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1. Results and Discussion
1.1. Loading Lysozyme into MSNs
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Figure S1. The loading capacities of MSNs.

1.2. In Vitro Lysozyme Release

In vitro lysozyme release studies were performed to determine the release of the drug
in neutral pH conditions after the first PDDMA polymer coating process, and to answer
the question of whether it is released under acidic conditions after the second SpAcDEX
coating. For comparison, release of the lysozyme was also performed before coating pro-
cesses. The release profiles were compared in pairs to calculate the factor f2, according to
Equation 51. The factor values for f2 were found to be 33.82, 40.92, and 32.95 for the com-
parison of release profiles as follows: MSNs without coating: PDDMA@MSN; MSNs without
coating:  SpAcDEX-coated PDDMA@MSN; and PDDMA@MSN: SpAcDEX-coated
PDDMA®@MSN, respectively. Finding the values of f factors between 0 and 50 showed that
there was a significant difference between the profiles. As seen in Figure S2, lysozyme was
released in pH 7.4 phosphate buffer in a sustained manner as almost 45% was released
after 4 hours and 86% was released after 18 hours of incubation. After the first coating
with PDDMA, the release slowed down as almost 22% was released after 4 hours and 86%
was released after 24 hours of incubation. On the other hand, in acidic pH, lysozyme is
rapidly released from the particles that were also coated with a second SpAcDEX layer.
After 6 hours of incubation, 79% of the lysozyme was released (Figure S1). This provided
the desired release mechanism, since cancer cells are known to acidify their environment.

n 0.5

f2="50-logd [1+ LY (R~ T)° % 100

t=1

(Equation 51)
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Figure S2. In vitro release of lysozyme from MSNs without coating and PDDMA@MSN (in PBS
buffer pH 7.4 at 37°C), and SpAcDEX-coated PDDMA@MSN (in acetate buffer pH 5 at 37°C). Lines
are a visual aid.

To study the drug release kinetics, the experimental data were fit to four kinetic mod-
els, including zero-order, first-order, Higuchi, and Korsmeyer-Peppas equations. Consid-
ering the highest r2 values, in vitro release of lysozyme from MSNs without coating,
PDDMA@MSN and SpAcDEX-coated PDDMA@MSN has shown compliance mainly with
the Higuchi (12=0.973, 0.991 and 0.796, respectively) and Korsmeyer—Peppas kinetics
(r2=0.965, 0.995, and 0.744, respectively) (Table S1). Compliance with Higuchi kinetics in-
dicated that lysozyme, a hydrophilic drug, was primarily released by diffusion from the
porous structure of MSNs. The n values between 0.45 and 0.89 in Korsmeyer—Peppas ki-
netics for these formulations showed that both diffusion and erosion were effective in ly-
sozyme release.

Table S1. Results of analyses of in vitro release kinetics.

Kinetics MSNs without coat- PDDMA@MS SpAcDEX-coated
ing N PDDMA@MSN

Zero-order 12 0.886 0.840 0.615
ko 3.540 3.440 3.018
First-order 12 0.780 0.995 0.710
Ki 0.148 0.196 0.075
Higuchi 12 0.973 0.991 0.796
Ku 19.36 20.12 18.49
Korsmeyer—Pep- 12 0.965 0.995 0.744
pas n 0.481 0.451 0.559

1.3. Cytotoxicity

Cell studies were performed using HeLa cells to evaluate the cytocompatibility of the
SpAcDEX-coated MSNs using concentrations ranging from 1 to 50 pg/ml. Our results



Biosensors 2022, 12, 181

3 of 4

showed that the cell viability was higher than 80% after exposure to MSNs at a concentra-
tion of 1 pg/ml for 72 h. On the other hand, a decrease in cell viability was observed with
increasing concentrations of 10, 20, and 50 pug/ml of MSNs (Figure S3). Due to the highly
cationic nature of SpAcDEX and the presence of oligoamine spermine, the positively
charged nanoparticle surface easily interacts with the negatively charged cell membrane,
promoting high cell-nanoparticle interactions and internalization, resulting in dose-de-
pendent decrease in cell viability [1]. Here we note that the SpAcDEX coating is not
meant to be a coating as such for final use but is mainly used for its ample possibilities for
further functionalization given its abundance of amine groups. Once the amine groups
are consumed for functionalization, the high positive-charge density is also reduced,
which, in turn, reduces the cytotoxicity[2]. This phenomenon was observed for PEI, the
most cationic polymer available, which, as such, was also known for its high cytotoxicity
in multiple earlier studies when used as a coating for MSN by us and others [3].
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Figure S3. Cell viability of SpAcDEX-coated PDDMA@MSNSs performed with WST-1 cell prolifera-
tion assay.

2. Materials and Methods
2.1. In Vitro Lysozyme Release

Lysozyme loaded particles were dispersed in 1 ml of PBS buffer (pH 7.4) and samples
were shaken in a water bath shaker at 200 rpm at 37°C. At predetermined time intervals,
tubes were centrifuged at 13000 rpm for 5 minutes, separating the particles from the con-
tinuous phase. The supernatant, which contains the released lysozyme was subsequently
analyzed and 1 ml of fresh buffer replaced the withdrawn supernatant. The analysis was
performed by using the UV-Vis spectrophotometer, NanoDrop 2000c (Thermo Scien-
tific™). The concentration was calculated based on a standard calibration curve (Figure
S4). After a second coating of lysozyme-loaded particles with SpAcDEX, in vitro release
was performed in pH 5 acetate buffer.
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Figure S4. Calibration of lysozyme in PBS buffer pH 7.4 (A) and acetate buffer pH 5 (B).

2.2. Cytotoxicity

The cytotoxicity of PDDMA®@MSNs coated with SpAcDEX was evaluated using
WHST-1 cell viability assay (Roche Diagnostics, Mannheim, Germany). A total of 20,000
HeLa cells per well were grown in a 24-well plate in DMEM (10% fetal calf serum (FCS),
1% amino acids, and 1% penicillin—streptomycin), and incubated overnight to adhere.
Then, nanoparticles were sonicated for 2 min and added to 1 mL of prewarmed (37°C)
growth medium at four different increasing concentrations of 1 ug/ml, 10ug/ml, 20 ug/ml,
and 50 ug/ml. The growth media of the cells in 96-well plates were replaced with media
containing nanoparticles. DMSO (Dimethyl sulfoxide) was added at a concentration of
10% as a positive control, whereas negative control cells were untreated (pure cell media
only). After incubating the particles for 72 h at 37°C and 5% CO2, 25 uL of WST-1 cell
proliferation reagent (Roche Diagnostics) was added to the wells, and the plate was again
allowed to incubate for 2 h at 37°C, 5% COz. After the incubation period, the absorbance
was read at 430 nm by Varioskan microplate reader (Thermo Scientific™, The U.S.). The
number of viable cells was correlated with the observed absorbance from each individual
sample.
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