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trate (GNO, Alfa Aesar, Ward Hill, MA) for 6 h at 16 °C. The prod-
ucts were collected and washed by centrifugation before analysis. For
reactions at low concentration, native and denatured filaments at
0.2 mgmL™ were incubated in 1.6 mL polyethylene centrifuge tubes
with 1 mL of a 0.1 M aqueous solution of gallium nitrate for 24 h at
25 °C. The products were collected and washed by centrifugation be-
fore analysis. Base-catalyzed synthesis of Ga,O5; was accomplished by
dissolving 1.82 g (0.005 mol) of GNO in 30 g of water contained in a
glass vessel, followed by the addition of 7.24 g (0.06 mol) of concen-
trated (~29 wt.-%) ammonium hydroxide (NH4OH). Precipitated
product was collected and washed by centrifugation before heat treat-
ment. Hydrated GNO was prepared by dissolving 1.82 g (0.005 mol)
of GNO in 50 g of water contained in a glass vessel. The solution was
mixed for 1 h, followed by room-temperature vacuum evaporation of
the water. The dried powder product was used for further heat treat-
ments. As-received GNO powder was used directly from the contain-
er for pyrolysis experiments. Thermal treatments of base-hydrolyzed,
hydrated, and as-received GNO powders were conducted by heating
50 mg of starting material in alumina crucibles placed in quartz
Schlenk tubes. Heat treatments (10°Cmin™') were carried out in air
to temperatures between 200-1000 °C for 1 h.

X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM),
and Transmission Electron Microscopy (TEM): Approximately 25 mg
of each heat-treated sample was ground (with a silicon-powder inter-
nal standard) to a fine powder, placed on a glass microscope slide or a
single-crystal (100) silicon wafer, and characterized by X-ray diffrac-
tion (Phillips X’Pert; Amsterdam, The Netherlands) using a gonio
scan (20°-60°, 0.02° step'l, 5s step‘l; source slit sizes of 1/4° and 1/2°,
and detector slit sizes of 1/4° and 0.2 mm). Surface features of Ga,O;
powders and Ga,Oj3-coated silicatein filaments were imaged by a cold
cathode field-emission scanning electron microscope (SEM; JEOL
JSM 6300F, Peabody, MA) equipped with an energy dispersive spec-
trometer. Specimens were mounted on conductive carbon adhesive
tabs (Ted Pella, Inc., Redding, CA) and imaged (at 5 kV or 10 kV)
either uncoated (for energy dispersive spectroscopy analysis) or after
gold/palladium sputter coating. Energy dispersive spectroscopy (EDS,
Oxford Instruments, Palo Alto, CA) was performed in conjunction
with SEM to qualitatively determine chemical composition of speci-
mens. Ga,O3-coated filaments were imaged with a transmission elec-
tron microscope (TEM, JEOL 2000FX) to observe the coating
morphologies and obtain structural information via electron diffrac-
tion patterns. Lattice fringes were imaged with a high-resolution TEM
(HRTEM, JEOL 2010). Both TEMs were operated at 200 kV. TEM
specimens were prepared by pipetting a small amount (~20 uL) of fil-
ament suspension (in water) onto holey-carbon copper grids (Ted Pel-
la, Inc., Redding, CA). The grids were then dried at 40 °C for 5 min.
Samples were imaged at magnifications from 20000 x to 200000 x in
the conventional TEM, and from 500000x to 800000x in the
HRTEM. Selected area electron diffraction (SAED) patterns were
obtained at camera distances of 55 cm, 83 cm, and 100 cm. A stan-
dard evaporated-aluminum film (lattice constant=0.4041 nm) was
used as a standard to determine the exact camera constants.
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Polymeric core—shell nanoparticles have emerged recently
as promising colloidal carriers for targeting poorly water-solu-
ble and amphiphilic drugs, as well as genes, to tumor tis-
sues.' Using these nanoparticles, drug targeting can be
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achieved either passively, through an enhanced permeation
and retention effect,l* or actively, by the incorporation of
recognition signals onto the surface of the nanoparticles,”
and by using a polymer sensitive to the surrounding tempera-
ture or pH. Core-shell nanoparticles with shells constructed
from temperature-sensitive  poly(N-isopropylacrylamide)
(PNIPAAm) or its copolymers have attracted special atten-
tion because of their thermal responsiveness. PNIPAAm
exhibits a lower critical solution temperature (LCST) of ap-
proximately 32 °C in aqueous solution, below which the poly-
mer is water-soluble and above which they become water-in-
soluble. As such, the core-shell nanoparticles that were
self-assembled from hydrophobically modified PNIPAAm
polymers were stable below the LCST, but deformed at tem-
peratures higher than the LCST because of loss of the hydro-
phobicity/hydrophilicity balance of the core-shell structure.
Using core—shell nanoparticles having an LCST slightly higher
than nominal body temperature, drug delivery may be con-
trolled by superficially heating and cooling the local environ-
ment of the nanoparticles.m However such a system suffers
from the disadvantage of not being easily accessible to deep
organs or tumors. An alternative approach to targeting drugs
to tumor tissues is to use pH-sensitive carriers. The extracellu-
lar pH in most solid tumor tissues ranges from 5.7 to 7.8,
with the pH of the tumor interstitial fluid rarely below pH6.5.
It is a challenging task to develop a system capable of re-
sponding to such a narrow window of pH change.!®! Recently,
the core-shell nanoparticles made from poly(L-histidine)-
block-poly(ethylene glycol) (PEG) were reported to dissoci-
ate at pH7.0 to 7.4, thereby releasing the enclosed doxo-
rubicin.™!% The dissociation of the core-shell structure was
attributed to the protonation of the poly(r-histidine) block. In
this study, we synthesized novel core-shell nanoparticles self-
assembled from the amphiphilic tercopolymer poly(N-iso-
propylacrylamide-co-N,N-dimethylacrylamide-co-10-undecenoic
acid) [P(NIPAAm-co-DMAAm-co-UA)], in which 10-unde-
cenoic acid was employed as the hydrophobic and pH-sensi-
tive segment. Interestingly, the temperature responsiveness of
the core-shell nanoparticles can be triggered by a change in
the environmental pH. The nanoparticles were stable in me-
dia of pH7.4 at 37°C, but dissociated and released the en-
closed drug molecules in an acidic environment. Furthermore,
the shell of these nanoparticles was built with amine groups,
providing the possibility for the conjugation of biological sig-
nals with specific affinities to certain cell types. This would
double the targeting ability of the nanoparticles. More impor-
tantly, the shell of the nanoparticles became hydrophobic in
acidic environments due to the decrease of the LCST to a val-
ue below the nominal body temperature. This may improve
the adhesion of the nanoparticles to tissues where the envi-
ronment is characteristically acidic.'!! The polymeric core—
shell nanoparticles developed would make a promising carrier
for delivering drugs to acidic tumor tissues or cell interiors.
The LCST of PNIPAAm can be increased to a temperature
slightly higher than the nominal body temperature by intro-
ducing a hydrophilic segment.'””! We have previously reported
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the synthesis of cholesteryl-terminated P(NIPAAm-co-
DMAAm). Both NIPAAm and DMAAm monomers exhib-
ited similar reactivity, and the LCST of the polymer in water
was about 38°C because of the presence of DMAAm."¥ In
this study, DMA Am was also employed to adjust the LCST of
the polymer. P(NIPA Am-co-DMA Am-co-UA) polymers with
three different compositions, including Polymer I (the feed ra-
tio of NIPAAm, DMAAm, and UA=4.00:1.00:0.5), Polymer
II (3.75:1.25:0.5), and Polymer III (3.50:1.50:0.5), were synthe-
sized by radical copolymerization using the redox couple am-
monium persulfate (APS) and 2-aminoethanethiol hydrochlo-
ride (AET-HCI) (Scheme 1).* The chemical structure of the
polymers was confirmed by 'H NMR (Bruker Avance 400,
400 MHz) and Fourier-transform infrared (Perkin Elmer

H,C=CH HC=CH HC=CH
o o CH,  SHCH;CH;NH,.HQ
| |
b N [ Water at 27°C
/CH HSC CHS (‘jl_l2 ater af
H3C \C]{3 COONa
NIPAAm DMAAm UA
~fuc-ondatnc-cnfgfuc-qujg S Gl N,
c=0 0 CH,
RN
re ™ cH,

COOH

Scheme 1. Chemical synthesis route of P(NIPAAM-co-DMAAm-co-UA).

Spectrum 2000, KBr) spectroscopic methods. The actual mo-
lar ratio of NIPAAm to DMAAm was approximately equal to
the feed ratio of the two monomers. The weight-average mo-
lecular weights of Polymer I, Polymer II, and Polymer III
were 31, 9.3, and 11 kDa (1Da = 1.66 x 107" kg), respectively.
The UA contents were 36.8, 44.2, and 40.5 mgper gram of
polymer, respectively. The average number of amine groups
in each polymer molecule was estimated to be 1.3 to 1.7 by a
spectroscopic method. The polymers exhibited good solubility
in both water and common organic solvents (CHClz;, CH,Cl,,
acetone, and tetrahydrofuran (THF)). The glass-transition
temperatures (7T,) of the polymers were determined to be
from 133 to 135°C using a differential scanning calorimeter
(TA 2920 Modulated DSC, CT, USA) with a ramp speed of
3°C min™'. Thermal analyses of the polymers, performed
using a TGA 7 (Perkin Elmer, USA), showed that all the
polymers had similar decomposition temperatures (74) rang-
ing from 438 to 459 °C. This indicates that the polymers are
thermally stable up to 400°C. This thermal stability is an
added advantage as it would mean that the polymers can be
sterilized by autoclaving prior to in-vivo applications.

The LCSTs of the polymers in buffer solutions of different
pH values were determined by monitoring the optical trans-
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mittance change as a function of temperature. Sample solu-
tions (0.5 wt.-%) were prepared in buffers such as neutralized
phthalate buffer (pHS5.0), phosphate-buffered saline (PBS,
pH6.0, 6.6, and 7.4), as well as in alkaline borate buffer of
pH9.0. All the buffers were prepared with an ionic strength
of 154 x 10~ M. From the results of particle-size analyses, all
the three polymers in the buffer solutions self-assembled into
core-shell nanoparticles at the concentration used. Optical
transmittance of the core—shell nanoparticles was measured at
500 nm with a UV-vis spectrometer (UV-2501PC, Shimadzu)
with the sample cell thermostated using a temperature-con-
troller (TCC-240A, Shimadzu). The heating rate was set at
0.1°Cmin™". The LCST values of the core—shell nanoparticles
were determined at the temperatures showing an optical
transmittance of 50 %. Table 1 lists the LCST values of the
core-shell nanoparticles at different pH. An increase in the
length of the hydrophilic DMAAm segment of the polymers
led to an increase in the LCST under all the pH conditions

Table 1. LCSTs (°C) of the core-shell nanoparticles self-assembled from
the polymers at different pH values.

Polymer pH 5.0 pH 6.0 pH 6.6 pH 7.4 pH 9.0
Polymer | 28.9 32.8 32.7 331 37.7
Polymer 11 35.6 36.2 35.5 38.6 40.2
Polymer 111 38.7 40.7 41.0 43.0 43.2

used. The LCSTs of the core-shell nanoparticles self-as-
sembled from Polymer I, Polymer II, and Polymer III were all
pH-dependent. For instance, at pH9.0 and 7.4, the LCSTs of
Polymer II nanoparticles were found to be 40.2 and 38.6 °C,
respectively, which were well above nominal body tempera-
ture (Fig. 1). However, at pH 6.6, 6.0, and 5.0, the LCSTSs re-
duced to 35.5, 36.2, and 35.6°C, respectively, which were

120
i [T
3 80
c
8
£ ApH 9.0
% 60 -
§ @pH 7.4
=
L 40 ] OpH 6.6
ApH6.0
20 OpH5.0
0 : :
20 25 30 45

Temp (°C)

Figure 1. Plot of transmittance of Polymer Il solutions as a function of
temperature at varying pH at 500 nm.
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much lower than nominal body temperature. If the nanoparti-
cles have a well-separated core—shell structure, and the core is
rigid enough, the LCST of the nanoparticles should not be af-
fected by the environmental pH since the pH-sensitive moi-
eties are in the hydrophobic segments. The core-shell nano-
particles made from these polymers may be loosely packed,
thus making the core accessible to the external environment.
With the increase of pH of the external environment, the
carboxylic acid groups in the 10-undecenoic acid segment
were more easily de-protonated, and thus reduced the hydro-
phobicity of the 10-undecenoic acid segment. This would lead
to an increase in the LCST of the polymers, and hence, that of
the nanoparticles. Compared with Polymer I and Polymer II,
the temperature sensitivity of Polymer III nanoparticles was
lower. This is probably due to the dilution effect of DMAAm.
That is, the PNIPAAm segments in the copolymer were well
separated and diluted by DMAAm segments at the high mo-
lar ratio, reducing intramolecular hydrogen bonding between
neighboring amide groups of the NIPAAm. This might have
accounted for the slow temperature response of the copoly-
(3] Since the blood is rich with various proteins, we have
investigated the effect of proteins on the LCST of the nano-
particles using bovine serum albumin (BSA) as a model pro-
tein. The presence of 10 wt.-% BSA did not alter the LCST.

The core-shell nanoparticles self-assembled from all three
of the polymers indeed showed a pH-dependent LCST, which
is most likely triggered by the protonation or de-protonation
of carboxylic acid groups in the hydrophobic segments of
polymers, and is very much influenced by the molar ratio of
NIPAAm to DMAAm. In particular, the LCST of the Poly-
mer II nanoparticles is ideal, in view of its value being higher
than nominal body temperature in the physiological environ-
ment (pH 7.4) but lower than the nominal body temperature
in slightly acidic environments. This unique property of the
core—shell nanoparticles may be utilized to target drugs to tu-
mor tissues or cell interiors where the environment is charac-
teristically acidic.

Encouraged by the above observations, we focused on Poly-
mer II nanoparticles and their possible application as smart
carriers for targeted drug delivery. The hydrophobic microen-
vironment of Polymer II nanoparticles in water was first in-
vestigated by fluorescence spectroscopy using pyrene as a
probe. A higher ratio of I5/I; [the intensity (peak height) ratio
of the third band (391 nm, I5) to the first band (371 nm, I;)] is
obtained when pyrene is located in a more hydrophobic envi-
ronment.'® This property of pyrene can be utilized to study
core-shell nanoparticle formation and deformation. The criti-
cal aggregation concentration (CAC) was determined to be
approximately 10.0 mgL™ in PBS (pH7.4). It was noticed
that the change in I3/, after the formation of core—shell nano-
particles was small. This is probably because the core was
loosely packed due to the presence of hydrophilic carboxylic
groups in the UA segments.

We then investigated the effects of pH and temperature on
the size of the blank and doxorubicin (DOX)-loaded core—
shell nanoparticles. The blank nanoparticles were prepared by

mer.
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dissolving Polymer II in dimethylacetamide (DMAc) at a con-
centration of 0.5% (w/v), followed by dialysis against
0.02 wt.-% HCI, and 0.02 wt.-% NaOH, respectively, for 24 h
using the membrane with a molecular-weight cut-off of 2000
at room temperature. The DOX-loaded nanoparticles were
fabricated by a similar protocol. Briefly, 7.5 mg of DOX was
neutralized with two moles excess of triethylamine in 3 mL of
DMAc and the solution was stirred to dissolve the drug.
Fifteen milligrams of polymer was then dissolved in the drug
solution. The mixture was then dialyzed against 500 mL of de-
ionized water for 48 h. The DOX-loaded nanoparticles were
filtered off and freeze-dried. The actual loading level of DOX
in the nanoparticles was about 2.7 % in weight.

The size of the nanoparticles was found to be pH-depen-
dent. In a 0.02 wt.-% HCI solution, the mean diameter of
Polymer II nanoparticles was about 319 nm, and in a
0.02 wt.-% NaOH solution, it decreased to about 240 nm. The
significantly larger size of the nanoparticles formed in the
acidic solution indicates that they contained a higher degree
of aggregation due to the greater hydrophobicity of UA at
low pH. On the other hand, the repulsion of de-protonated
carboxylic acid groups at high pH (pK, of Polymer II is 6.8)
led to a lower degree of aggregation, resulting in a smaller
size. The average size of the nanoparticles loaded with DOX
was approximately 160-200 nm with a narrow size distribu-
tion. From the transmission electron microscopy (TEM) pic-
ture (Fig. 2), the size of the DOX-loaded nanoparticles was
about 50-60 nm in the solid state, which may be due to the

Figure 2. ATEM picture of drug-loaded Polymer Il nanoparticles.

collapse of the free hydrophilic segments of the polymer as
well as dehydration of the polymer chain. Meanwhile, the
nanoparticles were stable in PBS (pH 7.4) at 37 °C (below the
LCST). Heating the solution to 40 °C (above the LCST), the
size increased to about 988 nm because of aggregation. The
aggregates re-dispersed and the size reduced to the original
level upon cooling. A similar phenomenon was observed for
the nanoparticles at pH 6.6. These results further support the
fact that our core—shell nanoparticles were both pH and tem-
perature sensitive, and that the pH and temperature response
was reversible.
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The stability of the DOX-loaded core-shell nanoparticles
was also investigated in PBS (pH7.4) containing 10 % (w/v)
BSA. There was a slight increase in the nanoparticle size
(from 104 to 164 nm) after being exposed to BSA for 7 h. This
initial size increase might have been due to the hydration of
the freeze-dried nanoparticles. After hydration, the size re-
turned to the original and was maintained for the next 3 h.
These observations suggest that the presence of proteins in
blood would not affect the stability of the nanoparticles.

In-vitro drug release studies of the DOX-loaded nanoparti-
cles were performed under physiological condition (PBS,
pH7.4) and in a slightly acidic environment (pH 6.0 and 6.6)
to simulate the pH of the tumor microenvironment. The re-
lease profiles of DOX are shown in Figure 3. The drug release
from the nanoparticles at pH 7.4 and 37 °C was considerably
slow, with an initial burst of about 18%. On the contrary, the
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Figure 3. Release profiles of DOX from Polymer Il nanoparticles at 37 °C,
but at varying pH.

drug release was much faster at pH 6.0 and 6.6 at 37 °C, with
approximately 70 % of the drug released within 48 h. In addi-
tion, it was observed that the drug-loaded nanoparticles were
well dispersed in the buffer at pH7.4 but aggregated and
settled to the bottom of the dialysis bag at pH 6.0 and 6.6.
These results corroborate the claim that the nanoparticles are
pH sensitive. The change in pH from 7.4 to 6.6 or 6.0 led to
the deformation and precipitation of the core—shell nanoparti-
cles, thereby causing the release of the enclosed drug.

The cytotoxicity study of Polymer II was performed using
1,929 murine fibroblast cells. The cultured cells were exposed
to the polymer at concentrations from 10 to 400 mgL™.
Poly(1-lysine) (100 mg L") and PEG (M,,=8 kDa, 100 mgL™)
were used as positive and negative controls respectively. Poly-
mer II samples did not display any significant cytotoxicity.
Even after 72 h treatment, they still remained less cytotoxic
than the positive control.

In summary, the novel Polymer II core—shell nanoparticles
synthesized in this study were stable in PBS (pH7.4) at 37 °C
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but deformed and precipitated in an acidic environment,
triggering the release of the enclosed drug molecules. This
property may contribute to the selective accumulation of the
nanoparticles, as well as the selective release of an encapsu-
lated drug, in acidic tumor tissues or cell interiors. Moreover,
the free amine groups on the shell allow further manipulation
of the nanoparticles by allowing the attachment of biological
signals for targeting.

Experimental

Unless stated otherwise, all reagents and solvents were of commer-
cial grade, and were used as received. N-Isopropylacrylamide, N,N-di-
methylacrylamide, and 10-undecenoic acid (98%) were purchased
from Aldrich, and were purified by crystallization (n-hexane) and re-
duced-pressure distillation, respectively. The chain-transfer agent
(CTA), 2-aminoethanethiol hydrochloride (AET-HCI), was purchased
from Sigma-Aldrich. Trinitrobenzene sulfonate (TNBS) as a 1 M
aqueous solution was purchased from Fluka. Doxorubicin hydrochlo-
ride was kindly provided by Sun Pharmaceuticals, India. 3-[4,5-Di-
methylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT, Duche-
fa) was used in a 5mgL”' PBS (pH7.4) solution for cell
quantification. The solution was filtered with a 0.22 pum filter to re-
move blue formazan crystals.

N-Isopropylacrylamide (3.965 g, 34.99 mmol) and N, N-dimethyl-
acrylamide (1.48 g, 14.99 mmol) were dissolved in 10 mL of ultra pure
water. 10-Undecenoic acid (0.921 g, 5.0 mmol) was converted into its
sodium salt by reacting with 5 mL of 4 wt.-% sodium hydroxide solu-
tion, and the clear solution of the sodium salt was then added to the
N-isopropylacrylamide and N,N-dimethylacrylamide solution. The
mixture was purged with purified nitrogen gas for 15 min. APS
(0.254 g, 1.11 mmol, 2.0 mol-% of the monomer feed) and AET-HCl
(0.244 g, 2.16 mmol, 4.0 mol-% of the monomer feed) were dissolved
in 5.0 mL of ultra pure water. This solution was added to the mono-
mer solution slowly with continuous stirring. The reaction was carried
out under nitrogen at 27 °C for 48 h. Upon completion, the crude
product was precipitated by the addition of excess sodium chloride
and dried under vacuum. The precipitate was further dissolved in eth-
anol, and dialyzed against ultra pure water followed by ethanol using
a membrane with a molecular-weight cut-off of 2000 (Spectra/Por).
The final product was collected after evaporation of ethanol. The mo-
lecular weights of the polymers were determined by gel permeation
chromatography (GPC, Waters, polystyrene standards), using THF as
the mobile phase (elution rate: 1 mL min™") at 25°C. An acid-base ti-
tration was performed to estimate the number of carboxylic acid
groups and the pK, of the polymer. Briefly, 100 mg of polymer was
dissolved in 10 mL of ultrapure water and titrated with 0.01 N NaOH
using phenolphthalein as an indicator. The apparent partition coeffi-
cient pK, of the polymer was also determined by this titration method
by continuously measuring the pH during the addition of base. From
the graph of pH versus the volume of base, the pK, was calculated as
the pH at half the volume of the base at the equivalence point. The
free amine group in the polymer was estimated by spectroscopic de-
termination. A known amount of polymer was dissolved in 2.0 mL of
sodium hydrogen carbonate aqueous solution (2.0 %, w/v) containing
0.01 M TNBS. The solution was maintained for 2 h at 40 °C, which
was then cooled and diluted to a specific volume. The amount of
amine functional groups derivatized with TNBS in the sample was de-
termined using a UV-vis spectrophotometer (UV-2501PC, Shimadzu)
at 345 nm using alanine as a standard [17]. The experiments were per-
formed in triplicate and the average values were presented.

The Determination of the CAC of Polymer II: Aliquots of pyrene
solutions (1.54 x 10~ M in acetone, 400 mL) were added to 10 mL vo-
lumetric flasks, and the acetone was allowed to evaporate. Polymer
solutions at concentrations ranging from 1.0x 107 to 1.0 g™ were
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prepared in PBS (pH7.4). The aqueous polymer solutions (10 mL)
were then added to the volumetric flasks containing the pyrene resi-
due. All the sample solutions contained excess pyrene content at the
same concentration of 6.16x 107 M. The solutions were allowed to
equilibrate for 24 h at room temperature (20 °C). Fluorescence spec-
tra of the polymer solutions were then recorded on an LS50B lumi-
nescence spectrometer (Perkin Elmer, USA) at room temperature.
The emission spectra were recorded from 350 to 500 nm with an
excitation wavelength of 340 nm. Both excitation and emission
bandwidths were set at 5 nm. From the pyrene emission spectra, the
intensity (peak height) ratio (I3/I;) of the third band (391 nm, I5) to
the first band (371 nm, /;) was analyzed as a function of polymer con-
centration. The CAC value was taken from the intersection of the tan-
gent to the curve at the inflection with the horizontal tangent through
the points at low concentrations. The experiments were conducted in
triplicate and the average values were reported. The size of the core—
shell nanoparticles was analyzed using ZetaPals (Brookhaven Instru-
ments Corporations, CA, USA) equipped with a He-Ne laser beam
(670 nm). Each measurement was repeated five times, and was found
to be in good agreement. The morphology of the core-shell nanopar-
ticles was analyzed by TEM. A drop of the freshly prepared nanopar-
ticle solution containing 0.01 % (w/v) phosphotungstic acid was placed
on a copper grid coated with a polymer film, and was air-dried at
room temperature. The TEM observations were carried out on a
JEM-2010 microscope with an electron kinetic energy of 200 keV.

In-Vitro Release of DOX: A certain amount of DOX-loaded freeze-
dried nanoparticles was dispersed in 200 puL of the respective buffer
solution and allowed to stabilize for 30 min before being placed in a
dialysis membrane with a molecular-weight cut-off of 2000 (Spectra/
Por). The dialysis bag was then immersed in 25 mL of PBS at pH 6.0,
6.6, or 7.4 at 37 °C. The samples were drawn at specific time intervals
and the drug concentration was analyzed using a UV-vis spectropho-
tometer at 485 nm. The drug loading was calculated based on the
standard curve obtained from DOX in the buffers. The in-vitro re-
lease experiments were carried out in triplicate for each pH.

Cytotoxicity Study: Polymer solutions were prepared at stock
concentrations. These solutions were sterilized with 0.22 um syringe
filters and diluted with PBS (pH7.4) and growth media to give the
polymer at final concentrations of 10, 100, 300, and 400 mg L™ (ppm).
Poly(L-lysine) and PEG (M,, 8 kDa) at a concentration of 100 ppm
were used as the positive and negative controls, respectively. The
L929 mouse fibroblast cells were cultured in supplemented Dulbec-
co’s Modified Eagles Medium (DMEM; 10 % fetal bovine serum, 1 %
L-glutamate, 1 % penicillin-streptomycin) (GibcoBRL) and incubated
at 37°C, under 5 % CO,. The cells were seeded onto 96-well plates at
10000 cells per well. The plates were then returned to the incubator
and the cells were allowed to grow to confluence. On the morning of
the initiation of the tests, the media in the wells were replaced with
150 uL. of the pre-prepared growth medium sample mixture. The
plates were then returned to the incubator and maintained in 5 %
CO,, at 37°C, for 24, 48, and 72 h. The mixture in each well was re-
placed with fresh aliquots every morning for the exposure period.
Each sample was tested in eight replicates per plate. Three plates
were used for each period of exposure, making a total of 24 replicates
per sample. Fresh growth media and 20 puL aliquots of MTT solution
were used to replace the mixture in each well after the designated pe-
riod of exposure. The plates were then returned to the incubator and
maintained in 5 % CO,, at 37 °C, for a further 3 h. The growth medi-
um and excess MTT in each well were then removed. Dimethyl sulf-
oxide (150 uL) was then added to each well to dissolve the interna-
lized purple formazan crystals. An aliquot of 100 uL was taken from
each well and transferred to a fresh 96-well plate. The plates were
then assayed at 550 and 690 nm. The absorbance readings of the for-
mazan crystals were taken to be that at 550 nm subtracted by that at
690 nm. The results were expressed as a percentage of the absorbance
of the blank, which comprised PBS of a comparative volume, added
to the growth medium.
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Rapid Functionalization of Mesoporous
Materials: Directly Dispersing Metal
Ocxides into As-Prepared SBA-15
Occluded with Template**

By Yi Meng Wang, Zheng Ying Wu, Li Ying Shi, and
Jian Hua Zhu*

The unique surface and pore structure of ordered mesopo-
rous materials make them promising for applications in ad-
sorption and catalysis. However, siliceous mesoporous materi-
als usually suffer from a lack of active sites necessary for
adsorption or catalysis, and thus their functionalization be-
comes paramount for application in industry. This is achieved
by incorporating guest species such as metals or metal oxides
by direct synthesis (one-pot method) or post-modification
after synthesis. In the latter process, the host template is re-
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MATERIALS

moved by either calcination or extraction to achieve an open-
porous structure prior to functionalization, in which the ther-
mal transformation of the precursor into the final oxide guest
is critical. In order to save energy and time, it is better to re-
move the template and to transform the guest precursor in
one calcination step in order to modify the as-prepared meso-
porous materials. This was attempted recently with guest spe-
cies replacing surfactants in solution, where surfactant extrac-
tion releases some space for the surface modification.' !

Here, we report a new solvent-free method for directly in-
serting guest precursors into the occluded pores of as-pre-
pared ordered mesoporous materials followed by calcination,
thus preparing a mesoporous functional composite with unex-
pectedly high oxide dispersion. This new strategy is not only
energy- and time-efficient, but also sheds light on how to ex-
ploit the confined space between the templated aggregates
and the silica walls.

Thermogravimetric analysis (TGA) showed 41 % weight
loss in the range of 423-823 K for as-prepared SBA-15 sam-
ples, and 45 % and 41 % weight loss for as-prepared MCM-41
samples M1 and M2, respectively, due to decomposition of
the template species. (As described in the Experimental sec-
tion, M1 is prepared under acidic conditions, and M2 is pre-
pared under alkaline conditions.) Although these data are
slightly lower than previously reported values!*”! (e.g., a de-
composition weight loss of about 46 % observed for SBA-
15!4), this means that most of the templated aggregates still
occlude the pores of both these as-prepared samples, and that
less than 15 % of the pore volume is available for the disper-
sion of a guest. However, an unexpectedly high dispersion of
metal-oxide species can be realized in the mesoporous sup-
port by this new method. When the as-prepared SBA-15 was
used as a support, no reflections of the CuO crystalline phase
were visible in the wide-angle X-ray diffraction (XRD) pat-
terns, even for the CuO/SBA-15(20) composite (Fig. 1A).
(The samples are denoted as MO, /Support(X), where MO,,
represents the metal-oxide species and X is the weight per-
centage of MO,, in the composites.) That is, about 40 wt.-% of
Cu(NOs;), has been spontaneously dispersed in the host and
transformed to copper oxide. As shown in Figure 1B, low-an-
gle XRD patterns of all the calcined CuO/SBA-15 composites
(with weight percentages of 15 wt.-%, 20 wt.-%, and 25 wt.-%)
are identical to that of SBA-15, with two-dimensional hexago-
nal pore ordering corresponding to a pbmm space group.
Even at the highest weight percent of CuO (25 wt.-%), there
was still no CuO crystalline phase seen in the wide-angle
XRD pattern. However, as revealed by ultraviolet diffuse-re-
flectance spectroscopy (DRS, Fig. 2), small CuO, clusters be-
gin to aggregate, forming the shoulder of a charge-transfer
band at ~320 nm.*”) On the other hand, the composite pre-
pared by this new method possesses an improved mesostruc-
ture: CuO/SBA-15(10) has a larger surface area (579 m?g™)
and pore volume (0.78 cm®g™) than the corresponding sam-
ple fabricated by the traditional wet impregnation of tem-
plate-free SBA-15 (surface area of 482 m?g™" and pore vol-
ume of 0.73cm’g’). Both CuO/SBA-15(10) samples
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