothermal treatment experienced a drop in 7, (75% of original
, within 8 days of water storage), while samples with hydrothermal treatment maintained roughly
the same 7, for over 30 days in water. Our results suggest that iron oxide oxidation is the cause of
the r, loss, and this oxidation can be prevented both during synthesis and storage by the use of
deoxygenated conditions during nanoparticle synthesis. The hydrothermal treatment also provides
colloidal stability, even in acidic and highly salted solutions, and a resistance against acid
degradation of the iron oxide nanoparticle core. The results of this study show the promise of
multifunctional mesoporous silica nanoparticles but will also likely inspire further investigation
into multiples types of theranostic devices, taking into consideration their behavior over time and
in relevant biological environments.
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INTRODUCTION

Theranostics, devices which enable diagnosis, therapy, and monitoring of therapeutic
efficacy, are becoming increasingly important tools for treating diseases such as cancer. The
ability to monitor treatment easily can inform physicians regarding choices in dosage or
even the type of drug used. Nanoparticle (NP) platforms are well suited for incorporation of
imaging and therapy functionalities for this type of personalized medicine.! In particular,
mesoporous silica (MS) NPs have emerged as prominent candidates for theranostics.?:3 Thus
far, various types of imaging agents, including fluorescent dyes,* gold nanorods,®
radionuclides (84Cu),8 superparamagnetic iron oxide NPs (SPIONs, Fe30,4 and y-Fe,03)"8
and gadolinium complexes,? have been incorporated into MS NPs while maintaining a high
drug loading capacity in the same NP. These materials have enabled MS NP use in various
types of bio-imaging, including fluorescence, computed tomography (CT), positron
emission tomography (PET), and magnetic resonance imaging (MRI).4 Among these
multifunctional MS NPs, SPION-containing MS NPs are one of the most prominent in the
literature because they can be used both as separation tools and as 7, MRI contrast agents.
The quality of an MRI contrast agent is generally measured via the relaxivity, 7 (i=1 or 2),
which describes the ability of a contrast agent to shorten the 7; or 75 relaxation time of
water. For SPION-based MRI contrast agents, the signal enhancement ability (7, or ), is
determined by several factors: (1) NP size, (2) NP composition, (3) NP surface coating, and
(4) synergistic magnetism effects from multiple SPIONs.10-22

To incorporate SPIONs into MS NPs, some groups have attached SPIONS to the exterior of
MS NPs, creating stimuli-sensitive ‘capped’ MS NPs for controlled drug release
applications.23:24 Others have synthesized magnetic NPs inside the pores of MS NPs.2
Alternative syntheses are based on a core-shell architecture, which is the focus of the present
investigation. Many groups have developed syntheses of core-shell magnetic MS NPs (mMS
NPs),”8:26.27 \which display a range of conflicting , values. These differences may be
attributable to core differences; for example, Kim et al. achieved an r> of 245 mM~1s71 with
15-nm diameter SPION cores synthesized via decomposition of iron oleate, but Lin et al.
found an 7, of 153 mM~1s~1 with 10-nm diameter cores synthesized by decomposition of
iron acetylacetonate.” To put this difference in perspective, a 20 % greater dose of the lower
, mMS NPs would be required to obtain the same contrast as the other mMS NPs on a MR
image. Despite the fact that such large discrepancies exist in literature-reported systems,
there is little understanding behind the causes of such differences. Based on these literature
precedents and others, it is clear that SPIONs prepared using different methods lead to size
and crystallinity differences that may influence the r, values; however, it is not immediately
clear whether size, crystallinity, or other variables are the major contributors to
differences in mMS NPs. To compare the SPION synthetic effects on 7>, one must prepare
SPIONs with a similar size from two different synthetic methods and then incorporate a MS
shell. Aside from differences in core character, discrepancies in r, between mMS NP
syntheses could be derived from the character of the silica shell. In recent work, solid silica
shell thickness1314 and polyethylene glycol (PEG) coating!®16 effects on the 7, values of
SPION cores have been thoroughly considered, but there have not been systematic studies
for MS-coated SPIONSs. These studies are critical based on the much higher drug loading
capacity and much lower unintentional cytotoxicity of MS NPs compared to their solid silica
counterparts. To characterize the effect of a MS coating on SPION 7, values, it is essential to
synthesize SPION-incorporated MS NPs having various sizes, using the same synthetic
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route to avoid other possible influencing factors such as particle stability, variation in extent
of silica condensation, or extent of oxidation of SPIONs, which would likely change 7.

In addition to determining NP synthetic effects on r,, this work also explores practical
concerns for long-term mMS NP storage and biological use. Most r, measurements in the
literature are performed at only one time point and in pure deionized (DI) water. While this
initial value is important, care must be taken to further examine 7, in multiple scenarios
which are relevant before and during theranostic use. Recent studies on other core-shell
magnetic NPs have revealed relaxivity or magnetic property changes over time, depending
on the storage conditions or suspension environment.28-30 For example, Lee et al. found that
the 77 relaxation time of MnO-SiO, core-shell NPs significantly changed over time at pH 5
due to dissolution of MnO to Mn?* ions.2® Meade and co-workers found that mixed ferrite
NPs coated with silica underwent significant 7; and 7, changes upon exposure to conditions
as gentle as neutral water during dialysis.3 Should mMS NPs be used clinically, they will
likely be stored in aqueous suspensions for days, weeks, or months. Stability following
introduction into the body is also critical, both in mMS NP structure and in relaxivity. To the
best of our knowledge, none of the literature studies explore long-term 75 relaxivity stability
of silica-coated SPIONSs in agueous suspensions.

It is well-known that the degree of aggregation of SPIONS significantly influences 7,17-19
These results indicate that particle stability of the silica-coated SPIONSs is a critical
consideration for long-term relaxivity studies. Unless controlled, unmodified mMS NPs tend
to aggregate during the synthesis or template removal processes.3! To enable long-term
relaxivity measurements, mMS NPs having long-term particle stability in various media are
required. Our group has recently utilized a hydrothermal treatment to improve colloidal
stability of PEG-modified MS NPs without added SPION cores.31:32 This treatment
significantly improved the PEG modification efficiency and reduced the free silanol groups
on the MS NPs, resulting in a great stability improvement for PEGylated MS NPs in
biological media compared to those without the hydrothermal treatment. Herein, this
hydrothermal treatment can be simply applied to the synthesis of PEGylated mMS NPs to
promote long-term colloidal stability.

Personalized medicine will require high-quality imaging hours or days after imaging agent
administration. To this end, mMS NPs must retain particle stability in biological
environments, and the effectiveness of the contrast agent must be maintained. Herein, we
further examine the protective effect of the MS coating on SPIONs within acidic
environments by monitoring 75 in mild (pH 5.5) and highly acidic (pH 0) suspensions over
time. In addition, we correlate these results with percent iron dissolution at pH 0. Lastly, the
protective effect is examined in biologically relevant media such as acetate buffer (pH 5)
and phosphate buffered saline (PBS, pH 7.4).

To the best of our knowledge, there is no report which examines the effects of synthetic
variables on the r, of mMMS NPs. In the interest of advancing mMS NPs toward clinical trials
and beyond, herein we systematically investigate the effects of multiple synthetic variables
on 7, to understand the major factors which affect contrast quality on multiple time scales. In
this work, MS shell thickness, SPION core synthesis, and the inclusion of a hydrothermal
treatment are all investigated in relevant environments. The results of this study will better
inform synthetic choices regarding clinical mMS NPs, ultimately leading to higher image
contrast and better personalized patient care.
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EXPERIMENTAL SECTION

Chemicals

All chemicals were used as received. n-cetyltrimethylammonium bromide (CTAB),
tetraethyl orthosilicate (TEOS), polyvinyl-pyrrolidone (PVP10, average MW10,000),
iron(l1acetylacetonate (Fe(acac)s), benzyl ether, 1,2-dodecandiol (90%), oleyl amine
(70%) and 10X PBS were purchased from Sigma Aldrich (Milwaukee, WI). 2-
[Methoxy(polyethyleneoxy)propyl] trimethoxysilane, (PEG-silane, MW 596-725 g/mol,
9-12E0) was obtained from Gelest (Morrisville, PA). Ammonium nitrate (NH4NO3),
chloroform (99.8%), iron(l11) chloride hexahydrate (FeCls-6H,0, >99%) and ammonium
hydroxide (NH4OH, 28-30 wt% as NHz3) were obtained from Mallinckrodt (Phillipsburg,
NJ). Iron(l1) chloride tetrahydrate (FeCl,-4H,0), 99-102%), and oleic acid were obtained
from Fisher Scientific (Rockford, IL). Hydrochloric acid (HCI) was obtained from BDH
(West Chester, PA). Absolute anhydrous 99.5% ethanol and 95% ethanol were purchased
from Pharmco-Aaper (Brookfield, CT). The DI water was generated using a Millipore Milli-
Q system (Billerica, MA). Heat-inactivated fetal bovine serum was purchased from Hyclone
(Logan, UT). Powder DMEM without phenol red and sodium pyruvate was purchased from
SAFC Biosciences (Lenexa, KS).

Synthesis of Hydrophobic Fe30O4 NPs from Co-Precipitation and Thermal Decomposition

Methods

Syntheses of Fe30, NPs were performed according to published procedures.33:34 The
detailed synthesis of Fe304 NPs prepared by a thermal decomposition method is described
in the Supporting Information.

Preparation of PEGylated mMS NPs and Hydrothermally Treated mMS NPs with Various

Sizes

Synthesis of PEGylated mMS NPs with various diameters and purification schemes were
performed according to our previous work.28 First, 0.29 g CTAB and 0.20 g PVP-10 were
dissolved in 5 mL DI water. A total of 8.2 mg (for 62-nm-diameter mMS NP synthesis),
32.7 mg (for 43-nm-diameter mMS NP synthesis), and 65.4 mg (for 35-nm-diameter mMS
NP synthesis) Fe304 NPs suspended in chloroform were added to the reaction mixture. The
mixture was sonicated and heated at 40 °C for 1 h to evaporate the solvent and allow
aqueous suspension of organically-coated Fe304 NPs. Next, the Fe3O4 NP suspension was
added to 150 mL of a 0.256 M NH4OH solution and heated at 50 °C with stirring (300 rpm)
for 1 h. The reaction flask was covered with parafilm for the first hour to prevent
evaporation of ammonia and subsequent pH changes. The parafilm was removed, stirring
was increased to 600 rpm, and 3 mL 0.88 M ethanolic TEOS were added. The suspension
became lighter in color and more opaque and was then heated at 50 °C for 1 h. Next, 540 pL
of PEG-silane was added. The suspension was stirred for 30 more min, and then allowed to
age at 50 °C for 20 h without stirring. The suspension was passed through a 0.45 um filter
and diluted to 50 mL with DI water. If hydrothermal treatment was applied, the as-
synthesized NP suspension was heated in a sealed container at 90 °C for 24 h. Deoxygenated
hydrothermal treatment conditions were attained by vacuum sonication of the as-synthesized
NP suspension for 15 minutes, then backfilling the container headspace with nitrogen.
Surfactants were removed from the pores by several centrifugation steps. The as-synthesized
suspension was centrifuged (66,226 g for 30 min), then redispersed in 75 mM ethanolic
NH4NO3 and heated at 60 °C for 1 h with stirring (300 rpm). The suspension was
centrifuged and redispersed in 95% ethanol and 0.012 M HCI, consecutively. Once
redispersed in HCI, the suspension was heated and stirred at 60 °C for 2 h, then centrifuged
and redispersed in 95% ethanol and 99% ethanol, consecutively. Finally, the suspension was
centrifuged once more, redispersed in ~10 mL of 99% ethanol, and stored at room
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temperature (RT) for further use. It should be noted that this synthesis has been performed
previously and has demonstrated low toxicity toward various types of mammalian cells.28

Characterization

N> adsorption-desorption, powder X-ray diffraction (XRD), and magnetic curve
measurements—The A, adsorption-desorption isotherms were measured on a
Micromeritics ASAP 2020 (Norcross, GA) at 77K. Prior to measurements, samples were
degassed at 120 °C for 18 h. The surface area and pore size of samples were determined by
the BET and BJH methods, respectively. The powder XRD patterns were generated on a
Siemens Bruker-AXS D-5005 X-ray diffractometer (Karlsruhe, Germany) using filtered Cu
Ka radiation (A = 1.5406 A) at 45 kV and 40 mA. The magnetic curves were measured by a
Quantum Designs MPMS-5S cryogenic susceptometer at RT.

To-relaxivity measurements—Relaxometry measurements were performed on a Bruker
Minispec mg60 NMR Analyzer (Billerica, MA) at 60 MHz. 7, relaxation values were
obtained by performing a Carr-Purcell-Meiboom-Gill sequence on 400 p.L sample solutions
and are reported as the average of three measurements. 7> values were obtained by plotting
1/ T, vs. [Fe] for five dilutions of each sample and fitting to the following equation:

=ry[ Fe]+
T2,sample 2,Hy0

7> measurements were obtained from mMS NP samples dispersed in differing media,
including 1 M aqueous HCI, 10 uM aqueous HCI, PBS, and acetic acid/sodium acetate
buffer (pH 5). To transfer purified mMS NPs from ethanol suspensions, the samples were
first quantified by drying 1 mL of ethanol suspension by rotary evaporation and weighing
the powder. Next, 2 mL of each ethanol stock suspension was centrifuged (66,226 g, 30
min) and redispersed by sonication in DI H,0 twice. The final aqueous sample was diluted
to 2 mg/mL with DI H,0, and then to 1 mg/mL with 2x the desired concentration of the
intended medium. For example, a 2 mg/mL mMS NP aqueous suspension would be diluted
with 20 M aqueous HCI for a final concentration of 1 mg/mL mMS NP in 10 uM aqueous
HCI.

ICP-OES for iron quantitation—ICP-OES quantitation of iron was performed on a
Thermo Scientific iCAP 6500 dual view ICP-OES (West Palm Beach, FL) at a power of
1150 W. For accurate iron quantitation, the MS shells had to be completely dissolved before
the SPION could be digested by nitric acid. Samples at 1 mg/mL were diluted 10 fold with a
10% solution of HBF,4 (prepared by reacting 358 ml of conc. HF with 125 g of boric acid).
The solutions were allowed to sit until they become clear and colorless. They were then
diluted another 10 fold with 0.2 M HNO3 for iron digestion, and yittrium was added as an
internal standard.

To-weighted MR phantom imaging—Phantoms were prepared by suspending mMS
NPs in 2 mL water at a concentration of 0.15 mM Fe (as determined by ICP-OES). Next,
enough suspension was transferred to a 2 cm long NMR tube to completely fill the tube,
taking care to avoid bubbles. Five samples could be inserted into the MRI instrument at once
by placement in a 50 mL centrifuge tube with plastic supports to keep the NMR tubes
stationary. The centrifuge tube was filled with DI water for all measurements. Samples were
scanned in a 31 cm bore 9.4 T scanner (Oxford Magnet/Agilent DirectDrive Console). All
images were acquired with a volume transmit/receive coil having an inner diameter of 3 cm
(Agilent Technologies, Santa Clara, CA). To measure 75, fast spin-echo sequences with
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spin-echo preparation for single slices were used with following parameters: repetition time
(TR) = 4000 ms, echo train length (ETL) = 4, echo time (TE) of spin-echo preparation =
9.86, 15.6, 24.8, 39.4, 62.5, 99.3, 158 and 250 ms, field of view (FOV) = 40 mm x 40 mm,
slice thickness = 1.5 mm, and acquisition matrix = 128x128. The 7, value was calculated in
MATLAB by fitting the image intensities and TE times into a mono-exponential curve.

RESULTS AND DISCUSSION

Synthesis and Characterization of mMS NPs

To determine the effects of various synthetic parameters on r,, PEGylated mMS NPs were
synthesized using our previously developed method2® with several different conditions.
First, the synthesis of the SPION cores (Fe304 NPs) was performed via two routes, a co-
precipitation reaction of iron salts33 and a decomposition of iron acetylacetonate,
Fe(acac)s.3* Samples of varying overall mMS NP size (35-, 43-, and 62-nm diameters,
Figure 1, Figure S1, and Table 1) were synthesized by seeding different amounts of SPION
cores into the reaction.26 Lastly, a subset of samples underwent a hydrothermal treatment
wherein they were aged in water at 90 °C for 24 h. All mMS NPs demonstrate a consistent
core diameter of 9—10 nm. The different core syntheses alone do not appear to have a
significant effect on mMS NP size, shape, or number of incorporated cores. In all
conditions, the core is located inhomogenously in the MS matrix, not necessarily at the
center of the mMS NPs. This inhomogeneity makes it inappropriate to compare the effects
of silica shell thickness on r>. Instead, 7, is monitored as a function of total mMS NP
diameter. The morphological effects of the hydrothermal treatment can be seen in Figure 1b,
d, f, and h (Enlarged TEM images are shown in Figure S1). The increased PEG modification
on/in the pores and more complete silica condensation contribute to some pore structure
disorder compared to the NPs that did not undergo hydrothermal treatment. This effect of
hydrothermal treatment was expected based on results of our previous work.31:32

Further mMS NP characterization data including XRD and nitrogen adsorption-desorption
measurements are shown in Figure S2 and S3. XRD spectra at low angles show peaks
indicative of 2D hexagonal order, representing the ordering of the MS pores within the NP.
The small peaks at (110) and (200) indicate long range order, which is more apparent in
larger diameter mMS NPs and in samples that did not undergo hydrothermal treatment
(Figure S2). The broader and lower intensity peaks for hydrothermally treated samples are
indicative of pore disorder in agreement with TEM (Figure 1). A, adsorption-desorption
isotherms (Figure S3), surface area, and pore size (Table 2) of all the mMS samples are
shown to be dependent on overall NP diameter and hydrothermal treatment. Hydrothermal
treatment results in a loss of surface area and a decrease in pore size, likely because the
small PEG-silane moieties diffuse into pores and modify the inner pore surface or
incorporate into the MS framework during the heating process. These results are consistent
with our previously reported work.31:32

The hydrodynamic sizes of mMS NPs in various media, including DI water, PBS, cell
culture media (Dulbecco’s Modified Eagle’s Medium with 10% fetal bovine serum, DMEM
+10% FBS) and simulated body fluid (SBF) are summarized in Table 3. While
hydrothermally treated mMS NPs demonstrate consistent hydrodynamic sizes in all media,
those samples without hydrothermal treatment experience a significant increase in size,
indicative of aggregation or the formation of a protein corona. In addition, Figure 2 further
shows the hydrothermal treatment effect on long-term particle stability (hydrodynamic
diameter over time) of myMS43 NPs in SBF at 37 °C. Compared to myMS43-hy, the
myMS43-no hy sample aggregated and settled out of suspension after one day of aging in
SBF at 37 °C (inset of Figure 2). These results further confirm our previous work that the
hydrothermal treatment supports MS NP colloidal stability in biologically relevant
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environments.31:32 Herein, we show that addition of the SPION core does not change the
stability behavior. Subsequent 7, and » measurements were only performed on samples
which displayed colloidal stability in relevant media. For example, samples with
hydrothermal treatment could be measured over time in acetate buffer or PBS, but those
without hydrothermal treatment were not measured to avoid the complications associated
with aggregation effects.

Effects of mMS NP Diameter on T, Relaxivity

The r, values of mMS NPs of varying diameters with and without hydrothermal treatment
upon exposure to DI water are shown in Figure 3a and b. No significant r, difference exists
between any of the tested diameters (either in hydrothermally treated or non-hydrothermally
treated samples), indicating a lack of , dependence on NP diameter for at least the range of
sizes considered herein. Indeed, dextran-coated SPIONSs (no silica shell) formed by co-
precipitation display similar 7, values to those seen here.3> This result is encouraging, as it
suggests that MS diameter (up to 62 nm) has no critical influence on r>. Researchers will be
free, then, to change NP size for practical reasons without worrying about , losses due to
different diameters from MS coating. In contrast, an increase of 26 nm to the diameter of -
Fe,O3 NPs coated with nonporous silica resulted in an 7, decrease of more than 50 %
(compare 7> of 47 mM~1s™1 for 40 nm diameter to 7> of 23 mM~1s™1 for 66 nm diameter).13
The r, of SPIONS is largely dictated by an outer sphere relaxation mechanism wherein water
molecules diffuse in and out of the inhomogenous magnetic field generated by the
SPIONs.36 The drop in 7> caused by nonporous silica coatings is presumably due to the
exclusion of water from the SPION environment.13:14 In practical applications, the
separation of water molecules from a contrast agent is critically important as the strength of
a magnetic field surrounding a magnetic material is proportional to the inverse of the
distance cubed. In the case of mMMS NPs, however, we do not observe an appreciable
diameter effect on r» of mMMS NPs. It is likely that water molecules are able to diffuse
through the mesopores toward the SPIONSs located inside the MS NPs, fulfilling the outer
sphere relaxation condition.

Effects of SPION Core Synthesis and Hydrothermal Treatment on T, Relaxivity

In addition to investigating the size effects of MS coating on SPIONSs, we also compared the
effects of different SPION syntheses and hydrothermal treatments on the  of MMS NPs.
TEM images of the as-synthesized SPION cores prepared from the co-precipitation and
thermal decomposition methods are shown in Figure 4a and b, respectively. It is clear that
the SPIONs prepared from the thermal decomposition method are more uniform in size and
shape compared to SPIONs made from the co-precipitation method. Figure 4c shows the
comparison of measured 7> values for mMS NPs with an overall 43 nm diameter prepared
with the different SPION cores. A significant difference in 7, is observed between m;MS43
and mgMS43 NPs. Both the myMS43-no hy and mgMS43-hy NPs show a clear enhancement
of r, (~28-35 % greater r>) compared to mMS NPs regardless of hydrothermal treatment.
This result is likely due to a lower saturation magnetization (Ms) of co-precipitation SPION
cores compared to thermal decomposition SPIONSs. It has been shown that large size
distribution and polycrystallinity contribute to the lower Ms of co-precipitation
SPIONSs.10:22 The clear imaging benefit of the thermal decomposition SPIONS will have to
be balanced in practical use, as they require higher temperatures, more expensive precursors,
and more stringent synthetic conditions than co-precipitated SPION cores.

Both m:MS and myMS NPs display higher 7> values without the hydrothermal treatment,
although the difference is only significant between mygMS43-no hy and myqMS43-hy (Figure
4d). This lower r> value for hydrothermally treated samples is likely due to a partial
oxidation of Fe3O4 (magnetite) to y-Fe,O3 (maghemite) that occurs during the hydrothermal
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treatment process, causing a decrease of Ms in hydrothermally treated mMS NPs. The
decrease of Ms in mgMS43-hy NPs is expected based on recent work by Rebodos and
Vikesland3’ and has been confirmed by superconducting quantum interference device
magnetometer (SQUID) measurements (Figure 5). Fe304 NPs have been shown to easily
oxidize to y-Fe,O3 by heating at 100 °C for 30 min under aeration in the literature,38 and
this oxidation can be simply observed by a color change in the mMS NP solution after
hydrothermal treatment. As seen in Figure 7a, the hydrothermally treated myMS NPs display
a more orange color than samples without hydrothermal treatment. Despite the advantage of
higher r, values, the poor particle stability of mMS NPs without hydrothermal treatment
limits their practical use.3:31

Long-Term R, Stability and Dissolution Resistance Based on Hydrothermal Treatment

Several reports on MRI contrast agents have shown that NP relaxivity values may change
over time depending on the environment of the NP.28-30 Therefore, , values of mMMS NPs
with differing cores and hydrothermal treatments should be monitored over time in various
media. Initial measurements were made on mMS NPs suspended in DI water. DLS data (not
shown) indicate that these mMS NPs exhibit colloidal stability in DI water, suggesting that
, changes are not being caused by aggregation. The r, values of all mMMS NPs over 32 day
aging in DI water are shown in Figure 6. Both m;MS and mgMS NPs exhibited similar
behavior, with hydrothermally treated samples retaining the original , values while samples
without hydrothermal treatment dropped to 80% of original 7, values in just eight days of
storage in DI water at RT. Though all the initial 7> values of non-hydrothermally treated
mMS NPs are higher than their hydrothermally treated counterparts, the values drop to
become comparable or even lower than those of hydrothermally treated mMS NPs after
eight days of storage. This result is important as it suggests that, without hydrothermal
treatment or other modifications, mMS NPs will have a short shelf life at maximum . We
considered two possible causes for the drop in . First, the SPION cores could be oxidizing
during storage. The decrease of saturation magnetization of m¢MS43-no hy after 28-day
storage confirmed some oxidation of SPION cores, which would result in a decrease of 7,
(Figure S4). Samples with hydrothermal treatment may experience a less substantial effect
because the Fe304 core oxidizes to the more stable y-Fe,O3 phase during hydrothermal
treatment, a ‘pre-oxidation.” Second, more complete PEG coating and silica condensation
during hydrothermal treatment may lead to a protective layer surrounding the SPION cores,
keeping them from oxidizing longer than in the case of the samples without hydrothermal
treatment. To test these hypotheses, we performed a number of experiments, the results of
which are shown in Figure 7. The oxidation of iron oxide is well known to be associated
with a distinct color change from dark brown/black to a lighter orange or yellow.38 Samples
that underwent hydrothermal treatment displayed this color change (Figure 7a). To obtain
more rigorous evidence, electron energy loss spectroscopy (EELS) was performed on a
myMS62-no hy sample after zero and 14 days of storage in water. The iron edge spectra
after background subtraction are shown in Figure 7b. Literature precedent has shown that
oxidation from Fe304 to y-Fe,O3 will result in two spectral changes at the iron edge. First,
the ratio of the L3 edge to the L, edge intensities will increase with oxidation. Second, The
L3 edge will shift to higher energies with increasing amounts of oxidation.3%40 The L/L,
ratio did increase from 3.37 to 3.9 between days zero and 14 (see Table S1). Any shift in the
L3 peak was smaller than the resolution limit of the EELS spectrometer and should not be
taken as a statistically significant difference. Finally, a myMS62 sample was hydrothermally
treated in a deoxygenated environment (degassed water, nitrogen headspace). As seen in
Figure 7c, the sample color remained brown black, indicating that the presence of oxygen
was necessary for the previously seen color change and further confirming the oxidation
argument. When this deoxy-hy sample was monitored for r, stability in water, it maintained
~ 90% for up to 24 days, similar to other hy samples. The lack of color change and long
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term stability in water suggest that not only was oxidation prevented by a deoxygenated
process during hydrothermal treatment — it was prevented during storage as well, perhaps by
the presence of a thin, condensed shell of silica surrounding the SPION core.

The presence of this shell could be further elucidated by observing the behavior of mMS
NPs in dilute or concentrated solutions of acids, which are also relevant for study due to the
fact that NPs interacting with cells are likely to be taken up into acidic compartments#1—43
and SPIONSs are easily dissolved in acid.**4° First, the relaxation times of 1 mg/mL of
mygMS43-no hy and mgMS43-hy samples in 10 uM aqueous HCI (pH ~5.5) were monitored
over time. Because degradation behavior is a concentration-dependent process, contrast
agent quality was determined by monitoring 7, as opposed to . Changes in 7, represented
as a percentage of initial 7, are shown in Figure 8a (larger 7, values correspond to smaller
1, values). Samples without hydrothermal treatment experienced longer 7, values over time,
potentially indicative of slow acid dissolution of the SPION core, while hydrothermally
treated samples maintained the original 7, values. It has been shown that the mechanism of
iron oxide dissolution in acidic conditions proceeds through a number of steps.#6 If the
starting material is Fe3Oy, it is first oxidized to )-Fe,O3 before undergoing further
dissolution. Additionally, Fe3O4 has a faster rate of dissolution than y-Fe,O3 under identical
conditions.#6:47 Therefore, we suspect that the long term acid resistance of the
hydrothermally treated mMS NPs is due to the oxidation that occurs during the
hydrothermal treatment. Either the exterior shell or the entirety of the SPION is oxidized to
y-Fe,O3 during the treatment, imparting mMS-hy samples with slower dissolution rates.
This same reasoning helps to explain why mgMS samples lost , more quickly than m;MS
samples in DI water. Beyond the oxidation effect, however, we suspect that the more
complete condensation of the silica shell around the SPION core provides some protection
against acid entry. To further investigate this hypothesis, 1 mg/mL suspensions of samples
with and without hydrothermal treatment were placed in 1 M aqueous HCI (pH 0), and
SPION dissolution was measured for 24 h. After 24 h acid aging, the NPs were collected by
centrifugation, and dissolution was monitored based on the color of the NP pellet. Figure 8c
clearly shows that a colorless pellet was obtained from myMS43-no hy NPs, indicating
complete dissolution of incorporated SPIONSs. In addition, iron dissolution data (analyzed by
ICP-OES) show that 99% of SPIONs in myMS43-no hy samples were dissolved after 24 h
incubation in 1 M HCI at RT but only 13% of SPIONs dissolved from myMS43-hy samples
(Figure 8b). The TEM images of myMS43-no hy and myMS43-hy after acid aging (Figure
8d and e) clearly show that, for hydrothermally treated mgMS43 NPs, most of the magnetic
cores remain intact after one day RT aging in pH 0 at a NP concentration of 1 mg/mL, while
the cores of non-hydrothermally treated samples are completely absent. This result further
confirms the presence of a more highly condensed silica shell surrounding the SPION core.
It is likely that this shell will provide protection for multiple phases of iron oxide, including
Fe304 or -y-Fe,03 (both phases are commonly used as starting core materials) as both are
subject to oxidation and acid dissolution when unprotected.

To examine the 7, behavior over time in biologically relevant conditions, hydrothermally
treated myMS NPs were aged in acetate buffer (pH 5) and PBS (pH 7). Samples without
hydrothermal treatment aggregated and visibly settled out of suspension within 4 h of
exposure to acetate buffer (Figure 9 inset), and samples without hydrothermal treatment are
known to aggregate in PBS.31 Figure 9 shows that hydrothermally treated samples
maintained their original 7, value in acetate for over 72 h, while samples in PBS did
experience a slight increase in 75 during that time. This increase for PBS suspensions is
likely due to the presence of chloride (PBS contains NaCl and KCI). It has been shown that
although CI~ ions are not necessary for oxidation and subsequent dissolution of FesO4 and
v-Fe,03, the presence of Cl™ ions increases the rates of reaction.*” Biological systems,
including blood, lysosomes, and cytosol, all contain high concentrations of CI™ ions, so this
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result would likely be seen and possibly intensified /7 vivo (CI™ ions increase dissolution
rates in a roughly exponential fashion).

To further demonstrate the effect of hydrothermal treatment on 75 stability over time, 7»-
weighted MR images were collected at one and 15 days after addition of mMS NPs to DI
water. Two samples, mgMS43-hy and myMS43-no hy, were suspended in DI water at a
concentration of 0.15 mM Fe. The results of the MRI measurements are shown in Figure 10
and S5. The negative contrast of samples without hydrothermal treatment is visibly reduced
over the course of 15 days in DI water while samples with hydrothermal treatment remain
stable (Figure 10a and S5). The change in percent of original 7, (Figure 10b) for both
samples is consistent with data collected by relaxometry. The 7, value of samples without
hydrothermal treatment increased to 130 % of original 7, values in 15 days of storage in DI
water at RT, consistent with the loss in contrast observed in Figure 10a.

CONCLUSIONS

In this work, we have investigated the effects of several synthetic parameters on the r,
values of mMMS NPs for biomedical imaging applications. The mMS NP diameter appears to
have no significant effect on 7, in the measured range, indicating a fundamental difference
between porous and nonporous silica as a magnetic NP coating material. Successful mMS
NP syntheses were performed by coating MS onto Fe3O4 NPs synthesized by two different
routes. Fes04 NPs made via a decomposition reaction displayed 26—-35% higher 7> values,
but cost and scale up considerations will be important in choosing between the co-
precipitation and thermal decomposition reactions. The hydrothermal treatment, found in
previous work to support colloidal stability, has also demonstrated an effect on both
stability and acid resistance of mMMS NPs. Samples without hydrothermal treatment lose 20
% of their > within just eight days of suspension in water, a likely storage medium. This 5
loss was determined to be a result of iron oxide oxidation, which was prevented in the case
of hydrothermal treatment in deoxygenated water. The iron dissolution rate of mMS NPs
with/without hydrothermal treatment was investigated, and it was found that the
hydrothermal treatment engenders resistance to acidic etching of the magnetic core. Finally,
mMS NPs were studied over time in biological suspensions, acetate buffer (pH 5) and PBS
(pH 7.4). Hydrothermally treated samples were able to maintain 7, stability in acetate, but
75 increased slowly for samples in PBS due to high chloride concentrations. These results
should be carefully considered for future design of SPION-based MRI contrast agents, in
particular those involving mesoporous silica.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Representative TEM images showing mMS NPs of varying sizes, SPION cores, and
hydrothermal treatment. (a) m¢MS35-no hy, (b) m;MS35-hy, (c) m;MS43-no hy, (d)
mcMS43-hy, () m;MS62-no hy, (f) m¢MS62-hy, (g) mgMS43-no hy, and (h) mgMS43-hy.
All scale bars represent 100 nm.
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Figure 2.

Long-term particle stability of myMS43-no hy and mygMS43-hy in SBF at 37 °C. Inset: A
photograph of myMS43-no hy and mgMS43-hy suspensions after 3-day aging in SBF at 37

°C.
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Figure 3.
r, values of m¢MS NPs having varied sizes (a) without and (b) with hydrothermal treatment.
There is no significant difference among these conditions.
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Figure 4.

TEM images of (a) co-precipitation Fe304 NPs (m¢) and (b) thermal decomposition Fe304
NPs (myg), scale bar = 50 nm. Despite differences in diameter distributions, the SPIONs
present in mMS NPs have diameters which center on 9-10 nm and allow a reasonable
comparison between the two (see Table 1). (c) Effect of core synthesis on > of mMMS43-no
hy and mM43-hy NPs. (d) r» value comparison for m;MS and mgMS NPs with and without
hydrothermal treatment. * represents p < 0.05.
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Figure 5.
Room temperature magnetization curves of myMS43-no hy and myMS43-hy.
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1, behavior and of mMS-no hy and mMS-hy NPs in DI water over 32 days at RT. Figures a—
d are plotted as absolute 7> value vs. time. Figures e—f are plotted as percent original 7, vs.

time.
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Figure 7.

Evidence for oxidation during hydrothermal treatment and water storage. (a) mgMS62
samples before and after hydrothermal treatment. (b) Fe edge EELS spectra from a
myMS62-no hy sample after zero and 14 days of storage in DI water. (¢) mgMS62 sample
before and after hydrothermal treatment in a deoxygenated environment. (d) Percent original
1, of mygMS samples with no hydrothermal treatment and hydrothermal treatment with or
without oxygen over time in DI water.
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(h) Aging at pH 0 (h)

Behavior of myMS43 NPs with and without hydrothermal treatment in varying acidic
conditions. (a) 7, behavior over time in 10 cM HCI. (b) percent iron dissolution of myMS43
NPs in 1 M HCI. (c) A photograph and TEM images of (d) myMS43-no hy and (e)
myMS43-hy NPs after 24-h aging in 1 M HCI.
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Figure 9.

T, behavior of myMS43 NPs in biological media (hydrothermally treated samples only).
Inset: samples without hydrothermal treatment aggregated and settled out of acetate buffer
suspensions within 4 h. Previous results show aggregation in PBS over days for samples
without hydrothermal treatment.31
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Figure 10.

MRI data for myMS43-no hy and mygMS43-hy samples over 15 days of aging in DI water.
(@) 7> weighted images show an increase in 7, over time for samples without hydrothermal
treatment while those with hydrothermal treatment remain stable. (b) Percent of original 7,
values calculated from 7, maps (n=81 for each condition). The increase in 7, values for
samples without hydrothermal treatment is consistent with measurements obtained by
relaxometry. * indicates p<0.05.
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Table 1

TEM diameter and SPION core analysis of various mMS NPs. “n” designates the number of individual NPs
measured during image analysis.
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Sample mMS NP Diameter (nm)  Number of SPION Cores  SPION Diameter (nm)
mMS35-no hy 35 + 7 (n=900) 1.6+08 9.2 + 2.0 (n=1459)
mMS35-hy 34 + 7 (n=900) 15408 9.0 £ 2.0 (n=1357)
mMS43-no hy 43 + 8 (n=900) 15+08 9.0 + 2.0 (=1332)
m,MS43-hy 46 + 9 (n=900) 1.7+09 9.0 + 2.0 (=1522)
mMS62-no hy 63 + 12 (=900) 13409 9.1 + 2.2 (n=1166)
mMS62-hy 62 + 13 (n=900) 1.2+0.9 9.3 +2.1 (n=1058)
mMS43-no hy 44 + 8 (n=900) 1.7+10 9.9 + 1.3 (n=1547)
m,MS43-hy 46 + 8 (n=900) 1.7+08 10.0 + 1.3 (n=1507)
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Table 2

Surface area and primary pore diameter of PEGylated mMS-no hy and mMS-hy NPs with varied sizes and
SPION cores.

Sample BET surface area (m?g)  BJH pore size (A)
mMS35-no hy 603 + 21 240+0.3
m¢MS35-hy 43517 20.0+0.8
mMS43-no hy 685+ 6 23.3+0.7
mcMS43-hy 492 +11 199+04
mMS62-no hy 804 +21 23.3+0.6
mcMS62-hy 576 =13 19.3+0.3
mygMS43-no hy 672 +23 23.7+0.9
myMS43-hy 503 + 17 19.7+04
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Table 3

Hydrodynamic diameters of various mMS NPs in biologically relevant media.

Sample H,O (nm) PBS(nm) SBF (nm) DMEM+10 % FBS (nm)
mcMS35-nohy  57+5 76+9 88+ 10 72+2
mMS35-hy 52+7 54+5 53+ 6 54+5
m¢MS43-no hy 68 =3 82+5 88 £ 12 T7£2
mMS43-hy 68 =3 67 %2 67+1 674
mcMS62-nohy 88 +4 275+51  440+78 98+7
m MS62-hy 82+4 80+ 6 80 +7 78+7
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