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ABSTRACT: Methylene blue (MB), a century-old drug and a
fluorescent dye, has a long history of diverse applications, both in
drug therapy and as a tissue-staining agent. However, MB is
inherently unstable when exposed to light and reducing agents. In
this study, we aim to prepare and characterize polysulfide-based
organosilica colloidal particles for efficient, stable, and protective
encapsulation of MB. Disulfide- and tetrasulfide-containing
organosilane congeners were used as organosilica precursors for
direct synthesis of organosilica colloids based on the silica ouzo
effect. MB was spontaneously entrapped into the colloidal particles
during the particle formation process. The following properties of
the colloidal MB were evaluated: particle size, surface charge,
atomic distribution, encapsulation efficiency, MB release, photodynamic activity, thiol and ascorbate reactivity, and cytotoxicity. The
DLS measurements show that the size of colloidal MB is tunable in a range of 100 nm to 1 μm. SEM images reveal spherical particles
with composition-dependent particle sizes of 70−120 nm (coefficient of variation: 15−18%). MB was encapsulated in the colloidal
particles with a maximal efficiency of 95%. The release of MB from the colloids was <1% at 4 h and <3.5% at 48 h. The colloidal
particles show much reduced photodynamic activity, low reactivity toward reducing agents, and low cytotoxicity. Accordingly, the
colloidal MB was proposed and further investigated as a fluorescent particle tracer for the study of cell−nanoparticle interactions. In
conclusion, MB can be efficiently and stably loaded into polysulfide organosilica colloidal particles using a simple and convenient
physical route.

1. INTRODUCTION

Methylene blue (MB) has been used as a drug for over 130
years.1 MB was first synthesized in 1876 as an aniline-based
dye for the textile industry.2 In 1891, it was used in the
treatment of malaria.1 Nowadays, MB is still used in clinical
situations, including treatment of methemoglobinemia3 and as
a tissue-staining dye during surgery.4 The drug has also been
proposed in the treatment of septic shock,5 ifosfamide-induced
encephalopathy,6,7 Alzheimer’s disorder,8 and even COVID-
19.9 Currently, several clinical trials are registered in
ClinicalTrials.gov for various treatments, including septic
shock, diabetic lower limb ulcer, deep tissue abscess, halitosis,
and COVID-19.
MB has been investigated as a photosensitizer in photo-

dynamic therapy owing to the photosensitive property of its
phenothiazine structure.10−12 However, the in vivo photo-
dynamic activity of MB was limited by its inherent instability in
the physiologically reducing milieu and by nonspecific tissue
distribution. To increase the photodynamic activity of MB,
various nanoparticle-based carriers have been extensively
investigated. The materials used for preparing the nanocarriers
include lipid,13 silica,14−17 protein,18 organic polymers,19−21

graphene oxide,22,23 and gold.24−26 Although nanocarriers

improved photodynamic activity, the stability and release of
MB in nanocarriers have not been fully addressed in previous
studies.
In the last decade, thiol-responsive nanodrug delivery

systems have been extensively studied based on the rationale
of high intracellular glutathione (GSH) concentrations.27

GSH-responsiveness was engineered into nanocarriers by the
incorporation of disulfide linkages within the carrier
matrix.27,28 The disulfide bonds are expected, and have been
shown, to be breakable in the presence of thiols through the
thiol-disulfide exchange reaction.29,30 Accordingly, the liter-
ature is awash with reports of thiol-responsive drug nano-
carriers. Sulfide-functionalized silane precursors have been
frequently used to prepare polysulfide silica nanoparticles
through a sol−gel condensation reaction.28,31−33 The concept
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has been demonstrated in many studies, using mostly
doxorubicin as a model drug.34−39 Other loading includes
pyrene,40 cytochrome c,41 and RNase.42 The properties of
polysulfide silica nanoparticles vary with the use of different
silane precursors and methods and/or conditions used to
prepare them. In fact, thiol responsiveness is not straightfor-
ward, which is highly dependent on the particle structure and
properties, including degree of silica condensation, sulfide

contents, pore sizes, shell thickness, and surface modifica-
tions.30

In this study, we propose a method to prepare MB-loaded
polysulfide organosilica colloids. To the best of our knowledge,
MB has not been loaded into similar colloidal systems. Our
approach uses disulfide and tetrasulfide organosilane pre-
cursors (Scheme 1) as the building blocks of polysulfide
organosilica. The formation of colloidal particles was mediated

Scheme 1. Schematic Illustration of the Proposed Method for Preparation of Methylene Blue-Loaded Colloidal Particles from
Disulfide and/or Tetrasulfide Organosilane Congeners

Figure 1. Preparation of polysulfide organosilica colloids based on the silica ouzo effect. (A) Schematic of the basic step and compositions. Sulfide-
containing organosilanes (100 mM) were dissolved in ethanol to make an organic phase. After 20−360 min of reaction under the catalysis by 10
mM of HCl, an aliquot of the organic phase was taken and injected to 1 mL of water. (B) Effect of organic-phase reaction time on particle
formation. (C) Effect of the volume of organic phase injected on particle formation (size and size distribution). (D) Turbidity of the final solution
formed as a function of injected volume. At an injected volume of 1 mL, rapid sedimentation of large particles resulted in underestimated turbidity
with high variability.
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by a so-called silica ouzo effect, which was previously described
by our group for other silane precursors.43,44 Our polysulfide
organosilica colloids show high and stable encapsulation of MB
with limited release, high shielding effect against reducing
substances, and low thiol reactivity as well as low cytotoxicity.
With such properties, the colloidal MB preparation was
proposed as a fluorescent particle tracer for studying cellular
uptake kinetics of colloidal particles.

2. RESULTS AND DISCUSSION

2.1. Colloid Formation Based on the “Silica Ouzo
Effect”. Previously, polysulfide-containing organosilica par-
ticles have been prepared from traditional base-catalyzed
reaction involving co-condensation of a disulfide- or
tetrasulfide-functionalized organosilane with a tetraalkyl
orthosilicate.45 In this study, we introduced a different
approach to prepare polysulfide organosilica particles using
only disulfide- and/or tetrasulfide-organosilanes as the silica
source. The method is a modification of our previous work on
the so-called silica ouzo effect.46−49 Figure 1 shows the
schematic procedure of the preparation and the results of
parameter optimization. The preparation involved an organic
phase in which the organosilane was dissolved and condensed
in an acidic environment. After several runs of testing, the

organic phase parameters were optimized for silane concen-
trations, the choice of solvent, and acidity of the reaction. The
best solvent was determined to be 95% ethanol in which
disulfide-organosilane (BTEDS) was dissolved. BTEDS under-
went hydrolysis and silica condensation in the presence of 10
mM HCl. The reaction time is an important parameter because
it determines the degree of organosilica condensation that
forms water-insoluble condensed species. The optimal reaction
time was determined by visual evidence of colloid formation
and by particle size measurements, which were conducted
immediately after injecting the organic phase to the water
phase. As can be seen, milky white colloids were visibly evident
at a reaction time of ≥60 min (see inserted photo images).
Moreover, the particles that formed after 180−360 min of
reaction have hydrodynamic sizes of around 200 nm with a
polydispersity index of <0.2 (Figure 1B). Since a 6 h reaction
produced particles that were more abundant, stable, and easier
to collect, the reaction time was fixed at 6 h in the following
experiments. Figure 1C shows that particle sizes increased with
the injected volume of the organic phase, and the optimal
volume was determined to be 0.25 mL (injected to the 1 mL
water phase) based on the particle size distribution
(polydispersity data) and relative abundance of particles
formed (i.e., turbidity comparison between conditions that
produced particles with similar sizes, Figure 1D).

Figure 2. Preparation of colloidal MB from (A) disulfide organosilane precursor and (B) tetrasulfide organosilane precursor. The photographic
images were those of the final solutions at different stages after injecting the organic phase into the MB-containing water phase; from left to right,
MB concentrations in the water phase are 25, 50, 80, 100, and 160 μM. The resulting colloidal solutions show MB-concentration dependent
particle size and encapsulation efficiency (mean ± S.D.; n = 3).
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2.2. Encapsulation of Methylene Blue (MB). Disulfide-
silane (BTEDS) and tetrasulfide-silane (BTETS) were
included as polysulfide-organosilica precursors to investigate
the preparation conditions for the encapsulation of methylene
blue. First, BTEDS was used as a single precursor for
encapsulation of MB at various concentrations. Blue colloids
were formed at all MB concentrations (Figure 2A). Under a
high-speed (6000g) centrifugation protocol, particle pellets

were visible in the bottom of the tube. After removing the
supernatant, water was added to the pellet followed by
vigorous pipetting (i.e., up and down for 30 s with a P1000
pipette). The photo images of Figure 2A show that most
particles were redispersible, leaving no residual pellet after
pipetting. However, the particle prepared at a low MB
concentration (i.e., 25 μM) was only slightly redispersible
with a visible pellet trace. This observation is consistent with

Figure 3. Particle morphology (SEM images) and chemical composition (from EDS analysis) of polysulfide organosilica colloidal particles. (A)
Preparation from the disulfide precursor (i.e., BTEDS) alone. (B) Preparation from the tetrasulfide precursor (i.e., BTETS) alone.

Figure 4. Morphology and size of particles obtained from various formulations. Colloidal particles were prepared with different compositions of
silane precursors: (A) BTEDS alone, (B) 80% BTEDS + 20% BTETS, (C) 50% BTEDS + 50% BTETS, (D) 20% BTEDS + 80% BTETS, and (E)
BTETS alone. (F) Particle size analyzed by ImageJ. N = number of particles analyzed. The white scale bar in each image represents 100 nm.
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the result of particle size measurements for the redispersed
particles: larger particles were measured for particles prepared
at lower MB concentrations (Figure 2A). The data suggest that
the particles prepared at a low [MB] were less stable and more
prone to aggregate. More stable colloidal particles (size: <0.5
μm) were produced at [MB] ≥ 80 μM (Figure 2A). Taken
together, MB seems to play a role in facilitating the formation
of a colloidal structure. For particles prepared with the
disulfide silane, the encapsulation efficiency of MB was greater
than 60% at all MB concentrations (Figure 2A).
Second, the tetrasulfide-silane (BTETS) was tested under

the same preparation conditions. As can be seen, particles
produced were redispersible for all MB concentrations (photo
images, Figure 2B). In addition, after washing, particles with
hydrodynamic sizes of <200 nm were collectable (data, Figure
2B) and the encapsulation efficiency can be as high as 90%
(Figure 2B). The results suggest that the tetrasulfide silane
precursor has a higher tendency than the disulfide counterpart
in forming a self-assembled structure after condensation. This
conjecture is consistent with the SEM images showing much
smaller particles for the tetrasulfide than disulfide samples
(Figure 3). The atomic distribution of the particle was revealed
by EDS measurements applied to the SEM sample. A higher
percentage of sulfur was detected in the sample prepared from
the tetrasulfide silane.
To demonstrate the versatility of the proposed method, the

two silanes at various proportions were used to form mixed
silane precursors in the preparation. As shown in Figure 4, the
colloidal particles were almost homogeneous under the
microscopic field of SEM (images A−E). The mean particle
sizes decrease with increasing fractions of tetrasulfide
component, from ∼120 nm down to ∼70 nm (Figure 4F).
The coefficient of variation (%CV) is less than 20%. Moreover,
the encapsulation efficiency was tunable from ∼60 to 80%
(Figure 5). The mixed-sulfide particle preparations showed
comparable hydrodynamic size distributions in water and in a
culture medium (Figure 6A). The particles were negatively
charged (−20 mV) in pure water. In the culture medium with

serum, the negativity of the surface charge was significantly
reduced to a nearly neutral value (Figure 6B), suggesting
coverage of proteins on the particle surface.

2.3. Release and Photodynamic Activity of MB-
Loaded Colloids. A dialysis-bag approach was used to
determine the rate and extent of MB released from particles.
Figure 7 indicates that, compared with fast and complete
release of free MB (control), release of MB from MB-colloid
was almost undetectable within 10 h; the maximum release was
about 3% at 48 h. The result indicates that MB is very stably
incorporated in the particle matrix.
The photodynamic activity of MB-loaded colloids was tested

with a method modified from He et al.15 Under red-light
irradiation, the fluorescence intensity of a fluorescent chemical
probe, 1,3-diphenyl-2-benzofuran (DPBF), was reduced by the
presence of MB. Figure 8 shows a first-order kinetic decay of
the fluorescence intensity. The data show that free MB exerted
a fast fluorescent quenching effect with an estimated first-order
rate constant of 0.012 s−1. However, all colloidal formulations
(F1−F5), regardless of silane composition, show markedly
diminished photodynamic activity (∼25% of free MB). The
result reinforces that MB is firmly and stably sequestered in the
particle matrix, thereby limiting the direct interaction of MB-
derived reactive species with the fluorescent probe.

2.4. Reactivity toward Reducing Agents. Polysulfide-
containing silica particles have been considered as thiol-
responsive, which is a promising property for biomaterials of
various applications.27,28 The rationale is that disulfide or
polysulfide linkages would react with high abundance of
endogenous thiols such as glutathione (GSH) or cysteine.29,30

The resulting breakage of the sulfide linkage is expected to
cause disassembly of the particle structure, thereby allowing
the payload to be released in a thiol-responsive manner. To
test the thiol reactivity of our polysulfide colloids, we first
incubated colloids with glutathione and measured the
concentrations of GSH over time. The results show that the
decay rate of GSH levels in solution increases with increasing
particle concentrations (Figure 9). However, the reaction is
slow (i.e., 6−11% per hour, based on the magnitude of the
first-order rate constant). We further investigated whether
incubation of polysulfide particles with a high concentration
(10 mM) of GSH or DTT (dithiothreitol) would affect the
particle size. The result shows that particle sizes did not change
significantly over 120 h of incubation (data not shown). The
finding is consistent with a low surface sulfur content observed
from the EDS analysis (Figure 3). Low accessibility of disulfide
bonds may account for high stability of our particles.
MB is known to rapidly react with ascorbic acid, resulting in

loss of its blue color (bleaching).50 Conceivably, if MB was
stably packed in a colloidal matrix, then the ascorbate-
mediated bleaching effect would be prevented because of
limited MB accessibility. Figure 10 demonstrates the protective
effect of the colloidal particle against ascorbate-mediated
bleaching of MB. It shows that free MB solution lost its blue
color even at the lowest concentration (i.e., 10 mM) of
ascorbate (Figure 10B). In comparison, MB-colloids remained
blue at the highest concentrations (100 mM) of ascorbate
(Figure 10A). After centrifugation, the blue particle pellets
were clearly visible at the bottom of tubes.

2.5. Cytotoxicity. The cytotoxicity of MB-loaded colloids
was investigated using the MTT assay. While free MB showed
slight cytotoxicity against some cell lines, the MB-loaded

Figure 5. Encapsulation efficiency of MB in colloidal MB
formulations with varied composition of disulfide and tetrasulfide
silane precursors. An aliquot of 0.2 mL of the organic phase
(containing BTEDS and/or BTETS at various ratios, after 6 h of
reaction) was injected into 0.8 mL of water containing 160 μM MB.
After centrifugation (21,130g, 25 °C, 15 min), the remaining
concentration of MB in the supernatant was determined for the
estimation of encapsulation efficiency. Mean ± S.D. (n = 3).
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colloid showed much reduced cytotoxicity or no toxicity at the
tested concentration range (Figure 11).
2.6. Cellular Uptake. The polysulfide organosilica colloids

represent a new class of nanocarriers for MB. Our MB-colloids
have the following features: high and stable MB-loading and
low cytotoxicity. Such properties may have little therapeutic
potential owing to limited MB release. However, the low-
release potential of fluorescent MB is ideal for tracing particles
during cellular transport of colloidal particles. To demonstrate
this premise, we conducted a preliminary cellular uptake study
using both direct fluorescent measurements and flow
cytometry. As expected, the direct measurement showed
substantial cellular MB uptake after incubating a cancer cell
line with free MB (Figure 12); the percent uptake reached 37%
after 4 h of incubation. In contrast, the cellular uptake of the
MB-colloid was only 0.7%, indicating very low cellular uptake
of nanoparticles.51 The flow cytometric data shown in Figure
13 are consistent with the direct fluorometric assays.

3. CONCLUSIONS
In this study, MB was encapsulated in polysulfide organosilica
colloids with high efficiency and stability. We demonstrate that
colloidal particles can be directly formed from disulfide and/or
tetrasulfide organosilanes based on the silica ouzo effect. The
proposed method allows for preparing colloidal MB with
tunable particle size (70−120 nm) and loading (encapsulation
efficiency 60−80%). MB was stably entrapped within the
organosilica matrix, with low MB release (<1% at 4 h and
<3.5% at 48 h), low reactivity toward light and reducing agents,
and low cytotoxicity. Having the abovementioned properties,
we envision a new application of colloidal MB as a fluorescent
particle tracer for the study of nano-bio-interactions.

4. MATERIALS AND METHODS
4.1. Chemicals. Bis[3-(triethoxysilyl)propyl] disulfide

(BTEDS) and bis[3-(triethoxysilyl)propyl] tetrasulfide
(BTETS) were obtained from Gelest (USA). Dimethyl

Figure 6. (A) Hydrodynamic particle size distribution and (B) zeta potential of colloidal MB in water and culture medium. Colloidal MB was
prepared from mixed silane (50% BTEDS and 50% BTETS). Mean ± S.D. (n = 3).

Figure 7. Release profile of colloidal MB compared with that of free
MB. A 1 mL solution of colloidal MB (prepared from mixed silane of
BTEDS and BTETS at a 1:1 ratio) or free MB at an equivalent
concentration of 50 μM was added into a dialysis bag (1 mL), which
was then immersed in 250 mL of PBS followed by the procedures
described in Section 4. Mean ± S.D. (n = 3).

Figure 8. Photodynamic activity of colloidal MB compared with that
of free MB. Five formulations (F1−F5, as described in Figure 4) of
colloidal MB and free MB were tested at an MB concentration of 5
μM. The reaction solution contains 10 μM 1,3-diphenyl-2-benzofuran
(DPBF, as the chemical probe) in ethanol. Blank control: ethanol.
Mean ± S.D. (n = 3).
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sulfoxide and Tris base were from J.T. Baker (USA). The
following materials were from Sigma-Aldrich (USA): methyl-
ene blue hydrate, poly(vinyl alcohol) (PVA, MW: 9000−
10,000, 80% hydrolyzed), glutathione reduced, paraformalde-
hyde, DMEM, powder, 5,5′-dithiobis(2-nitrobenzoic acid,
DTNB), and sodium acetate. An F-12K medium was obtained
from Corning (USA). Ethanol (>99%) was from Honeywell
(Germany). Hydrochloric acid was from Merck (Germany).
Fetal bovine serum, penicillin, and streptomycin were
purchased from Gibco (USA). Deionized water (18.2 MΩ·
cm at 25 °C) was used throughout the study (ELGA Ultra
Scientific water-purification system, France).
4.2. General Procedures of the Silica Ouzo Effect. In

this study, the preparation of this MB-loaded polysulfide
colloid was modified from our previous study.46−49 The
organosilanes used were organosilanes with disulfide and
tetrasulfide linkages (Scheme 1). The silica ouzo effect involves
solvent shifting between an organic (solvent) phase and a

water (non-solvent) phase. Ethanol was used throughout as the
main solvent. Briefly, the organosilane precursor (0.514−0.547
mL of the original solution, depending on silane composition)
was first dissolved in ethanol (8.95−8.98 mL) followed by
adding HCl (0.5 mL, 200 mM) to make an alcoholic solution
containing 100 mM silane and 10 mM HCl in a total volume
of 10 mL. The organic phase was placed in the dark without
stirring at room temperature. At the end of a predetermined
reaction time, an aliquot of the organic phase was taken and
rapidly injected into deionized water. For small volume
preparation, a micropipette was used to withdraw and inject
the organic phase (e.g., 0.25 mL, unless otherwise specified)
into a 1 mL water phase in microcentrifuge tubes. For a larger
scale, a syringe with a 27G needle was used to take and inject
(within 4 s) an aliquot of the organic phase (e.g., 2.5 mL) into
the 10 mL water phase (with constant stirring at 300 rpm). For
drug loading, the water phase was made to contain methylene
blue at 160 μM (unless otherwise specified) before the solvent-
shifting process.

Figure 9. GSH decomposition rate as a function of relative
concentration of polysulfide colloid. The first-order rate constant
was determined from the log-linear kinetic profile of GSH
disappearance over 12 h in the presence of various colloid
concentrations. Colloidal MB was prepared with BTEDS/BTETS at
a 1:1 ratio. After purification, colloidal particles were redispersed in
water and the turbidity of the colloidal dispersion was measured.
Serial dilutions were performed to prepare samples with different
colloidal concentrations (relative to an initial concentration). Mean ±
S.D. (n = 3).

Figure 10. Ascorbate reactivity. (A) Colloidal MB. (B) Free MB.
Colloidal MB and free MB (10 μM) were mixed with an equal volume
of ascorbate solution. Blue-colored particles were recovered as blue
pellets after centrifugation in the colloidal MB group.

Figure 11. Cytotoxicity of colloidal MB and free MB. Cell viability
(after 24 h of treatment) was measured using the MTT assay. Data
are expressed as % of control treatment (without MB); mean ± S.D.
(n = 3).

Figure 12. Cellular uptake of colloidal MB and free MB determined
by a direct fluorometric assay. A549 cells treated with colloidal MB or
free MB (6.25 μM) in PBS. The amount of intracellular MB was
extracted and directly determined based on a fluorometric standard
curve of MB. Data are expressed as % uptake (relative to the total
amount of MB added); mean ± S.D. (n = 3).
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4.3. Preparation of MB-Loaded Polysulfide. To find the
optimal MB concentrations, the water phase was added with
various concentrations of MB (25−160 μM). The organic
phase contained either the disulfide silane or the tetrasulfide
silane (100 mM) dissolved in ethanol with 10 mM HCl. The
organic phase was then allowed to stand at room temperature
in the dark for 6 h followed by rapidly injecting 2.5 mL of the
organic phase to 10 mL of the water phase. The resulting
colloidal solution was kept at 60 °C for 1 h (aging) followed by
adding with an equal volume of 0.2% PVA aqueous solution.
Then, the colloidal particles were purified and collected by
extensive centrifugation and replacement of fresh water three
times. Finally, the particle pellets were resuspended with water
and subjected to measurements of particle sizes and
encapsulation efficiency.
The effect of varying silane composition on particle

formation and MB encapsulation was further investigated.
The concentration of MB in the water phase was fixed at 160
μM. The composition of the organic phase was modified to
contain a mixture of the two polysulfide silica precursors,
BTEDS and BTETS, at different combination ratios, i.e., 100%
BTEDS, BTEDS/BTEDS = 80%/20%, 50%/50%; 20%/80%,
and 100% BTETS. All the other conditions, including solvent
shifting, aging, and washing, were kept unchanged, unless
otherwise specified.
Hydrodynamic diameters and zeta potentials were recorded

based on dynamic light scattering (Zetasizer Nano, Malvern,
UK). The encapsulation efficiency (EE%) of MB was
estimated from the fluorescence measurement (excitation/
emission = 610 nm/690 nm, gain = 117; Spark 10M, TECAN,
Austria) of remaining MB in the supernatant using the
following equation: EE (%) = (Ctheoretical − Csupernatant)/
Ctheoretical × 100, where Ctheoretical represents the theoretical
concentration of MB in the final solution without particles and
Csupernatant is the concentration of MB in the supernatant after
nanoprecipitation.
4.4. Scanning Electron Microscopic (SEM) Analysis.

The morphology of the colloidal particles was examined by a
field-emission scanning electron microscope (JEOL, JSM-
7600F). The colloid sample (1 μL) was placed on a glass cover
slip and then air-dried overnight. After platinum coating for
120 s using metal deposition (vacuum evaporator, JEE-400;

auto fine coater, JFC-1600), the image was taken at 5.0 kV, SEI
mode. The SEM samples were further evaluated for the atomic
distribution using energy dispersive X-ray analysis (EDS;
Oxford Aztec X-Max80).

4.5. Release of MB from Colloidal Particles. A 1 mL
sample (free MB solution or MB-loaded colloids) was added in
a dialysis bag (molecular cutoff = 12−14 kD). The
concentration of MB in the initially added sample was 50
μM. The bag was immersed in 250 mL of PBS (pH 7.4, 37 °C)
under constant stirring (300 rpm). After each sampling time,
25 mL of the release medium was taken for assay and the
original solution supplemented with the same volume of fresh
PBS. The concentration of MB was directly measured using a
fluorescent microplate reader (excitation/emission = 610 nm/
690 nm, gain = 117; Spark 10M, TECAN, Austria). The
cumulative amount of MB release (expressed as percentage of
initially added amount) was estimated using the following
equation: = × ∑ +−V C V C A%release 100 ( )/i

n
i ns

1
0 , where Vs

is the sampling volume (25 mL); V0 is the total volume of the
release medium, i.e., 250 mL; Ci is the concentration of analyte
at each time point (i = 1 to n); and A is the total drug amount
initially added.

4.6. Photodynamic Activity. The method reported by He
et al.15 was used with modification. The MB-loaded colloidal
preparations (containing 10 μM MB) was centrifuged at 9000g
(25 °C, 15 min) followed by removal of the supernatant. The
particle pellet was redispersed in equal volume of ethanol. 1,3-
Diphenylisobenzofuran (DPBF) was used as a fluorescent
indicator. The indicator solution was freshly prepared and
diluted in ethanol to make a final concentration of 20 μM
DPBF (avoiding light during and after preparation). An aliquot
of 50 μL ethanolic particle solution was then mixed with an
equal volume of the indicator solution to start the kinetic
measurements (0−600 s) under the irradiation of red LED
light (at 640 nm, 2400 lux). The fluorescence intensity was
recorded at an excitation/emission of 384 nm/450 nm (gain =
60).

4.7. Reactivity of Polysulfide Colloidal Particles
toward Reducing Agents. Glutathione (GSH) was
dissolved and diluted in a 100 mM phosphate buffer to
make a 200 μM GSH solution. MB-loaded colloidal particles
(prepared from mixed silanes of BTEDS/BTETS = 50%/50%)

Figure 13. Kinetics of cellular uptake of colloidal MB and free MB determined by flow cytometry. (A) A549 cells. (B) MDA-MB 231 cells. Mean ±
S.D. (n = 3).
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were dispersed in 1 mL of the phosphate buffer followed by
twofold serial dilutions to prepare five samples with different
particle concentrations. Then, 1 mL of each sample was mixed
with 1 mL of GSH solution. The final solution mixtures have
turbidity (absorbance at λ = 800 nm) readings of 1.48, 0.80,
0.44, 0.25, and 0.14. At each sampling time, 0.2 mL of the
solution mixture was taken for centrifugation (21,130g, 15
min). The supernatant (100 μL) was mixed with the same
volume of Ellman’s reagent (containing DTNB (0.2 mM),
sodium acetate (5 mM), and Tris base (200 mM)) for 15 min
to determine the remaining GSH concentration.
To test the reactivity with ascorbate, 0.5 mL of free MB or a

particle preparation (containing 10 μM MB) was directly
mixed with 0.5 mL of ascorbate solutions (with final
concentrations after mixing ranging from 10 to 100 mM).
The mixtures were then observed at room temperature for 30
min.
4.8. Cell Culture and Cytotoxicity Assay. A549 and

MDA-MB-231 were purchased from Bioresource Collection
and Research Center (BCRC) in Taiwan. A549 was cultured in
Ham’s F-12K (Kaighn’s) medium. MDA-MB-231 was cultured
in Dulbecco’s modified Eagle medium. All culture media were
supplemented with 10% fetal bovine serum, 100 IU/mL
penicillin, and 100 μg/mL streptomycin. Cells were incubated
in a humidified controlled atmosphere with an air/CO2 ratio of
95%/5% at 37 °C.
Cytotoxicity of free MB and colloidal was determined by the

MTT assay. All cell lines were seeded and incubated in 96-well
plates (3599, Costar) at a density of 2 × 104 cells/well. After
24 h, the culture medium in each well was removed and then
replaced with a medium containing free MB or colloidal MB at
various concentrations (up to 100 μM). After 24 h of
incubation, the drug-containing medium was removed, and to
each well 100 μL of MTT (0.5 mg/mL) was added and
incubated for 3 h. After removing the MTT solution, DMSO
(100 μL/well) was added to dissolve the formazan dye. The
absorbance at 570 nm was measured using a microplate reader
(Spark 10M, TECAN, Austria). The cell viability was
expressed as percentage of measured absorbance of MB-
treated wells relative to that of the medium-control well. Data
were obtained from three independent experiments.
4.9. Cell Uptake Kinetics. The direct fluorometric method

was used with modification.52 For the direct fluorometric
method, the A549 cells (2 × 106 cells/well) were seeded and
incubated in a six-well plate for 24 h to allow cell attachment.
The plate was then placed at 4 °C for 30 min.53 After removing
the culture medium, each well was supplemented with 2 mL of
dosing medium containing 6.25 μM of free MB or colloidal
MB and incubated at 37 °C. At each sampling time (0, 0.5, 1,
1.5, 2, and 4 h), the medium was completely removed, and
cells were washed twice with 2 mL of cold PBS (4 °C).
Cellular amount of MB was extracted by 200 μL of DMSO (30
min incubation) and determined by direct fluorometric
measurement (excitation/emission = 610 nm/690 nm, gain
= 73), based on a standard curve of MB.
The flow cytometric method was described as below. A549

or MDA-MB-231 cells were seeded in a 6 cm dish (1 × 106

cells/dish) and allowed to attach in a culture medium for 24 h.
Before drug treatment, the culture dishes were placed at 4 °C
for 30 min. Then, the medium was replaced with 2 mL of
dosing medium containing free MB or colloidal MB (at MB
concentrations of 3.13, 6.25, and 10 μM). At different times (0,
0.25, 0.5, 0.75, 1, 2, 3, 4, and 6 h), the dosing solution was

removed, and cells washed twice with 2 mL of cold PBS
followed by trypsinization (with 1 mL of 0.05% trypsin) and
centrifugation (1000 rpm, 5 min) to collect cells. After
removing the supernatant, cells were resuspended with 750 μL
of PBS, to which 250 μL of 16% formaldehyde was added to fix
the cells. After fixation (20 min), the cell pellets were collected
by centrifugation (1000 rpm, 5 min) and resuspended in 1 mL
of PBS and then stored at 4 °C. Flow cytometric analysis was
conducted using a flow cytometer (Cytoflex, Beckman
Coulter) with the following parameters: 638 nm laser; APC-
700 filter; forward versus side scatter (FSC vs SSC) gating;
15,000 events.
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