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ABSTRACT: Biocompatible dysprosia aerogels were synthesized from DyCl;-6H,0
and were reinforced mechanically with a conformal nano-thin-polyurea coating
applied over their skeletal framework. The random mesoporous space of dysprosia
aerogels was filled up to about 30% v/v with paracetamol, indomethacin, or insulin,
and the drug release rate was monitored spectrophotometrically in phosphate buffer
(pH = 7.4) or 0.1 M aqueous HCl. The drug uptake and release study was conducted
comparatively with polyurea-crosslinked random silica aerogels, as well as with as-prepared
(native) and polyurea-crosslinked mesoporous silica perforated with ordered 7 nm tubes
in hexagonal packing. Drug uptake from random nanostructures (silica or dysprosia) was
higher (30—35% w/w) and the release rate was slower (typically >20 h) relative to
ordered silica (19—21% w/w, <1.5 h, respectively). Drug release data from dysprosia
aerogels were fitted with a flux equation consisting of three additive terms that correspond
to drug stored successively in three hierarchical pore sites on the skeletal framework. The
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high drug uptake and slow release from dysprosia aerogels, in combination with their low toxicity, strong paramagnetism, and the
possibility for neutron activation render those materials attractive multifunctional vehicles for site-specific drug delivery.
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1. INTRODUCTION

Current research on drug delivery is focusing on improving
pharmacokinetic and pharmacodynamic properties, including
controlled drug release, long residence time, and biocompat-
ibility.' > From that perspective, nanotechnology may play a
pivotal role in the development of complex multifunctional
drug delivery systems® that may prove more effective than
conventional methods in terms of both site-specific delivery and
protection against enzymatic degradation.’ Liposome-based drug
delivery systems were the first to gain FDA approval.® Subsequently,
carbon-® and gold-based” nanomaterials, hydrogels,"*"" den-
drimers,">"* polymer nanoparticles,"* and magnetic nano-
particles,">'® have all emerged as potential drug delivery systems.
In that regard, aerogels as a class of highly porous, low-density
nanostructured materials with large pore volumes (typically >90%)
and very large surface-to-volume ratios,"” are also gajnjn$ significant
attention as hosts for pharmaceuticals in drug delivery.""

The most common type of aerogels is based on silica, and
comes in two main varieties: with ordered,** > or random®’
mesoporosity (pore sizes in the 2—50 nm range). The relative
advantages of the two types have been debated,” but both
kinds have been investigated as drug delivery systems. Ordered
mesoporous silica is perforated with a periodic array of
hexagonal tubes with uniform size, which have been considered
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desirable for storing the active substance.”>*® In random silica,
drug is adsorbed on the surfaces that define their mesoporous
space. Ordered mesoporous silica offers the possibility to
control release with photo,””>* heat,® pH,*'~>* or magneti-
cally**® responsive caps over the hexagonal tubes. Random
mesoporous silica offers fast drug release, although controllable
release has been described by surface modification.**™** The
main overall disadvantage of silica, however, has been its
toxicity.” Under physiological conditions (phosphate buffer
saline), silica aerogels can undergo degradation to silicic acid,
which in turn can nucleate causing adverse effects because of
accumulation of fine particles in the body.*® Biocompatibility is
enhanced either by surface functionalization with small
biocompatible organic molecules, or by coating with biocom-
patible polymers.*"** Along those lines, a current trend is to
move away from silica altogether, into biocompatible/
biodegradable polymer-based aerogels (e.g., starch, alginate,
polysaccharides, etc.)*® * Another alternative would be to
work with non-toxic metal oxide aerogels in combination with
biocompatible polymer coatings.
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In that regard, dysprosium is a rare earth, which, despite its
name (in Greek “difficult-to-get-to”), is quite abundant and
inexpensive, and most importantly, its oxide (dysprosia) is
practically insoluble and non-toxic.* Like all oxide aerogels,
dysprosia aerogels (DyOx) consist of a network of nano-
particles and are fragile materials."” That issue has been
addressed by coating the entire nanostructure with a nano-thin
conformal polymer layer that reacts chemically and bridges
covalently skeletal nanoparticles.*’” The resulting materials are
referred to as polymer-crosslinked (X-) dysprosia aerogels, and
for the purposes of this report are abbreviated as X-rdm-DyOx.
It is also noted that polymer crosslinking not only improves the
mechanical integrity of dysprosia aerogels but also combines an
inherently non-toxic material with a polymer coating that
potentially improves its biocompatibility even further by
preventing peptization that would release colloidal nano-
particles that may present size-related toxicity.*** (In that
regard, it has been observed that all rare earth aerogels (from Sc
to Lu)47 are peptized in water.)
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The potential of X-rdm-DyOx aerogels as drug delivery
carriers was investigated with paracetamol (also referred to as
acetaminophen, an analgetic and antipyretic drug), indometha-
cin (a non-steroidal anti-inflammatory drug), and insulin
(a medium molecular weight peptide hormone (5808 Da)
that regulates carbohydrate and fat metabolism). The study of
X-rdm-DyOx was benchmarked against: (a) typical randomly
mesoporous polymer-crosslinked silica (X-rdm-SiOx) aero-
gels;>>' (b) as-prepared (referred to as native) ordered
mesoporous silica (n-ord-SiOx, that is, the kind perforated with
hexagonal tubes);*>** and (c) olymer-crosslinked ordered
mesoporous silica (X-0rd-SiOx).>*>* Materials characterization
starts with a comparative biocompatibility study of X-rdm-
DyOx aerogels and concludes with a correlation of the drug-
release profile with the porous structure. In agreement with
Rolison’s conjecture on “the importance of nothing and the
unimportance of periodicity,”** random nanoporous materials
(silica as well as dysprosia) store more drug and release it
slower than their ordered counterparts. By comparison to silica,
however, in addition to its lower toxicity, dysprosia is also
strongly paramagnetic, thereby is attracted by magnets just like
iron fillings.>*> That property could be useful for focused drug
delivery.>® Also, dysprosium can become a beta radiation
emitter by neutron activation.®”® Therefore, X-rdm-DyOx may
be promising as multifunctional materials able to deliver
simultaneously chemotherapy and radiation in tar§eted sites for
the treatment of several ailments (cancer,*”® rheumatoid
arthiritis®"*), comprising an effective, cost-efficient alternative
to currently used surgical synovectomy.*>%*

g

2. EXPERIMENTAL SECTION

2.1. Materials. All reagents and solvents were used as received
unless noted otherwise. Pluronic P123 (a tri-block co-polymer of
polyethylene oxide and polypropylene oxide: PEO,,PPO,,PEO,,),
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HNO,, 2,4,6-trimethylbenzene (TMB), tetramethylorthosilicate (TMOS),
3-aminopropyltriethoxysilane (APTES), dysprosium(IIl) chloride hexahy-
drate (DyCl.6H,0), epichlorohydrin (ECH), N-4-(hydroxyphenyl)-
acetamide (paracetamol), 2-(1-(4-chlorobenzoyl)-S-methoxy-2-methyl-
1H-indol-3-yl)acetic acid (indomethacin) and insulin from bovine pancreas
(catalog no. I5500) were purchased from Sigma-Aldrich and were used
without further purification. Desmodur N3200 is a high-viscosity, non-
volatile diisocyanate derivative of 1,6-hexamethylene diisocyanate and was
obtained courtesy of Bayer Corp. U.S.A. (A comprehensive chemical/
spectroscopic  characterization of Desmodur N3200 is given in the
Supporting Information section of ref 65). HPLC grade ethanol,
acetonitrile and acetone were purchased from Fisher Scientific. Siphon
grade CO, was purchased from Ozarc Gas Co.
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Desmodur N3200 diisocyanate

2.1.1. Polymer Cross-Linked Dysprosia Aerogels (X-rdm-DyOx).
Polymer cross-linked dysprosia aerogels (X-rdm-DyOx) were synthe-
sized via a modification of the previously described method.*” A flow-
chart of the procedure is given in Scheme S.1 of the Supporting
Information. In brief, DyCl;-6H,0 (2.64 g, 7.00 mmol) was dissolved
in absolute ethanol (20 mL). Epichlorohydrin (5.49 mL, 70.0 mmol)
was added to form the sol, which was poured into molds (Wheaton
Polypropylene Omni-Vials, 1 cm in diameter, Part No. 225402).
Gelation was observed in 10—12 min. Gels were aged in the molds for
3—4 days, and the pore-filling solvent was exchanged first with ethanol
and then with acetone (8 h, 4X, respectively). Subsequently, wet-gels
were cross-linked by first equilibrating with a solution of Desmodur
N3200 (11 g) in acetone (94 mL) for 36 h at room temperature (RT),
followed by heating at 60 °C for 3 days. X-linked wet-gels were washed
with acetone (8 h, 4X), and were dried in an autoclave with liquid CO,
taken out at the end as a supercritical fluid (SCF).

2.1.2. Ordered Native and Polymer Cross-Linked Mesoporous
Silica Aerogels (n-ord-SiOx and X-ord-SiOx, Respectively). Ordered
native and polymer cross-linked mesoporous silica aerogels (n-ord-SiOx
and X-ord-SiOx, resg)ectively) were synthesized via a modification of
Nakanishi’s method®® as described previously.”**> A flow-chart of the
procedure is given in Scheme S.2 of the Supporting Information. In
brief, Pluronic P123 (4 g) was dissolved in 1.0 M aqueous HNO; (12 g)
and the resulting solution was stirred overnight at room temperature
(RT). TMB (045 g) was added and the mixture was stirred further for
30 min at RT. The mixture was cooled to 0 °C, TMOS (5.15 g) was
added, and stirring was continued for another 30 min. The resulting sol
was poured into molds as above and was kept at 60 °C for 12 h. The
resulting wet-gels were washed with ethanol (8 h, 2x), followed by
soxhlet extraction with acetonitrile for 3 days. Subsequently, wet-gels
were washed with acetone (8 h, 4X) and were dried in an autoclave with
liquid CO, taken out at the end as supercritical fluid (SCF) to obtain
n-ord-SiOx aerogels. For X-ord-SiOx aerogels, ready-for-drying wet-gels
were transferred instead into a solution of Desmodur N3200 (11 g) in
acetone (94 mL) and were allowed to equilibrate for 36 h. Then, wet-
gels submerged in their cross-linking solution were placed in an oven at
60 °C, followed by solvent exchange with acetone (4X, 8 h each time)
and drying with SCF CO,.

2.1.3. Cross-Linked Random-Silica Aerogels (X-rdm-SiOx). Cross-
linked random-silica aerogels (X-rdm-SiOx) were synthesized as
summarized in Scheme $.3 of the Supporting Information.’*' In
brief, solution A consisting of TMOS (2.90 mL, 19.6 mmol), APTES
(0.96 mL, 4.10 mmol), and CH;CN (4.5 mL) was cooled at —78 °C
and was mixed rapidly with solution B, also cooled at —78 °C,
consisting of CH;CN and H,O (4.5 and 1.5 mL, respectively). The
resulting sol was poured into molds as above to gel. Wet-gels were
washed with CH;CN (8 h, 4X), were transferred in a solution of
Desmodur N3200 (11 g) in CH;CN (94 mL) and were allowed to
equilibrate for 36 h. Wet-gels were kept at 60 °C for 3 days;
subsequently, they were washed with CH;CN (8 h, 4X) and were
dried in an autoclave with liquid CO, taken out at the end as a SCF.
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2.2. Methods. Drying with SCF CO, was conducted in an
autoclave (SPI-DRY Jumbo Critical Point Dryer, SPI Supplies, Inc.
West Chester, PA). Bulk densities (p,) were calculated from the
weight and the physical dimensions of the samples. Surface areas,
pore volumes and pore size distributions were measured with N,
sorption porosimetry, using a Micromeritics ASAP 2020 surface area
and porosity analyzer. Skeletal densities (p,) were determined with
helium pycnometry, using a Micromeritics AccuPyc II 1340 instrument.
Percent porosities (IT) were determined via IT = 100 X [p, — p,)]/ps
Thermogravimetric analysis (TGA) was conducted in air with a TA
Instruments Model TGA QSO0 Thermogravimetric Analyzer at 10 °C
min~'; scanning electron microscopy (SEM) was conducted with
Au/Pd coated samples on a Hitachi Model S-4700 field-emission
microscope; transmission electron microscopy (TEM) was conducted
with a FEI Technai F20 instrument employing a Schottky field
emission filament operating at a 200 KV accelerating voltage.
Absorbance was measured with a Cary 50 Bio UV—vis spectropho-
tometer.

2.3. Biocompatibility. 2.3.7. Hemolysis Testing. X-rdm-DyOx
aerogel samples (1 mg) were incubated with fresh human whole blood
(30 pL, Oklahoma Blood Institute, Oklahoma City, OK) for 24 h at
room temperature. Subsequently, blood samples were centrifuged at
1,000 g for S min, and the plasma was collected and diluted in
substrate reagent provided with a hemoglobin measurement kit
(C462-A, Catachem Inc, Oxford, CT), following manufacturer’s
instructions. Activator reagent (H,0,, 200 uL) was added so that
hemoglobin in the samples could activate the substrate reagent and
change the substrate color. The plasma hemoglobin concentration was
determined by measuring the light absorbance of the substrate reagent
at 600 nm.*’

2.3.2. Aggregation Testing. Fresh human platelet rich plasma
(PRP) samples (from Oklahoma Blood Institute) were diluted in
autologous platelet poor plasma (PPP) to achieve a final platelet
concentration of 250,000/ uL. X-rdm-DyOx aerogel discs (1 mg) were
incubated with that plasma (S0 uL) for up to 24 h at RT. Aggregation
toward TRAP; (thrombin receptor activator peptides, SFLLRN,
20 uM, Sigma Aldrich, St. Louis, MO) was conducted at 37 °C on
timed PRP samples at 0, 2, 4, 6, and 24 h using a Chrono-log
aggregometer (Model 592).

2.3.3. Platelet Activation. Fresh human platelet rich plasma (PRP)
was centrifuged at 1000 g for 9 min. Washed platelets were prepared
by resuspending the cell pellets in Hepes buffered modified Tyrode’s
solution (pH = 7.4).°® X-rdm-DyOx aerogel samples (1 mg) were
incubated with such washed platelet suspensions (50 L) for up to 6 h
at room temperature. Timed samples were taken at 2, 4, and 6 h and
platelet activation was measured via platelet surface P-selectin
(CD62P) expression, using a fluorescein isothiocyanate (FITC)
conjugated monoclonal murine anti human CD62P antibody (252-040,
Ancell Corp., Bayport, MN) in an Accuri C6 flow cytometer (BD
Bioscience). Platelets processed similarly in the absence of aerogels served
as controls.

2.3.4. Plasma C3a Level. X-rdm-DyOx aerogel-induced plasma
anaphylatoxin C3a generation was measured using a C3a EIA kit
(Quidel Corporation, Part No. A031). Normal PPP (50 uL) was
incubated with X-rdm-DyOx discs (1 mg) for up to 24 h at 37 °C.
Timed (at 2, 4, 6, and 24 h) samples (100 yL) were taken and 1 mM
EDTA was added to stop complement activation. PPP samples were
then diluted 1:100 v/v in the specimen diluent provided with the kit.
Diluted samples and C3a standards were dispensed into a 96-well
microtiter plate pre-coated with monoclonal murine anti human C3a
antibody (1 h, RT). After it was washed, C3a conjugate (peroxidase
conjugated rabbit anti human C3a antibody) was added to the wells to
detect the captured C3a (1 h, RT). Antibody binding was detected
using TMB substrate solution provided by the kit (3,3,5,5'-
tetramethylbenzidene and hydrogen peroxide). Color development
was quantified with a BioTek ELX800 microplate reader (Fisher
Scientific) at 450 nm, after the reaction was stopped with 1 N H,SO,.
The C3a concentration was calculated using a standard curve. PPP
without X-aerogel treatment was used as the control.

4893

2.4. Aerogel Drug Loading Procedure. Loading of aerogels with
paracetamol and indomethacin was carried out by placing monoliths in
vials containing saturated ethanolic solutions of the drug for 24 h.
(The solubility of paracetamol is 166 mg cm™,% and of indomethacin
is 6.5 mg cm™3, both in ethanol.”’) The volume of the drug solution
was always 4X the volume of the monolith. Loading of insulin was
carried out by placing the aerogel in an insulin solution (8 mg mL™")
using an aqueous HCI solution (25 mM) as solvent. The vials were
mildly agitated periodically. The monoliths were carefully taken out
from the loading solutions and briefly dipped in fresh solvent to
remove any excess of loosely bound surface adsorbed drug. Aerogels
loaded with paracetamol and indomethacin were dried in a vacuum
oven at 80 °C for 24 h, while aerogels loaded with insulin were freeze-
dried.

2.5. Drug Release Procedure. Drug release rates were monitored
either in phosphate buffer (pH = 7.4) or in 0.1 N aqueous HCI
solution. For this, drug-loaded aerogel monoliths were pulverized with
a Janke and Kunkel A-10 S1 laboratory grinder at 20000 rpm for
about 2 min to >125 um particles, per manufacturer’s specification.
Aerogel powder (about 0.3 g) was introduced to the corresponding
drug release medium (750 mL) in a 2 L round bottom flask at 37 °C,
and the mixture was stirred continuously with a magnetic bar. Aliquots
(2 mL) were taken at regular intervals, and the UV—vis absorption
spectra were recorded. The drug concentrations were calculated using
the absorbance at 245 nm for paracetamol, at 320 nm for
indomethacin and at 270 nm for insulin. Typical data and calibration
curves are shown in Appendix III of the Supporting Information. Each
aliquot removed from the round bottom flask was replaced with the
same amount of fresh drug release medium.

3. RESULTS AND DISCUSSION

3.1. Materials Synthesis and Biocompatibility. For
reasons outlined in the Introduction, this drug storage and
release study focuses on dysprosia aerogels, whose fragility has
been addressed by a process referred to as crosslinking, whereas
the skeletal framework is encapsulated under a nanothin polymer
coating. The polymer here is polyurea formed in situ from
Desmodur N3200 diisocyanate (see Experimental Section)
reacting with the surface —OH groups and with §elation water
remaining adsorbed on the oxide frameworks.*”**>"7'~"* Those
materials are referred to as X-rdm-DyOx, whereas “X-“ refers to
polymer crosslinking, “rdm” to the random arrangement of the
porous structure and “DyOx” points to the fact that dysprosium
oxide comprises the basis of the framework. The study was
conducted comparatively with similar polyurea-crosslinked ran-
dom silica aerogels denoted as X-rdm-SiOx,>*>! which in turn
were referenced to polyurea-crosslinked ordered mesoporous silica
aerogels, X-ord-SiOx, which again were referenced to their native
(non-crosslinked) samples (n-ord-SiOx).>>>* Synthesis of all
materials was based on literature procedures as outlined in the
Experimental section and summarized in the flowcharts shown in
Appendix I of the Supporting Information. Synthetic conditions
were selected in order to match the bulk densities of X-rdm-DyOx
and X-rdm-SiOx (0.437 g cm™ and 0.517 g cm™, respectively),
and to bracket those densities with n-ord-SiOx (0.304 g cm™)
and X-0rd-SiOx (0.75 g cm™). In terms of mechanical strength,
the ultimate quasi-static compressive strength of X-rdm-DyOx
(0474 + 0.002 g cm ™), X-rdm-SiOx (0.478 + 0.004 g cm™>), and
X-0rd-SiOx (0.670 + 0.003 g cm™>) are qsuite high, as
expected:”"”> 375 + 26 MPa, 186 + 22 MPa>' and 804 +
3 MPa,>* respectively. The corresponding Young’s moduli are
157 + 12 MPa, 129 + 8 MPa, and 274 + 39 MPa, respectively.
The underlying native random dysprosia (at 0.18 g cm™) was too
weak to be tested. Native random silica (0.19 g cm™) on the other
hand has a much lower ultimate compressive strength (4.05 =+
0.0S MPa), yet a fairly high Young’s modulus (92 + 7 MPa).>!
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Figure 1. (A) Hemolysis test using X-rdm-DyOx via the free hemoglobin concentration in plasma (number of samples n = 6, Significance level, P =
0.36). (B) Platelet aggregation towards TRAP (n = 6, P > 0.06). (C) Platelet activation via CD62P expression (n = 6, P > 0.15). (D) Immune
response via plasma C3a concentration (1 = 4—S5, P > 0.2). All data are presented as mean + standard deviation. (Data for X-ord-SiOx, from ref 47.)

The ultimate compressive strength and Young’s modulus of
native ordered n-ord-SiOx made to match the densities of the
X-rdm-silica and dysprosia samples (0.477 + 0.004 g cm™) were
measured at 17 + 2 MPa (failed at 7.2% strain) and 205 + 17 MPa,
respectively. The overall behavior of all X- versus native samples
is internally consistent, and has been interpreted as the elastic
properties (Young’s modulus) being controlled by the under-
lying inorganic skeletal framework, while the ultimate strength by
the polymer coating.>!

The biocompatibility of X-rdm-DyOx aerogels was evaluated
via (a) a hemolysis test to determine whether aerogels cause
damage to red blood cells (Figure 1A), (b) a platelet
aggregation test towards TRAP, (thrombin receptor activator
peptides) to investigate whether aerogels would affect platelet
normal function, as for example their aggregation properties
(Figure 1B), (c) a platelet activation test towards P-selectin
(CD62P) expression to examine whether aerogels activate
blood platelets, which could lead to thrombosis (Figure 1C),
and (d) plasma anaphylatoxin C3a concentration measure-
ments to determine whether aerogels would cause acute
immune responses in plasma (Figure 1D). Experimental details
are provided in the Experimental Section. For quick
comparison, Figure 1 also includes data from X-ord-SiOx
reported previously.”*””” The hemolysis test showed that
contact with X-rdm-DyOx did not cause any red blood cell
damage. It is noted further that X-rdm-DyOx did not cause any
significant changes in the normal platelet activation and
aggregation, and on average the values were lower than both
the control and X-o0rd-SiOx (Figure 1B and C). Incubation of
fresh human platelet rich plasma (PPP) with X-rdm-DyOx for
up to 24 h did not induce any significant increase in the
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anaphylatoxin C3a concentration indicating that X-rdm-DyOx
do not cause a plasma acute immune response (Figure 1D). In
fact, X-rdm-DyOx aerogels induced the lowest amount of C3a
generation compared to all the other aerogels that have been
tested in our laboratories.”® The results of Figure 1 demonstrate
that X-rdm-DyOx have acceptable biocompatibility, and
therefore are viable candidates as drug delivery vehicles.

3.2. Characterization of the Nanostructure before
Loading with Drug. The skeletal framework was charac-
terized with electron microscopy. Figure 2A and C shows that
both X-rdm-DyOx and X-rdm-SiOx consist of a random
distribution of nanoparticles. X-rdm-DyOx seems to include
larger interstitial pores, implying a more significant contribution
of macroporosity (pore sizes >S50 nm) to the pore structure. On
the other hand, SEM (Figure 3A) shows that native n-ord-SiOx
consists of large, micrometer-size particles, which are perforated
by 7 nm diam. tubes in hexagonal packing (by TEM; Figure 3C).
In polyurea-crosslinked X-ord-SiOx (Figure 3E), the surface of
the micrometer-size particles has been smoothed out in SEM
(compare Figure 3E with 3A), and their internal tubes have
become almost invisible in TEM (Figure 3G), consistent with
their being completely filled with polymer, as has been discussed
extensively previouslg based on similar microscopic as well as x-
ray diffraction data.>*?

The porosity, II, was calculated from bulk and skeletal
density data and a quantitative evaluation of the pore structure
was obtained with N, sorption porosimetry (Table 1). X-rdm-
DyOx aerogels are 69% porous, and their N, sorption
isotherms rise at partial pressure P/P, > 0.9 and show narrow
hysteresis loops (Figure 4A), implying that X-rdm-DyOx
are mainly macroporous materials with some degree of

dx.doi.org/10.1021/am4059217 | ACS Appl. Mater. Interfaces 2014, 6, 4891—4902



ACS Applied Materials & Interfaces

Research Article

Table 1. Materials Characterization Data of Aerogels Used for Drug Delivery

specific pore Vglume

linear shrinkage  bulk density,  skeletal density,  porosity,

sample (%)™" Py (gem™)*  p (gem™)° I (% v/v)
X-rdm-DyOx 19 0437 +£0.008 1.394 + 0.001 68.7 + 0.6
X-rdm-SiOx 6 0.517 £ 0.008  1.321 + 0.002 60.9 + 0.6
X-ord-SiOx 10 0.750 + 0.010  1.259 + 0.003 404 + 0.8
n-ord-SiOx 23 0.304 + 0.004 1.935 + 0.004 843 + 0.3

(em® g™)
BET surf.

area, ¢ BJH plot max. (nm) av. particle
Viow V1A7-3ooinm V>3007nm (m2 g’l) [HWHM (nm)]®  diam. (nm)f
1.571 0474  1.097 48 74 [108] 90
1.177 0.684 0.493 169 12 [3] 27
0.539 0.004 0.535 2 2383
2.773 1.091 1.682 738 8 [1] 4

“Average of four samples. (Mold diameter = 1.05 cm.) “Shrinkage =100 X (mold diameter — sample diameter)/(mold diameter). “Single sample,
average of 50 measurements. @V o Was calculated via Vg = (1/ ) — (1/py). V17 300_nm from the total N,-desorption volume. V.30 nm = Vo —
V17 300 nm- From the desorption branch of the isotherm. First numbers are the peak maxima; numbers in brackets are the widths at half maxima.

By the 6/(p.xo) method.

drug loaded

Figure 2. SEM using pulverized samples of (A) X-rdm-DyOx aerogel (p, = 0.437 g cm™?), (B) X-rdm-DyOx aerogel loaded with paracetamol, (C) X-
rdm-SiOx aerogel (p, = 0.517 g em ™), and (D) X-rdm-SiOx aerogel loaded with paracetamol.

mesoporosity. The pore size distribution using the Barrett—
Joyner—Halenda (BJH) equation on the desorption branch of
the isotherm is relatively broad (Figure 4A inset), and the pore
volume allocated to pores sizes >300 nm is 2.3X that of pores
in the 1.7-300 nm range (Viores>300/ Vpores 17-300 nm = 2:3),
confirming that X-rdm-DyOx are mostly macroporous materi-
als. In contrast, the isotherms of X-rdm-SiOx (61% porous)
start rising at P/P, > 0.75 and reach well-defined saturation
plateaus (Figure 4B); the pore size distribution is narrower
(Figure 4B inset, average pore size, 12 nm) and the pore
volume allocated to pore sizes in the 1.7—300 nm range is 1.3X
that of pores with sizes >300 nm (Vyores300/ Vpores 1.7-300 nm =
0.72), indicating that X-rdm-SiOx includes a significant amount
of mesoporosity. Consequently, the BET surface area of X-rdm-
SiOx (169 m* g™") is over 3x higher than that of X-rdm-DyOx
aerogels (48 m* g7'). The different pore structures of X-rdm-
DyOx and X-rdm-SiOx reflect different particle sizes. Those
have been calculated from BET surface area and skeletal density
data (Table 1) and they are in agreement with the qualitative
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observations in SEM: 90 nm in X-rdm-DyOx and 27 nm in X-
rdm-SiOx.

Consistent with SEM and TEM (Figures 3A and 3C), the
isotherms of native ordered n-ord-SiOx (Figure 4C), reach
broad saturation plateaus for mosty mesoporous materials. The
pore size distribution is extremely narrow (Figure 4C inset)
with an average pore size equal to 7 nm, matching the TEM
data (Figure 3C). However, the pore volume corresponding to
those pores is only 0.64X the pore volume of pores with sizes
>300 nm (Vpores>300/ Viores_17-300_nm = 1.54, data from Table 1)
indicating that n-ord-SiOx is still a mostly macroporous
material. On the other hand, although the shape of the
isotherms of n-ord-SiOx aerogels are similar to those of
crosslinked X-rdm-SiOx (Figure 4B), n-ord-SiOx is a mechan-
ically weak material,>>*>® while X-rdm-SiOx is extremely
strong.so’51 As mentioned above, the mechanical strength of
n-ord-SiOx was improved dramatically by polymer cross-
Iinking,sz’53 but at the same time the isotherms of X-ord-SiOx
show loss of all mesoporosity (Figure 4D) consistent with
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drug loaded
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Figure 3. SEM using pulverized samples of (A) n-ord-SiOx aerogel (p, = 0.304 g cm™>), (B) n-ord-SiOx aerogel loaded with paracetamol, (C) TEM
of n-ord-SiOx aerogel (inset shows top view of the periodic hexagonal tubes), (D) TEM of n-ord-SiOx aerogel loaded with paracetamol, (E) SEM of
X-0rd-SiOx aerogel (p, = 0.750 g cm™), (F) SEM of X-0rd-SiOx aerogel loaded with paracetamol, and (g) TEM of X-ord-SiOx aerogel.

polymer filling the tubular mesopores as discussed in relation to
TEM above (Figure 3G). Consequently, the pore volume
corresponding to pores with sizes in the 1.7—300 nm practically
disappeared  (Viores300/ Vpores_17-300 nm>130), and the BET
surface area decreased from 737 m* g™' in n-ord-SiOx to a
mere 2 m* g~' in X-0rd-SiOx. Clearly, the hexagonal tubes of
n-ord-SiOx were no longer available for storing drug in
X-ord-SiOx.

3.3. Drug Loading and Release. The intent of this study
was to utilize the internal free volume (porosity) rather than
the surface area of aerogels for storing drugs. To minimize drug
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adsorption at the artificial surfaces created by pulverization, and
to ensure utilization only of the internal structure of the
aerogels, drug loading was conducted with monoliths (rather
than powders) using capillary forces to uptake saturated
ethanolic solutions of paracetamol or indomethacin, or
solutions of insulin in aqueous HCL. The solvent was removed
either under vacuum at 80 °C (paracetamol and indomethacin),
or by freeze-drying (insulin). Afterwards, dry drug-loaded
monoliths were pulverized (see Experimental Section) and the
amount of drug loading was quantified with thermogravimetric
analysis in air (TGA). Representative TGA data are shown in

dx.doi.org/10.1021/am4059217 | ACS Appl. Mater. Interfaces 2014, 6, 4891—4902
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Table 2. Percent Drug Loading of Aerogels from Thermogravimetric Analysis (TGA) Data

percent drug

loading
volume of drug, Vi, volume of aerogel,  pore volume in V,, V..  percent of V. occupied by
aerogel drug % w/w % w/v (em?® g7h)® V, (em?® g)? (em® g71)° drug, T1, (% v/v)¢
X-rdm-DyOx  paracetamol 35+1 1S=+1 0.278 + 0.008 1.487 + 0.036 1.026 + 0.036 27 +1
X-rdm-DyOx  indomethacin 33 +1 14+ 1 0.250 + 0.008 1.533 + 0.036 1.058 + 0.036 24+ 1
X-rdm-DyOx  insulin 18+3 8x3 0.148 + 0.025° 1.876 + 0.077 1.295 + 0.077 11+£2
X-rdm-SiOx ~ paracetamol 301 16+1 0.237 + 0.008 1.354 + 0.029 0.826 + 0.029 29 +1
X-ord-SiOx paracetamol 19+1 14 +1 0.150 + 0.008 1.080 + 0.020 0.432 + 0.020 35+3
n-ord-SiOx paracetamol 21£2 6+2 0.166 + 0.016 2.599 + 0.074 2.183 + 0.074 8+1
n-ord-SiOx indomethacin 16 +1 S=+1 0.121 + 0.008 2.763 + 0.049 2.321 + 0.049 5.0+ 04

“Volume of drug in 1 g of drug-loaded aerogel, Vy,, = (% of drug w/w)/(100 X pdrug) (Pdmg/ Pparacetamol = 1.263 g €M™, Pindomethacin = 1-320 g cm ™),
bVolume of aerogel, before drug loading, corresponding to 1 g of drug-loaded sample, V, = [100 — (% of drug w/w)]/(100 X p,) (py from Table 1),
Viore = (V, x IT)/100 (IT from Table 1). “Percent utilization of porosity for drug storage, I1, = 100 X Vi,/Viore- “Calculation based on py,gp, &
pproteins =122 g Cm_3'79

Figure S.1 of Appendix II of the Supporting Information. The Despite the large porosity reduction (from 84% to 40% v/v),
percent weight of the respective drug was calculated from the and the much larger surface area reduction of ordered silica by
difference in the terminal weights (at 800 °C) of aerogels polyurea crosslinking (from 738 m* g™" in n-ord-SiOx to 2 m* g*
samples before and after drug loading (see Appendix II of the in X-0rd-SiOx), the amount of drug uptake remained about the
Supporting Information). Percent weight data for the three same in the two kinds of samples (e.g., for paracetamol, 21 +
drugs of this study are summarized in Table 2. Unfortunately, 2% and 19 + 1% w/w, respectively). However, the percent
N, sorption porosimetry of drug-loaded samples was problem- porosity utilization, IT,, of n-ord-SiOx for drug storage was only
atic, because drugs tend to leach out of the samples during 8% v/v for paracetamol and 5% v/v for indomethacin, down
measurement and contaminate the instrument. Therefore, the from 35% v/v for X-0rd-SiOx (Table 2). This suggests that the
location of the drug on the skeletal framework was inferred mesoporous space in the hexagonal tubes of ordered native
from microscopy and by comparing drug-loading data for n-ord-SiOx was not involved in the storage of the drug. Indeed,
X-rdm-DyOx and the controls, as outlined below. For this, a comparing the TEM images of n-ord-SiOx before and after drug

useful parameter extracted from the gravimetric data (Table 2) in loading (Figure 3C and D, respectively), with the TEM of
combination with (a) the density of the drugs, Parg and (b) the X-0rd-SiOx (whereas tubes have been filled with polyurea,
aerogel porosity (I, from Table 1) is the percent porosity utilization Figure 3G), reveals that the ordered mesopores of n-ord-SiOx
(I1,) for the drug storage, which is also included in Table 2. have the same size (7 nm) and appear open after drug uptake;
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Figure 5. Drug release from drug loaded X-rdm-DyOx aerogel as a function of time as shown: (A) paracetamol in phosphate buffer (pH = 7.4), (B)
paracetamol in 0.1 N aqueous HCl; (C) indomethacin in phosphate buffer (pH = 7.4), and (D) insulin in 0.1 N aqueous HCL

had those tubes been filled with organic matter (drug), their
appearance in TEM should have been expected closer to that of
X-0rd-SiOx (Figure 3G). It is thus reasonable to conclude that
drug clogs the entrance of the tubular mesopores, and remains
confined in the macroporous space formed by the micrometer-
size particles of all ordered silica samples. By the same token,
while the general appearance (size, shape) of the micrometer-
size particles of n-ord-SiOx remains the same after drug uptake
(compare Figure 3E and F), SEM also shows that after drug loading
the surface of those particles, which defines the macroporous space
in n-ord-SiOx, is smoother (compare Figure 3B with A).

By SEM (Figure 2B and D), drug is uniformly distributed
throughout both random X-rdm-DyOx and X-rdm-SiOx
frameworks. In both materials the tiniest crevices between
particles have been filled with new matter, which has spilled out
and fills most of the macroporous space as well. The weight
percent uptake of paracetamol or indomethacin by X-rdm-DyOx
(33—35% w/w) was found in the same range with the value for
X-rdm-SiOx (30% w/w), and higher than the uptake by ordered
X-0rd-SiOx (19% w/w); however, normalizing for the density
difference between those samples, the volume percent uptake of
the two drugs by X-rdm-DyOx (14—15% w/v) was equal to the
uptake by all X-silicas, random and ordered: 14-16% w/v; refer to
Table 2. (Insulin uptake by X-rdm-DyOx was lower (18% w/w
or 8% w/v) owing to the lower concentration of that drug in the
drug-loading solution.) The percent porosity utilization, IT,, for
drug storage in X-rdm-DyOx and X-rdm-SiOx reached 27-29%
v/v, which is lower than the IT, values of X-ord-SiOx (35% v/v),
but higher than that of n-ord-SiOx (5-8% v/v). Although in terms
of porosity utilization X-ord-SiOx seems to have a slight
advantage over X-rdm-SiOx and X-rdm-DyOx, on the other
hand the porosity of X-0rd-SiOx (40% v/v) is lower than that of
random samples (61-69% v/v). Therefore, X-rdm-SiOx and
X-rdm-DyOx have an edge in terms of their weight percent
ability to store drug. However, this static quantification is only
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one side of the coin. The other one concerns the dynamic
behavior of drug-loaded aerogels under drug release conditions.
The capacity to store drug is a necessary condition for
considering a porous material as a drug delivery system, but it
is not sufficient alone: a slow release profile is equally important.

Drug release rates were studied spectrophotometrically. For
this, the entire spectrum of the drug-release medium was
recorded in regular time intervals (f), thus ensuring also
absence of degradation by processing or by the long interaction
of the drug with the aerogel matrix. Typical data along with the
calibration curves are shown in Figure S.2 of Appendix III of
the Supporting Information. Release of paracetamol was
monitored in both phosphate buffer (pH = 7.4), and 0.1 N
aqueous HCI, while release of indomethacin, which, as a
carboxylic acid, is practically insoluble in acidic media (the
solubility of indomethacin at pH = 1.2 is just 3.882 ug mL™"),
was monitored only in phosphate buffer. Release of insulin was
studied in 0.1 N aqueous HCI solution. Drug release data from
X-rdm-DyOx are shown in Figure S, and from the silica controls
in Figure 6. Data for all samples were fitted with eq 1, which

% drug release = A,[1 — exp[C,(B; — t)]]

curve 1
142 IAS
+ +
[1+ exp[Cy(B, — )]]  [1 + exp[Cy(B; — 1)]]
curve 2 curve 3

(1)

includes an exponential term (denoted as curve 1) and two
sigmoidal components (curves 2 and 3). The individual curves
1-3 are included and marked specifically in both Figures S and 6.
The corresponding coefficients A, B, and C; (1 < i < 3) are listed
in Table 3. The contribution of each component is quantified
through A, the position of each curve in time () is quantified by
coefficients B; and the time constant of the release (i.e.,, how sharp
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Figure 6. Paracetamol release in phosphate buffer (pH = 7.4) from
various drug-loaded silica aerogels: (A) X-rdm-SiOx, (B) n-ord-SiOx,
and (C) X-ord-SiOx.

or protracted the release is) is quantified by coefficients C;. Thus,
the sum of coefficients A; is equal to 100% as expected, by
definition B, < B, < Bs, and drug release is sharper for C; > 1 and
more protracted for C; < 1. Interestingly, for all samples B, = 0 and
A; > Ay, A; meaning that in all drug-loaded aerogels the largest
portion of the drug was held loosely and was released faster
starting from the moment the sample was placed in the release
medium.

Two further observations are also immediately apparent: (a)
drug release from randomly porous X-rdm-DyOx and X-rdm-
SiOx (Figures S and 6A, respectively) takes much longer than
release from ordered silica; and (b) fitting of drug release from
the random mesoporous samples requires all three terms of
eq 1, while fitting of drug release from ordered samples, native
or crosslinked (Figure 6B and C, respectively) can be
accomplished with only two terms (curve 1 and curve 2).

The three terms of eq 1 are analogous to electrochemical
equations that describe convective-diffusion driven flux
(faradaic current) of redox active substances, whereas different
amounts of material (4,) diffuse from a solid surface into a
semi-infinite medium, in which bulk concentration conditions
are brought and maintained close to the solid surface (within
<1 mm) by convection (stirring). In analogy to the standard
redox potential, B; describes the sequence of events, and C;
describes how facile or sluggish the process is (kinetics).*
Thus, curve 1 addresses unobstructed escape of material plated
onto to a substrate (e.g, analogous to the dissolution of a
metal),®" while curves 2 and 3 describe situations where the
escaping material is in microscopic equilibrium with another
form of itself (e.g, in the electrochemical analogue, two redox
forms in electron transfer equilibrium with an electrode).
Considering those inferences together with the hierarchical
porous nanostructure of randomly porous aerogels,®> a
reasonable model for the drug storage and release from
random silica and dysprosia is described in Scheme 1, whereas
drug filling “deeper” pores is “protected” by drug confined on
the outer surfaces that define the macroporous space, and
therefore is released later. More protracted release, (lower C;
values), is attributed to (a) the strength of the interactions
within the confined mesoporous space and (b) the solubility of
the drug in the release medium. The interactions within the
mesoporous space are attributed to hydrogen (H) bonding of
the drug with itself and with the -NH—C(=0)—NH- groups
of the polyurea coating over the silica or dysprosia frameworks.
Hence, by keeping the release medium constant (phosphate
buffer), indomethacin, with more functional groups capable of
developing H-bonding (especially note the —COOH group)
shows a more protracted release from the innermost locations
in the framework, than release of paracetamol (compare curves
marked “3” in Figure SA and C, and note Csgomethacin = 0-1 h™"
versus Cs paracetamol = 0.3 h™! in Table 3). On the other hand, as
stated above, the solubility of indomethacin in 0.1 M aqueous
HCI is very low; thus, working with paracetamol only, its
release in acid is protracted relative to phosphate buffer
(compare Figure SA and B), probably owing to the lower

Table 3. Drug Release Data Analysis According to Eq 1°

curve 1 curve 2 curve 3
sample drug drug release medium Ay B, A, B, C, A, B; G, A+ A+ A
X-rdm-DyOx paracetamol phosphate, pH 7.4 75 0 0.71 8 10.0 0.50 16 32 0.30 99
X-rdm-DyOx paracetamol 0.1 N HCI (aq) 70 0 0.42 15 12.0 0.30 1s 32 0.12 100
X-rdm-DyOx indomethacin phosphate, pH 7.4 S7 0 0.56 19 12.0 0.40 24 35 0.10 100
X-rdm-DyOx insulin 0.1 N HCI (aq) 60 0 2.00 8 6.50 0.70 32 28 0.50 100
X-rdm-SiOx paracetamol phosphate, pH 7.4 82 0 1.72 13 4.00 1.00 4 12 1.50 99
X-ord-SiOx paracetamol phosphate, pH 7.4 84 0 16 0.74 6.00 b b b 100
n-ord-SiOx paracetamol phosphate, pH 7.4 89 0 11 0.22 20.0 b b b 100
n-ord-SiOx paracetamol 0.1 N HCI (aq) 87 0 11 0.18 22.0 b b b 98
n-ord-SiOx indomethacin phosphate, pH 7.4 87 0 13 0.27 14.0 b b b 100

“A; = dimensionless % w/w of drug in the particular site (i); B;in h, C;in h™' (1 < i < 3). YData could be fitted with only two terms in eq 1.

4899

dx.doi.org/10.1021/am4059217 | ACS Appl. Mater. Interfaces 2014, 6, 4891—4902



ACS Applied Materials & Interfaces

Research Article

Scheme 1. Location of Drugs within the Hierarchical Porous
Structure of Random X-rdm-DyOx or X-rdm-SiOx”

Particles:

I Curve 2
secondary B Curve 3

“For clarity, several secondary particles have been left open; internal
structure is shown only for one higher aggregate of secondary particles.
Drug released from different shaded areas gives rise to curves 1-3 in
Figures 5 and 6A.

solubility expected from a phenol in an acidic environment.
Insulin is stable only in acidic media and its release (Figure SD)
follows a similar pattern to that of paracetamol at pH = 7.4
(Figure SA).

Consistent with this model, strong H-bonding of para-
cetamol with itself as well as with the hydroxyl groups at the
narrow (7 nm) entrance of the long tubes of native n-ord-SiOx
leads to accumulation that blocks access to the interior of the
pores, hence further drug accumulation takes place only on the
large particles that define the macropores. In that regard, drug
release from n-ord-SiOx (Figure 6B) is quite similar to that
from X-ord-SiOx (Figure 6C), in which the pores are filled
completely with polyurea. (It is noted that polyurea is formed
within the tubular mesopores, because transport of the non-
hydrogen-bonding isocyanate monomer is unobstructed.) The
slower component (B,) in both n- and X-0rd-SiOx is attributed
to drug released from the (still macroporous) crevices between
the large particles in Figures 3B and 3F, respectively, while the
faster drug release from n-ord-SiOx (50% release in about
1 min, complete release in about 1 h) than from X-ord-SiOx
(50% release in about 3.5 min, complete release in about 2 h) is
attributed to the breakdown and disintegration of the internal
structure defined by the large particles in Figure 3, caused by
capillary forces upon submersion in the drug-release medium.

4. CONCLUSION

Dysprosia is an inexpensive non-toxic material, therefore a
reasonable candidate for biomedical applications. In that
context, here dysprosia aerogels were investigated compara-
tively to silica aerogels as drug delivery systems. For this, the
entire skeletal framework of all materials was coated (cross-
linked) with polyurea, which provides mechanical strength and
prevents peptization. After biocompatibility was established, the
most important finding of this study was a correlation of the
drug release profile with the nested hierarchical porous
structure: innermost stored drug is buried underneath,
protected by and released more slowly than more loosely
held drug in outer macropores. In that regard, ordered
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mesoporosity (in the form of long, narrow (7 nm) tubes in
hexagonal packing) does not comprise an advantage either in
the ability of the material to store drug, or in the drug release
profile: selected model drugs pursued here clog the ends of the
hexagonal tubes, so that their internal space becomes irrelevant
as far as drug storage is concerned. Thus, the drug release
profile from native open-mesoporous silica (n-ord-SiOx) has
shown only two levels of drug storage and was almost identical
to the drug release profile from its crosslinked counterpart
(X-0rd-SiOx) whereas the pores have been filled with polymer.
Consistent with that finding, there was no significant advantage
of polymer-crosslinked random dysprosia aerogels (X-rdm-
DyOx) over the analogous silica samples (X-rdm-SiOx), both
showing three levels available for drug storage. Nevertheless,
considering several additional attributes of dysprosia (e.g., high
magnetic susceptibility and possibility for neutron activation)
provides X-rdm-DyOx with a multifunctionality edge over silica
worth pursuing further.
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