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Q4 = fully polymerized SiO2

∂ ≈ -110 ppm in 29Si SSNMR

Q3 = incompletely polymerized SiO2 (bulk
or surface defect

∂ ≈ -100 ppm (Si-O-); -90 ppm (Si-O-M)
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Si(OEt)4
H2O
HCl

C16TAB
EtOH

stir 5 min
NaF

stir 7 min

100 ˚C

(precipitation
begins)

40 min

RT RT

EtOH:   slows polymerization rate of Si(OEt)4
F-:         increases number of nucleation sites
heat:     increases polymerization rate

adjusting variables relative to each other
allows control over diameter of spheres

particle 
diameter

(µm)

NaF
(mg)

EtOH
(wt %)

SBET
(m2/g)

Vpore
(cm3/g)

dpore
(nm)

a 0.5 - 1.0 200 30 1022 1.35 3.9

b 1.5 - 2.5 100 20 894 1.20 4.8

c 2.5 - 5.0 50 10 672 1.15 6.6

Adv. Mater. 1999, 11, 1452; J. Chromatogr. A. 2002, 973, 97.

Acid-Prepared Mesoporous Spheres (APMS)
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Acid-Prepared Mesoporous Spheres (APMS)



TEG-APMS Are Endocytosed By Lung Epithelial Cells

TEG facilitates uptake 
of APMS by C10 cells

• Label with Alexa 568 or doped with Ru(bpy)2
•  Incubate with C10 cells for 24 h in vitro 
•  Fix, stain nuclei with DAPI

Am. J. Resp. Cell Mol. Biol. 2007, 36, 333.

= TEG



Int.J. Cancer 2011, 129, 233.

Doxorubicin Is Delivered To MM Cells

APMS+Dox

Dox alone

microscopy, 8 hr



Int.J. Cancer 2011, 129, 233.

Doxorubicin Is Delivered To MM Cells

APMS+Dox

Dox alone

microscopy, 8 hr

Extracellular DOX
Intracellular DOX
APMS+DOX

Extracellular DOX
Intracellular DOX

HPLC, 24 hr dose-response



APMS-TEG-Ab Is Selectively Endocytosed

ACS Applied Mater. Interfaces 2010, 2, 2489.



Targeted Particles Are Non-Immunogenic
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APMS-TEG-MB

• Human MM tumors grown in mouse IP 
cavity

• After 4 weeks, APMS-TEG-MB (targeted) 
or APMS-TEG-BSA (control) injected into 
IP cavity

• Euthanasia after 24 h, organs and 
tumors collected

• Digestion in (CH3)4NOH followed by ICP-
MS (Dartmouth)

Molecular Medicine, submitted.
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Excretion Of Microparticles Followed By MRI
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c. Relaxivity curves of APMS-DTPA/Gd-TEG suspended in agar at a field of 3.0 T (Figure S3). 

 
Relaxivities (mM-1s-1) at 1.5 T suspended in agar. Because of the large dimensions of the particles, the 
per-particle relaxivities were large, surpassing 109 mM-1 s-1. See the per-Gd calculations on the next page. 
 

Sample r1 (per Gd) r1  (per particle) r2 (per Gd) r2 (per particle) 

APMS/Gd 2.8 ± .1 ~ 3 x 109 23 ± 1 ~ 2 x 1010 

DTPA/Gd(aq) 2.9 ± .2 - 2.9 ± .2 - 
 
 
Comparison of relaxation times for APMS-DTPA/Gd-TEG and control APMS-TEG particles (data taken 
from one trial). 
 

Sample Concentration 
(mg particle/mL) 

T1 
(ms) 

T2 cpmg 
(ms) 

T2 spin echo 
(ms) 

APMS-DTPA/Gd-TEG 4.66 319 ± 3 58.02 ± 0.06 20.0 ± 0.4 
APMS-TEG 4.65 3370 ± 20 117.8 ± 0.1 34 ± 2 
water 0 3320 ± 20 146.9 ± 0.1 36 ± 2 
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MRI shows that APMS-TEG is 
excreted in the urine by 24 hr. The 

bladder has returned to normal 
intensity after 6 days, indicating that 

APMS-TEG has been excreted.
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Figure 1. (a) Illustration of the modified microparticles, (b) SEM image of Gd-loaded 
microparticles, and (c) N2 physisorption isotherms and BET surface areas at subsequent stages of 
the synthesis. 
 

 
Figure 2. Magnetic resonance images of one Wistar rat injected IP with Gd-loaded 
microparticles, focusing on the lower abdominal cavity. Enhanced contrast in the bladder at early 
time points is indicated by the arrows, showing that a fraction of the microparticles were 
excreted in the urine. 
 

 
Figure 3. Sagittal MR image of a C57BL/6 mouse injected IP with APMS-DTPA/Gd-TEG. The 
particles appear as a bowl-shaped region of contrast in the bladder, and the ureter is also visible 
(red arrow). Because the animal was lying on its back, these images suggest that the particles 
were settling under the influence of gravity. 
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Small 2010, 6, 2678.

Excretion Of Microparticles Followed By MRI



New Gd Chelates Have High Relaxivities

 

 

Table 1. Physical Properties and Relaxivities of Porous Silica Particles. 

 as-made functionalized per-Gd relaxivity per-particle relaxivity 

 
Sample 

dpore 
(Å) 

SABET 
(m2/g) 

Vpore 
(cm3/g) 

dpore 
(Å) 

SABET 
(m2/g) 

Vpore 
(cm3/g) 

r1 
(mM-1s-1) 

r2 
(mM-1s-1) 

r1 
(mM-1s-1 
× 107) 

r2 
(mM-1s-1 
× 107) 

1  36 790 0.87 33 380 0.41 4.6 15 3.3 11 

2  39 780 0.65 34 350 0.35 6.0 17 1.7 5.0 

3  55 690 0.97 45 380 0.56 10 23 2.4 5.4 

Gd-DOTA2 - - - - - - 3.0 3.3 - - 

Gd-DTPA2 - - - - - - 3.5 3.9 - - 

 

Although the physical properties of 1 and 2 were similar, the 
larger number of silanols should increase the number of NDP2 
ligands on the surface and ultimately also increase the per-particle 
Gd relaxivity.  To prepare sample 3, the synthesis of the silica parti-
cles was altered by heating the reaction mixture for a slightly longer 
time than for sample 1 and by letting the reaction mixture cool 
slowly to room temperature rather than quenching it in an ice bath. 
These changes led to a material with a smaller surface area than 
sample 1 (690 vs. 790 m2/g) but a significantly larger average pore 
diameter (55 vs. 36 Å) (Table 1). 

After modifying the three samples, ion exchange with GdCl3 led 
to the immobilization of Gd(III). Upon functionalization, the sur-
face area, pore volume, and average pore diameter of all three sam-
ples decreased, indicating that the ligand had been successfully 
attached to the pore surfaces. Although the synthesis method 
makes characterization of the Gd(III) coordination environment 
difficult, Scheme 1 shows a proposed structure consistent with 
similar literature syntheses. In this structure, 1-2 water molecules 
are able to interact with the paramagnetic Gd(III) ion. As shown in 
Table 1, the per-Gd relaxivities of all three samples were higher 
than the commercially available complexes Gd-DOTA and Gd-
DTPA, which are currently used as MRI contrast agents. This lends 
support to the influence of the phosphonate ligand on relaxivity, as 
well as the idea that an increased number of water molecules may 
be coordinated to the metal ion. However, the relaxivity values for 
3 were especially notable, with r1 ≈ 3 times higher and r2 ≈ 5 – 7 
times higher than the corresponding values for commercial agents.  

 

Figure 1. N2 physisorption isotherm and pore size distribution (inset) 
for unmodified and modified versions of 1. 

 As reports have demonstrated,18c,d relaxivity values for 
mesoporous silica materials are dependent on pore diameter. Water 
molecules are able to move more freely within larger pore materials, 
increasing both inner and outer sphere relaxivity. Thus, for porous 
solids with comparable levels of ligand and Gd modification, the 
material with a larger average pore diameter should show higher 
relaxivity values. The difference in per-Gd and per-particle relaxiv-
ities between 1 and 2 is less obvious, because they have similar 
measured pore diameters after functionalization and should have 
approximately the same water diffusion values. In sample 2, rehy-
droxylation did lead to increased surface functionalization with the 
NDP2 ligand; however, the amount of Gd(III) captured in this 
sample was less than in 1. Thus the per-particle relaxivities of 2 are 
slightly less than 1 (1.7 vs. 3.3 × 107 mM-1s-1), while the decreased 
local motion of the Gd complexes resulting from molecular crowd-
ing led to a slightly increased per-Gd relaxivity (6.0 vs. 4.6 mM-1s-1). 
Finally, a comparison of the per-particle relaxivities measured in 
this study to a variety of types of materials and complexes found in 
the literature (Figure 2) shows that while the per-Gd relaxivities 
are similar, the larger particle diameter and surface area of APMS 
allows more Gd to be immobilized, producing higher per-particle 
relaxivities.  

 

Figure 2. Comparison of relaxivities values obtained in this study to 
literature values. Note the linear axis for per-Gd values and the loga-
rithmic axis for per-particle values. All data are taken at 1.41T except 
(a) 3T, (b) 0.73T.  

standard synthesis

rehydroxylated

pore-expanded

J. Am. Chem. Soc. 2012,134, 8046



1. Effect of particle size on rate of uptake 
and trafficking of particles

• 200 , 1000, 3000 nm

• 0 - 100 % ethylene glycol

• Vesicular, mitochondrial, and microtubule staining

2. Trafficking of particles during mitosis

• DNA and microtubule staining

• Live cell imaging over 2 to 8 hours

3. Delivery of CDK inhibitors through cleavable covalent bonds

• Cell viability assays

• Flow cytometry analysis of cell cycle progression

Ongoing Studies
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