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a b s t r a c t

Mesoporous silica nanoparticles (MSN) have potential as drug delivery and controlled release devices due
to their high surface area and absorption capabilities. The effect of surface charge and pH on the release of
the fluorescent dye, rhodamine 6G, from MSN has been studied. Release profiles of rhodamine 6G from
bare and amine-coated MSN at pH 5.0 and 7.4 are very different and demonstrate that electrostatic inter-
actions between entrapped rhodamine 6G molecules and the charged surface of the MSN have a signif-
icant effect on release kinetics. Release of rhodamine 6G from amine-coated MSN can be fit to a single
exponential function, while release from bare MSN can be fit to a double exponential function—indicating
that the release of rhodamine 6G from bare MSN is a two-phase process. In addition, it was determined
that MSN need to be sonicated in dye solution to maximize their loading capacity.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Since the Mobil Corporation first introduced Mobil Crystalline
Material (MCM)-41 [1], a large body of research has been devoted
to developing novel mesoporous silica materials with controlled
pore size and uniform pore structure, such as Santa Barbara amor-
phous silica (SBA)-15 [2], Michigan State University silica (MSU)-n
[3], folded sheet-derived mesoporous silica (FSM)-16 [4], and Kor-
ean Institute of Technology silica (KIT)-1 [5–7]. These materials
were originally used as catalysts and absorption/purification mate-
rials [1,7]. More recently, mesoporous silica nanoparticles (MSN)
have gained attention for their potential as controlled release sys-
tems and vehicles for the delivery of chemotherapeutics due to
their high surface areas, large cavity volumes, and ability to be
functionalized with biomolecules for the targeting of specific tissue
populations [6–38]. Despite their promise, silica and alumina mes-
oporous nanospheres have not been utilized extensively for drug
delivery because imposing hurdles remain before they can be used
in clinical settings, including control of particle dispersity, control
of pore size and density, and control of release dynamics.

Vallet-Regi and coworkers were the first to study MCM-41
material as drug delivery systems and proved that MCM-41 could
be used to absorb and then later release ibuprofen [8]. Since their
initial work, they and others have demonstrated that surface-func-
ll rights reserved.
tionalization [9–13,24], pore size [14–16], pore structure [15–17],
loading conditions [18], as well as the chemical characteristics of
the loaded analyte [18,19] affect both the absorption and release
of the analyte into and out of porous silica material. Importantly,
these studies show that attractive [9] and repulsive [13] electro-
static interactions as well as hydrophobic effects [24] between
the entrapped molecules and the silica surface affect the rate of re-
lease from these porous materials. Recently, Ng et al. used confocal
laser scanning microscopy to show that cationic molecules have a
different release profile than anionic molecules from mesoporous
silica spheres due to the affinity between the cationic molecules
and the negatively charged silica surface [19].

While the above systems utilize pore size and electrostatic
interactions for controlled release, others have developed more
complex systems in which stimuli responsive capping agents,
supramolecular assemblies, or polymers are employed to control
the release of guest molecules. Fujiwara demonstrated the poten-
tial of stimuli responsive controlled release devices by controlling
the uptake and release of guest molecules into and out of couma-
rin-functionalized MCM-41 using UV radiation [26]. Lin and
coworkers have designed several systems in which CdS or gold
nanoparticles are used to ‘‘cap’’ loaded MSN. The nanoparticles
can be removed from the surface of the MSN upon the addition
of a reducing agent or by irradiating the system with 365 nm light
[6,7,20–22]. Zink and Stoddart have made controlled release sys-
tems from mesoporous silica films and particles using supramolec-
ular nanovalves that are governed by redox chemistry [27–29], pH
[30–33], or light [34]. Kim has also reported a gated-release system
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Fig. 1. Schematic representation of a pH driven controlled release device.
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utilizing a pH responsive supramolecular motif on the MSN surface
[35]. Additionally, You and coworkers have reported temperature-
controlled release devices utilizing a surface bound temperature-
responsive polymer [25], while Hong has created a system in
which release is governed by a pH responsive polymer [36]. Lin
et al. have also designed insulin loaded MSN that are sealed with
glucose responsive proteins [23]. And, very recently, Wang coated
the surface of MSN with polyelectrolyte multilayers to obtain a
controlled release system that is responsive toward reducing
agents [37].

It has been demonstrated that aerosol sol–gel synthesis tech-
niques can be applied to the preparation of novel silica-based
nanoparticles and have significant advantages of solution phase
methodologies [39–41]. These advantages include: (1) the ability
to control pore diameter and density by including either inorganic
salts or surfactants in the sol–gel aerosol solution, and (2) the abil-
ity to prepare particles with highly uniform dispersity employing
electrostatic separation on the resulting particle mixture. Accord-
ingly, this technique should be applicable to drug delivery vehicles
and would overcome many of the limitations of MSN prepared by
the solution methods described above.

It is established that MSN can be taken into a cell through endo-
cytosis [7,42]. The pH inside an endosome is lower than cytosolic
environment in a cell [43]. Thus, one can anticipate that a release
strategy that employs pH as a trigger for release would be particu-
larly attractive [32]. Ultimately, our goal is to create a MSN drug
delivery system that shows no release at normal physiological
pH (7.4) and fast release at pH 5, the typical pH within an endo-
some (Fig. 1). This type of delivery system would ensure that the
entrapped drug would be released from the nanoparticle only after
the nanoparticle has been endocytosed into the target tissue. Here-
in, we report on our initial steps toward such a system and the
work that has been done to better understand how surface cover-
age and pH affect the release of the cationic dye, rhodamine 6G,
from mesoporous silica nanoparticles created in our lab via aerosol
sol–gel synthesis methodology.
2. Experimental

2.1. General

All materials were used as received from the supplier. Rhoda-
mine 6G (R6G) was obtained from Sigma Aldrich (BioChemika,
for fluorescence: 83697). (3-Aminopropyl)triethoxysilane (APTES)
was obtained from Sigma Aldrich (Fluka: 09324). Tetraethyl ortho-
silicate was obtained from Sigma Aldrich. Pluronic� F-127 was ob-
tain from BASF. All aqueous solutions were made using water
filtered through a Millipore water filtration system unless other-
wise indicated. Phosphate buffered saline (PBS) solutions were pre-
pared from phosphate buffered saline tablets obtained from Sigma
Aldrich (Sigma, tablets: P4417) as directed. The PBS solutions pre-
pared had a measured pH of 7.4. Acetic acid (0.78 mL, 13.63 mmol)
and sodium acetate (2.88 g, 35.11 mmol) used to prepare the ace-
tate buffer (400 mL, pH 5.0) were obtained from J.T. Baker. An
Ocean Optics USB 2000 Spectrometer was used to measure the
absorbance (A) of the supernatant during release studies. A Bran-
sonic 321 desk sonicator was used to sonicate MSN samples. Zeta
potentials were measured using a Zetasizer Nano ZS90 from Mal-
vern Instruments Ltd. BET and BJH measurements were obtained
using a Micromeritics Tristar II 3020 Surface Area Analyzer. The
surface area of standard silica–alumina pellets received from
Micromeritics was measured to verify the instrument was in prop-
er working condition.

2.2. Fabrication of MSN

MSN were fabricated by a template-assisted sol–gel process
that was implemented via aerosol technique. Aerosol droplets
were created from a stainless steel pressure atomizer containing
the precursor mixing solution consisting of tetraethyl orthosilicate
(2.6 g, 13 mmol) and Pluronic� F-127 (0.55 g, 0.04 mmol) dissolved
in absolute ethanol (17.3 mL) and deionized water (9.0 mL) ad-
justed to pH 1.2 with HCl. Droplets being carried through a stain-
less steal tube by dried air passed through a diffusion-dryer to
remove most of the solvent and then through a tube furnace at
400 �C. Normal residence time was 1 s under the gas flow rate of
3.5 L/min used in the experiments. Particles were collected on a
0.2 lm pore Millipore HTTP membrane filter housed in a stainless
steel holder (covered by heating tape to prevent re-condensation of
solvent vapor). After being removed from the membrane, particles
were calcined at 500 �C for 4 h to remove the surfactant, yielding
MSN.

2.3. Gravity filtration

A 2.0 mg/mL stock suspension of MSN (100 mg) in Millipore
water (50 mL) was made, vortexed, and then sonicated using a
Bransonic 321 desk sonicator for 30 min. The suspension was then
allowed to settle for 24 h. The upper 45 mL of supernatant was re-
moved by pipette and the remaining retentate was diluted back to
50 mL using fresh Millipore water. The suspension was vortexed
and then sonicated for 30 min. This procedure was repeated three
times. The particles remaining after the fourth cycle were dried in
vacuo and were used in the release studies.

2.4. Rhodamine 6G loading

The MSN comprising the retentate (dried) remaining after the
gravity filtration process were added to a 0.15 mg/mL solution of
rhodamine 6G in PBS buffer to make a 2 mg/mL suspension of
MSN in rhodamine 6G solution. The suspension was vortexed
and then sat undisturbed for 48 h. The particles were sonicated
in the 0.15 mg/mL rhodamine 6G solution where indicated.

2.5. MSN functionalization

An aliquot of the MSN/rhodamine 6G suspension was removed
from the stock solution and sonicated for 30 min. (3-Aminopro-
pyl)triethoxysilane (APTES) was added to the aliquot to yield a
0.1 mL APTES/mg MSN solution. The reaction mixture stirred at
room temperature for 10 min and was then centrifuged. The super-
natant was removed. The functionalized MSN were immediately
used in a release experiment.
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2.6. Rhodamine 6G release quantification using UV–Vis spectroscopy

An aliquot of the MSN/rhodamine 6G suspension (5.0 mL) was
removed from the stock solution and sonicated for 30 min. The
sample suspension was then centrifuged and the supernatant
was removed by pipette. The particles were washed with PBS buf-
fer (5.0 mL) and centrifuged for 5 min. The supernatant was re-
moved via pipette. The washing process was repeated twice
more. After the final washing process, the MSN were resuspended
in buffer solution at the desired pH and 25 �C. PBS buffer was used
for release at pH 7.4, while acetate buffer was used for release at
pH 5.0. A 2.0 mL aliquot was removed from the suspension and
centrifuged. The absorbance of the supernatant was measured
using an Ocean Optics USB 2000 Spectrometer. The analyzed
supernatant and the 2.0 mL aliquot were then returned to the sam-
ple suspension. This process was repeated every twenty minutes
until no further release was observed.

2.7. Mathematical modeling of release from MSN

For each release profile, GraphPad Prism was used to perform
nonlinear least squares fitting to both a double exponential and a
single exponential function, and the best fit model was chosen
using the extra sum-of-squares F test.
Fig. 2. TEM image of MSN used in release studies. The figure on the right shows the
porous character of the particles.

Fig. 3. Adsorption/desorp
The double exponential function, which describes two pro-
cesses that have rates proportional to the diffusivity and the local
concentration of the dye is defined as

M ¼ S1ð1� e�k1tÞ þ S2ð1� e�k2tÞ ð1Þ

where S1 is the amount released during the first phase, S2 is the
amount released during the second phase, k1 is the rate constant
of the first phase, k2 is the rate constant of the second phase, and
S1 and S2 are related by

S1 ¼ Pð100� F2Þð0:01Þ ð2aÞ
S2 ¼ PðF2Þð0:01Þ ð2bÞ

where P is the total amount released and F2 is the percent of release
that occurs in the second phase.

The single-phase exponential function is defined as

M ¼ Pð1� e�ktÞ ð3Þ

where P is the total amount released and k is the rate constant.

3. Results and discussion

3.1. Characterization of MSN

To ensure the presence of colloidal material would not interfere
with measuring the UV–Vis absorbance of the supernatant during
the kinetic release studies, a gravity filtration technique (described
above) was employed to obtain MSN of appropriate size. The larger
particles comprising the retentate after the final filtration cycle
were used in the kinetic release studies because they can be
quickly and easily separated from the supernatant via centrifuga-
tion. Dynamic light scattering showed that the MSN used in the ki-
netic release studies had an average diameter of 1.6 lm. Though
the particles are micron-sized, we propose that they are an appro-
priate model for nano-scale systems since the pore size and pore
diameter of all particles are identical. Fig. 2 depicts TEM images
of the MSN.

To quantify the porous nature of the particles, BET gas sorptom-
etry was conducted. The surface area of the particles was measured
to be 206.88 m2/g. Though the BET surface area of our MSN is less
than other MSN materials [1–3,8,20], the adsorption/desorption
isotherms (Fig. 3) are indicative of typical mesoporous systems,
having type IV physisorption isotherms with H2 hysteresis. The
H2 hysteresis and the forced closure of the hysteresis loop indicate
random pore distribution and an interconnected pore system [44].
tion BET isotherms.



Table 1
Zeta potential measurements of APTES-coated and bare MSN at pH 7.4 and 5.0.

MSN type pH Zeta potential (STD) (mV)

Bare 7.4 �25.5 (1.2)
Bare 5.0 �3.40 (0.54)
APTES-coated 7.4 +12.2 (2.2)
APTES-coated 5.0 +41.1 (1.0)

Fig. 4. Release of R6G from MSN with and without sonication.
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The cumulative volume of the pores was calculated to be 0.42 cm3/
g, and the average pore width was calculated as 86.12 Å. The
cumulative pore volume and average pore width were calculated
using the BJH model from the adsorption isotherm branch.

The zeta potentials of both non-coated (bare) and APTES-coated
MSN were measured at pH 7.4 and 5.0 in buffer solution having an
ionic strength (I) of 0.16 M to quantify the surface charge of the
particles under the release conditions. The zeta potential measure-
ment results are shown in Table 1. As expected, the amine-func-
tionalized MSN have positive potentials, while the bare MSN
have negative potentials. In addition, the APTES-coated particles
have a greater positive potential, and the bare MSN have a smaller
negative potential at pH 5.0 than at 7.4, which was anticipated due
to the increased acidity of the solution. It should be noted that the
zeta potential measurements for the bare MSN at pH 5.0 were not
reproducible (12 trials were required to obtain three measure-
ments that were of good quality) which can be attributed to the
fact that the particles were near their point of zero-charge.
Fig. 5. Schematic representation of the effect of sonication on MSN loading. A:
Loading without sonication. B: Loading with sonication.
3.2. Loading and release studies

There are several features of MSN that need to be evaluated if
these materials are to serve as drug delivery systems: (1) loading
efficiency, (2) pH-dependent release kinetics, and (3) the effect of
surface modification on pH-dependent release kinetics.

In the course of our studies, we discovered that the MSN must
be sonicated in dye solution to maximize loading. Fig. 4 shows
Table 2
Fit parameters for release of R6G from sonicated and unsonicated MSN at pH7.4.

Sonication Total release, P, (lg/
mg) MSNa

Percent phase 2,
F2 (%)a

k1, 1/ha k2, 1/ha Half-
(h)b

Yes 6.78 (12) 48 (15) 1.0 (4) 0.14 (6) 0.69
No 2.16 (2) – 1.21 (8) – 0.58

a In parentheses is the estimated standard error of the fit on the last significant digit(
b In parentheses is the standard error calculated from the error of the fit on the last s
the difference in release profiles of rhodamine 6G (R6G) from
MSN that were sonicated in dye solution versus MSN that were
only allowed to soak in dye solution and were not sonicated. All
loading conditions were identical except for sonication, and the re-
lease experiments were conducted in PBS buffer at 25 �C. Though
our goal was to mimic release under physiological conditions (i.e.
37 �C), all release experiments were performed at 25 �C because
the release of rhodamine 6G at 37 �C is too rapid for kinetic data
to be obtained using our methodology. The results clearly indicate
that sonication increases the amount of dye that is loaded into the
MSN; simply letting the particles soak in dye solution does not
optimize their loading capacity. MSN that were sonicated in dye
solution released �4.5 lg of R6G/mg of MSN more than MSN that
were not sonicated.

Analysis of the release profiles from sonicated and unsonicated
MSN revealed an interesting phenomenon. The release of R6G from
unsonicated bare MSN at pH 7.4 was best modeled by single expo-
nential function (Eq. (3)). The release from sonicated bare MSN,
however, was best fit by the double exponential function (Eq.
(1)). The parameters for each function are given in Table 2. The
double exponential release seen from sonicated MSN is attributed
to two different diffusion processes which are discussed in more
detail below (see Fig. 8) [19]. We propose that the sonication pro-
cess enables R6G to penetrate completely into the core of the MSN
(Fig. 5) which results in a biphasic release pattern. Conversely, we
believe that unsonicated MSN have R6G bound only to the exterior
surface (Fig. 5) and thus show a single diffusion process that fits a
single exponential function.

After determining how to maximize the MSN’s loading capabil-
ities, we studied the effect of pH on release kinetics. Fig. 6 com-
pares the release of rhodamine 6G from unmodified MSN at pH
5.0 and 7.4. At both pH values, there is an initial burst of release
within the first 3 h followed by a slower release period that levels
off after about 40 h. This result is similar to release from other re-
ported MSN systems [8–14,19]. The rate and amount of release at
pH 5.0 is much greater than at pH 7.4 for uncoated MSN. At pH 5.0,
the uncoated particles released 3 lg of rhodamine 6G more per mg
of MSN than at pH 7.4 (�10.0 lg of rhodamine 6G/mg of MSN at
pH 5.0 versus �7.0 lg of rhodamine 6G/mg of MSN at pH 7.4). This
result is consistent with the findings of Tang et al., where the re-
lease rate of famotidine from carboxylic acid modified MSU in-
life of S1 Half-life of S2

(h)b
Phase 1 release, S1 (lg/
mg) MSNb

Phase 2 release, S2 (lg/
mg) MSNb

(17) 4.9 (15) 3.5 (10) 3.3 (10)
(3) – – –

s).
ignificant digit(s).



Fig. 8. Schematic representation of biphasic release from bare MSN. Phase 1: fast
release from center of MSN. Phase 2: slow release from R6G ‘‘skin’’ [19].

Fig. 6. Release profile of rhodamine 6G from uncoated MSN at pH 7.4 and 5.0.

Fig. 9. Release profile of rhodamine 6G from amine-coated MSN at pH 7.4 and 5.0.
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creased in acidic gastric medium [12]. The increase in rate and
amount released can be attributed to decreased electrostatic inter-
actions between the positively charged rhodamine 6G molecules
and the silica surface at pH 5.0 (Fig. 7). At pH 7.4, the surface of
MSN has a greater negative charge than at pH 5.0, as indicated
by the zeta potentials of the particles. At pH 7.4, the particles have
a zeta potential of �25.5 mV, while at pH 5.0, the MSN have a zeta
potential of �3.40 mV (Table 1).

Both of the release profiles from the bare MSN, at pH 5.0 and
7.4, were better modeled by the two-phase (double) exponential
function (Eq. (1)). The fit parameters for release from bare MSN
at pH 7.4 and 5.0 are shown in Table 3. From the fit parameters,
the half-life and span of each phase were calculated (Table 3).

These results are consistent with the findings of Ng et. al. The
authors have shown that the release of rhodamine 6G from bare
MSN is biphasic and cannot be described as a simple diffusion pro-
cess [19]. Using confocal laser scanning microscopy, they have
monitored the release of R6G from MSN. Their results show that
R6G diffuses from the core of the MSN rapidly and forms a layer
of R6G near the exterior of the MSN. The two-phase release profile
is attributed to the rapid release from within the interior pores of
Fig. 7. Schematic representation of release

Table 3
Two-phase fit parameters for release of R6G from bare MSN.

pH Total release, P (lg/mg)
MSNa

Percent phase 2, F2

(%)a
k1, 1/
ha

k2, 1/ha Half-life of
(h)b

5.0 9.97 (7) 29 (2) 2.3 (2) 0.12 (2) 0.30 (2)
7.4 6.78 (12) 48 (15) 1.0 (4) 0.14 (6) 0.69 (17)

a In parentheses is the estimated standard error of the fit on the last significant digit(
b In parentheses is the standard error calculated from the error of the fit on the last s
the MSN, followed by a more gradual release from the resulting
‘‘skin’’ (Fig. 8). The authors report that the effective rate of diffusion
‘‘is almost three times slower in the near edge zone than in the
center zone’’ [19]. And, as time lapses, the diffusion from the center
(phase 1 in Fig. 8) becomes less prominent.

Having demonstrated the effect of pH on release from MSN with
anionic surfaces, we were interested in seeing how pH affects re-
lease from MSN with cationic surfaces. Therefore, we modified
the surface of MSN with (3-aminopropyl)triethoxysilane (APTES).
Fig. 9 depicts the release profile of rhodamine 6G from APTES-
coated MSN at pH 7.4 and 5.0. Though the release profile at pH
7.4 from the amine-coated MSN appears to be similar to the release
profile of uncoated MSN at the same pH, there is an initial lag per-
of R6G from MSN at pH 7.4 and 5.0.

S1 Half-life of S2

(h)b
Phase 1 release, S1 (lg/mg)
MSNb

Phase 2 release, S2 (lg/mg)
MSNb

5.6 (6) 7.1 (2) 2.9 (2)
4.9 (15) 3.5 (10) 3.3 (10)

s).
ignificant digit(s).



Fig. 10. Schematic representation of release of R6G from APTES-coated MSN at pH 7.4 and 5.0.

Table 4
One-phase fit parameters and half-life for release of R6G from APTES-coated MSN.

pH Total release, P (lg/mg) MSNa k, 1/ha Half-life (h)b

5.0 8.46 (15) 0.050 (2) 13.9 (4)
7.4 6.19 (5) 0.23 (1) 3.06 (6)

a In parentheses is the estimated standard error of the fit on the last significant
digit(s).

b In parentheses is the standard error estimated from the error of the fit on the
last significant digit(s).

Fig. 11. Schematic representation of single-phase release of R6G from APTES-
coated MSN. An R6G ‘‘skin’’ is not formed due to coulombic repulsion.
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iod seen during the first 90 min. Clearly, release from APTES-coated
MSN at pH 5.0 is much different than the other release profiles:
there is initially a slow release period seen during the first 4 h,
which is followed by a faster release phase that begins to level
off after about 20 h (Fig. 9). Casasus et al. have reported similar re-
lease profiles of a ruthenium dye from polyamine coated MCM-41
at pH 4.0 [13]. However, their analogues 3-aminopropyl function-
alized system did not exhibit the same delayed release profile [13].
This difference my be associated with the method used to func-
tionalize the surface of the MSN with APTES. Casasus functional-
ized MSN with APTES under anhydrous conditions, while we
silanized our MSN in PBS solution. It is documented that water pro-
motes multilayer formation during the silanization of silica [45–
47]. An APTES multilayer coating would resemble a polyamine
coating and would be expected to inhibit the escape of entrapped
R6G molecules more so than an APTES monolayer due to the higher
charge density that is anticipated. As with the uncoated particles,
more total release is seen at pH 5.0 than at 7.4 for the amine
coated-MSN. Approximately 7.5 lg of R6G was released per mg
of MSN at pH 5.0, while about 6.0 lg of R6G was released per mg
of MSN at pH 7.4 (Fig. 9). The initial lag period seen at pH 7.4
and the unique release profile at pH 5.0 seen for the amine-coated
MSN can be rationalized by considering the surface coverage and
charge of these particles. We hypothesize that the repulsive inter-
action between the positively charged amine groups and cationic
rhodamine 6G molecules inhibit the escape of entrapped R6G mol-
ecules within the MSN matrix (Fig. 10). At pH 5.0, the amine groups
present on the surface of the MSN are protonated to a greater ex-
tent than at pH 7.4, causing the surface of the MSN to be more pos-
itively charged at pH 5.0. The zeta potential of APTES-coated MSN
is +12.2 mV at pH 7.4 and +41.1 mV at pH 5.0 (Table 1). The in-
creased positive surface charge of the amine-coated MSN can ac-
count for the more significant lag period observed at pH 5.0. It
should be noted that the basic rhodamine 6G molecules are ex-
pected to be protonated and positively charged under both pH con-
ditions. Molecular modeling reported by Casasus et al. suggest that
amine monolayers will expand under acidic conditions due to cou-
lombic repulsion between adjacent protonated amine groups [13].
This expanded monolayer will decrease the effective diameter of
the pore openings of the MSN and thereby hinder the ability of rho-
damine 6G molecules to escape from the MSN matrix. Thus, the de-
creased dimensions of the pore openings and repulsive interaction
between rhodamine 6G and the protonated amine groups located
on the surface of the MSN could be the cause of the lag seen at
pH 7.4 and the diminished release rate seen at pH 5.0 for these
amine-coated MSN.

Interestingly, both of the release profiles from the APTES-func-
tionalized MSN, at pH 5.0 and 7.4, were better modeled by the sin-
gle-phase exponential (Eq. (3)). The fit parameters and calculated
half-life are shown in Table 4.

The two-phase release kinetic of bare MSN and the one-phase
release kinetic of APTES-coated MSN can be explained by consider-
ing the electrostatic interactions between the surfaces of the bare
MSN and amine-coated MSN, respectively, and the cationic R6G.
This explanation is drawn from the work of Ng et al. [19]. As stated
above, their results show that R6G diffuses from the core of the
MSN rapidly and forms a ‘‘skin’’ of R6G toward the exterior of
the MSN. The two-phase release profile seen with the bare MSN
is attributed to the rapid release from within the interior pores
of the MSN, followed by a more gradual release from the resulting
‘‘skin’’ (Fig. 8) [19]. We reason that the amine-coated MSN form
very little, if any, ‘‘skin’’ of R6G due to coulombic repulsion. The
lack of such a layer of R6G explains why release from APTES-coated
MSN is better expressed as a single diffusion process (Fig. 11).

4. Conclusion

The loading and release of rhodamine 6G from unmodified and
amine-coated MSN has been studied and the features of this re-
lease have been measured. It was found that sonication of MSN
in dye solution was necessary to maximize the loading capacity
of the particles. It was also determined that both surface modifica-
tion and pH affect the rate and amount of release from MSN, which
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is governed by coulombic interactions. Release from bare MSN at
both pH 7.4 and 5.0 followed the same general pattern—an initial
burst of release followed by a slower, delayed release period. The
increased release from the uncoated MSN at pH 5.0 is attributed
to decreased electrostatic interactions between the silica surface
and entrapped rhodamine 6G molecules. The initial lag period seen
for the amine-coated MSN at pH 7.4 and the unique release pattern
seen for the same particles at pH 5.0 can be explained by repulsive
interactions between protonated amine groups on the exterior sur-
face of the MSN and rhodamine 6G molecules. Release profiles
from APTES-coated MSN better fit a single exponential function
while release profiles from bare MSN better fit a double exponen-
tial function—indicating that the release of R6G from bare MSN is a
two-phase process. Future research will address the effects that
pore size, coating thickness, and stronger coulombic interactions
have on release dynamics.
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