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Core-shell nanoparticles comprised of Fe304 cores and a mesoporous silica shell with an aver-
age expanded pore size of 6.07nm and coated with a poly(N-isopropylacrylamide) (PNIPAM)
layer (CS-MSNs-EP-PNIPAM) were prepared and characterized. The nanoparticles was loaded with
(Ru(bipy)s2*) dye or an antibacterial enzyme, lysozyme, to obtain CS-MSNs-EP-PNIPAM-Ru(bipy)s2*
and CS-MSNs-EP-PNIPAM-Lys, respectively. The lysozyme loading was determined to be 160 mg/g of
nanoparticle. It was seen that Ru(bipy);2* and lysozyme release was minimal at a room temperature of
25°C while at physiological temperature (37 °C), abrupt release was observed. The applicability of the
CS-MSNs-EP-PNIPAM-Lys was further tested with two Gram-positive bacteria samples, Bacillus cereus
and Micrococcus luteus. At physiological temperature, the nanoparticles were shown to reduce bacterial
growth, indicating a successful release of lysozyme from the nanoparticles. This nanoparticle system
shows potential as a nanocarrier for the loading of similarly sized proteins or other species as a drug
delivery platform.
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response to specific external stimuli [10]. In this particular field, a
number of different gated-MSNs responding to light [11-14], pH
[15-17], temperature [18-21], and certain bio-molecules [22-26]
as stimuli have been described.

1. Introduction

New drug delivery systems capable of releasing active molecules
in a controlled fashion have received significant attention recently

[1-3]. In particular, among the potential delivery platform materi-
als, such as polymers [4,5],liposomes [6,7], etc., mesoporous silica
nanoparticles (MSNs) have been widely used as carriers for the
storage and delivery of cargo species due to their distinctive prop-
erties, such as facile functionalization, high loading capacity, and
low toxicity [8,9]. One of the most appealing features of MSNs
that make them highly attractive for delivery is the possibility of
functionalizing the external surface of the material with sophis-
ticated molecular, macromolecular or supramolecular ensembles
to develop gated MSNs, which are able to demonstrate release in
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However, most MSN systems have their limitations, most
importantly the limiting pore size of 2-3nm. This small size
restricts the cargo selection and MSN use in some pharmaceuti-
cal and biomedical applications. In particular, with this pore size,
the vast majority of work done with release studies of MSNs uti-
lizes dyes or smaller cytotoxic derivatives. Vitamins [27], or natural
products such as garlic extract [28] have also been used as cargos.
While another type of MSNs template, SBA-15, does have pore sizes
sufficiently large for cargo such as cytochrome-C [29] or bovine
serum albumin [30], the nanoparticle diameter itself is typically
on the micrometer scale, thus drastically hindering its application
toward certain in vivo uses. In this context, the strategy of expand-
ing pores in MSNs is an appealing alternative method that shows
potential in improving MSNs for larger cargo delivery. Two impor-
tant and rapidly developing fields that take advantage of this are
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peptide and gene therapy. Contrasting conventional drug delivery,
which loads small molecules into MSNs, peptide and gene therapy
use much larger species, such as proteins [31] or DNA [32]. How-
ever, despite these examples, the design of capped MSNs able to
release large molecules is a field, which has not been fully explored.

An appealing physical stimulus that has been the focus of
many applications in the field of controlled release is tempera-
ture. This stimulus was one of the first used in the design of hybrid
organic-inorganic gated materials and a number of systems capped
with thermo-responsive polymers [33] have been reported where
fine cargo delivery control with paraffins [34] DNA and with [35],
etc. was achieved using changes of temperature in the medium.

In addition to the thermoresponsive gating behavior, core-shell
structured nanoparticles have recently been subject to extensive
research for the combined functionalities of both the cores and
outer layer, which enable them to be used in multiple applica-
tions. Some examples are nanoparticles consisting of a magnetic
iron oxide core and silica shell [36]. These core-shell systems
have shown great potential in particle separation, enzyme immo-
bilization, and bio-applications [37]. For instance biocompatible
superparamagnetic Fe;04 has been widely used for in vivo biomed-
ical applications including magnetic resonance imaging (MRI)
contrast enhancement [38], hyperthermia [39], etc.

Based on these previous concepts, our aim presented here is to
study the properties of core-shell mesoporous silica nanoparticles
(CS-MSNs) with expanded pores and capped with the thermo-
responsive polymer, PNIPAM, for protein release applications.
PNIPAM undergoes a sharp conformational change at ca. 32°C,
at which, above this temperature, the polymer collapses from an
extended brush. Previous studies have described the anchoring of
this polymer on mesoporous supports [40-42]. The authors found
that at low temperature the polymer was hydrated and extended
closing the pores and inhibiting cargo delivery, whereas, at higher
temperatures (above 32°C), the polymer was in its hydrophobic
and collapsed form allowing cargo release. The biocompatibility
of PNIPAM has been debated in literature and while it does not
biodegrade as other polymers such as polyethylene glycol or poly-
lactic acid, it has been tested in several instances found in literature
and shows little to no impact when used in low concentrations
[41,42]. By this rationale, the in vivo performance of such PNIPAM-
based nanoparticle delivery systems has been shown with various
cell cultures, but intensive clinical studies are lacking. The inclu-
sion of a magnetic core is solely a proof-of-concept that core-shell
MSN based platforms can be used in conjunction with pore expan-
sion and protein loading. It is our aim to demonstrate the potential
use of the CS-MSNs to load lysozyme. Lysozyme is an antibacterial
enzyme with an approximate diameter of ca. 3.9 nm which plays
a crucial role in targeting Gram positive bacteria as a first line of
defense in the human body [43,44]. Due to this, lysozyme is found
abundantly in the nasal and ocular membranes and its deficiency
often results in conjunctivitis or other increased incidences in ill-
ness [45]. The applicability of the temperature controlled delivery
of lysozyme from CS-MSNs is tested by observing its antibacterial
properties on Gram positive Bacillus cereus and Micrococcus luteus
bacteria.

2. Materials and methods
2.1. Materials

Ferric chloride hexahydrate (FeCl36H,0), ferrous chlo-
ride tetrahydrate (FeCl,4H,0), cetyltrimethylammonium
bromide (CTAB), tetramethyl orthosilicate (TMOS), trimethyl-
benzene (TMB), (3-aminopropyl) triethoxysilane (APTES),
a-bromoisobutyryl bromide (BIBB), N-isopropylacrylamide

(NIPAM), copper (I) bromide (CuBr), N,N,N,N’",N"-
pentamethyldiethylenetrimine (PMDETA), and lysozyme from
chicken egg white were purchased from Sigma-Aldrich and used
as received. Ammonium hydroxide (NH4OH), hydrochloric acid
(HCI), sodium hydroxide (NaOH, pellets), ethanol, methanol,
triethylamine (TEA), 2-propanol, and anhydrous toluene were
purchased from Scharlab and used as received, unless otherwise
noted. The Biotechnology Department of Polytechnic University of
Valencia provided Colonies of B. cereus and M. luteus.

2.2. Synthesis of the Fe30,4/SiO, nanoparticles

The synthesis of the core shell mesoporous nanoparticles
(CS-MSNs) follows a straightforward, stepwise reaction mech-
anism. The synthesis of the Fe304 cores was done by a
co-precipitation method, using FeCl, and FeCl3 precursor [36]. The
MSN shells were produced by the sol-gel method using CTAB as
the templating surfactant and TMOS as the silica precursor [32].
Pore expansion was done as follows. The dried CS-MSNs were dis-
persed in 10 mL of ethanol, ultrasonicated, and a 1:1 mixture of
TMB/H;0 (20 mL total) was added and then autoclaved at 140°C
for 3 days. Afterwards, the nanoparticles were removed by cen-
trifugation, copiously rinsed with ethanol and distilled water and
dried at 60°C to obtain CS-MSNs-EP.

2.3. Surface functionalization of amine and bromine groups

250 mg of CS-MSNs-EP were mixed with 10 mL of anhydrous
toluene and 0.5 mL of APTES at 80°C for 24 h. The nanoparticles
were sonicated, centrifuged, and rinsed with ethanol and water,
and then vacuum dried. The surfactant template was then removed
through refluxing with acetone at 60 °C for 48 h, using fresh acetone
after 24 h. From this, 150 mg were then mixed with 50 L of TEA in
5mL of anhydrous toluene. The mixture was cooled to 0°C using
an ice bath and 200 pL of BIBB in 2 mL of dry toluene was injected
drop wise under Argon atmosphere. The reaction was carried out
at 0°C for 1h and then allowed to increase to room temperature
and continue for 24 h. The CS-MSNs-EP-BIBB were then filtered,
rinsed with ethanol and water, and vacuum dried (see Scheme 1).

2.4. Atom transfer radical polymerization (ATRP) of PNIPAM

ATRP was used to graft PNIPAM onto CS-MSNs-EP-BIBB. A ratio
of 25 mg of CS-MSNs-EP-BIBB to 0.25 g of NIPAM, 25 mg of CuBr,
and 10 mL of 2-propanol/water (1:1) was used. Nitrogen gas was
bubbled through the solution for 30 min and the entire system
was purged with vacuum and flushed with Argon gas. Afterwards,
60 wL of PMDETA was injected into the system and polymeriza-
tion run for 3 h. The resulting CS-MSNs-EP-PNIPAM nanoparticles
were centrifuged and rinsed copiously with water (see Scheme 1).

2.5. Dye and lysoyzme loading/release

Loading with tris(bipyridine) ruthenium(Il) chloride
(Ru(bipy)32*) dye was done prior to lysozyme to probe the
efficacy of the PNIPAM gating. Briefly, two vials each contain-
ing 6mg of Ru(bipy);2* and 10mg of CS-MSNs-EP-PNIPAM
were mixed in 1mL of deionized water at 37°C for 48 h. After-
wards, the nanoparticles were filtered and ice cold water was
rinsed through the particles. The Ru(bipy)s;2* loaded nanopar-
ticle (CS-MSNs-EP-PNIPAM-Ru(bipy);2*) was dried in vacuum
overnight at 25°C. Release measurements were performed using
two vials in their respective water baths, one designated for
25°C and the other for 37°C. At each designated time for the
two vials, 200 pL was removed from each vial. The supernatant
was collected from centrifugation at 10,000 rpm for 2 min and
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then its fluorescence measured with a fluorospectrometer. The
lysozyme loading and release was done in phosphate buffer saline
(PBS 1X) prepared with the following quantities: 2 g NaCl, 50.9 mg
KCl, 285 mg NayHPO4, and 63.6 mg KH,PO4. Briefly, a solution of
50 mg lysozyme per 50 mg of CS-MSNs-EP-PNIPAM in 5 mL PBS
1X was prepared and gently stirred for 48 h at 37 °C. The rinsing
and drying procedure of the final CS-MSNs-EP-PNIPAM-Lys were
identical to the Ru(bipy);2* loaded system. The release was done
similarly using water baths at 25 and 37°C. Aliquots of 500 pL
were removed at each time interval, centrifuged, and measured
with UV/vis spectroscopy.

The amount of lysozyme loaded in the
CS-MSNs-EP-PNIPAM-Lys was determined via absorption
measurements of the lysozyme absorption band at 280 nm of the
loading solution of lysozyme alone and after incubation with the
CS-MSNs-EP-PNIPAM nanoparticles at 37 °C after a 48 h period:

loading abs — postloading abs)
loading abs

[Lys] = [Lyso] (

where [Lys] denotes the concentration of lysozyme that was
uptaken into the CS-MSNs-EP-PNIPAM-Lys, [Lysg] is the concen-
tration of lysozyme in the original loading solution, and abs is the
absorbance measured from UV-vis spectrometry.

2.6. Bacteria culture conditions

For viability studies, Gram positive bacteria strains of B. cereus
and M. luteus were used, kindly provided by the Biotechnology
Department of UPV. All the bacterial experiments were performed
in the Institute for Plant Molecular and Cellular Biology in UPV. Bac-
teria cells were grown and maintained in difco nutrient broth (DNB)
medium supplemented with 2% of bacto-agar. For the assays, B.
cereus and M. luteus cells were grown for 24 h at 28 °C and constant
stirring with 5 mL of DNB medium. Then bacteria cells from 1 mL
cultures were collected by centrifugation for 30s at 13,000 rpm
and resuspended in 1 mL of DNB medium. After that, a dilution
of 106 cells/mL was prepared as the final working bacteria con-
centration. The same procedure was carried out for all viability
assays.

2.7. Cytotoxicity assays

The in vivo assay consisted of a cytotoxicity analysis in 96-
well plate format. Briefly, swabs of a colony of B. cereus and M.
luteus were placed into difco nutrient broth medium and allowed
to grow overnight at 28 °C. The following day, a mixed solution of
bacteria and CS-MSNs-EP-PNIPAM-Lys was prepared, with a final
bacterial concentration of 106-colonies/mL. The nanoparticle con-
centrations studied for CS-MSNs-EP-PNIPAM-Lys were 0.25 and
0.5 mg/mL in DNB medium. Also, a negative control was prepared
in order to quantitate cell growth. The CS-MSNs-EP-PNIPAM-Lys
bacterial solutions were then incubated with stirring at either
28°C or 37°C for 24 h. After the incubation time, bacterial growth
was determined turbidimetrically through optical density mea-
surements (ODgyg) using a 96-well plate and an aliquot of 200 L
with a Thermo Scientific Multiskan FC multimode plate reader.
CS-MSNs-EP-PNIPAM-Lys and growth medium solutions were
included as baselines. Two replicates were prepared for each sam-
ple. Data represented are the mean+S.E. of two independent
experiments, giving n=4 as a total sample size.

2.8. Characterization of materials
XRD was performed using Bruker AXS D8 Advance using Cu

Ka radiation. TEM images were obtained from a JEOL2100F TEM
at 100kV accelerating voltage. A Malvern Zetasizer Nano ZS was

used for the DLS measurements. Porosity characterization was done
with a Micromeritics ASAP2020 using BJH method. Samples were
degassed at 120°C overnight prior to the analysis. UV-vis spec-
troscopy was done using a PerkinElmer Instruments Lambda 35
UV/vis spectrometer. Infrared spectroscopy (IR) was performed
with a Bruker Platinum ATR. Optical turbidity measurements of the
bacterial solutions were done using a Thermo Scientific Multiskan
FC multimode plate reader.

3. Results and discussion
3.1. The PNIPAM-coated nanoparticles

As mentioned in the previous section, pore expansion to
obtain CS-MSNs-EP was carried out by adding a suspension of
the nanoparticles in ethanol to TMB/H,0 and the mixture then
hydrothermally treated in an autoclave. The mechanism through
which TMB expands the pores can be considered as a pseudomor-
phic transformation where the internal pore structure is changed
[46]. The transformation implies a certain re-dissolution of the
CS-MSNs favored through hydrothermal treatment. If so, each
nanoparticle would behave like a nanoreactor in which incipient
silica dissolution and self-assembling with in situ generated TMB-
expanded micelles would occur with minimum and short-distance
mass-transfer. By doing so, the pore surfactant micelle is expanded
and the resulting porosity framework of the MSN is enlarged as
well.

The expected performance of the final nanoparticles in terms
of controlled release is shown in Scheme 2. The nanoparticles are
expected to be capped at room temperature, whereas cargo deliv-
ery would be observed at physiological temperature.

3.2. Characterization of the nanoparticles

The prepared materials are characterized by standard tech-
niques. Fig. 1 shows the powder X-ray diffraction (XRD) patterns
of the CS-MSNs as-synthesized and the corresponding nanopar-
ticles after pore expansion, i.e. CS-MSNs-EP. XRD at low angle
of the CS-MSNs as-synthesized support shows the four typical
low-angle reflections of a hexagonal-ordered mesoporous matrix
indexedat(100),(110),(200)and (2 10)Bragg peaks (see Fig. 1a).
Additionally, Fig. 1b displays the XRD of the CS-MSNs-EP after
TMB hydrothermal treatment. In this case, all the low angle peaks
completely disappear due to the complete reorganization of the
internal mesostructure after pore expansion. As a result, no infor-
mation regarding the possible porosity of these nanoparticles can
be extracted from XRD data. A second feature in the XRD spectra of
both the CS-MSNs and CS-MSNs-EP, shown in Fig. 1, is the pres-
ence of the characteristic peaks of Fe304 in the 28° < 20 <68° range.
The XRD of the Fe304 phase matches closely to similar systems
previously reported [36]. The relative intensity of the Fe304 peaks
slightly increase after the hydrothermal treatment in presence of
TMB, taking into account as reference the intensity of the broad
signal centered at ca. 25°, typical of non-ordered silica materials.

More information regarding the different morphology and
texture of the CS-MSNs and CS-MSNs-EP can be obtained by trans-
mission electron microscopy (TEM) studies. Fig. 2 shows the TEM
images of the core-shell nanoparticles prior and after pore expan-
sion. In the former, a porous appearance similar to that of a typical
MCM-41 mesoporous phase is observed, whereas after exposure
to TMB, the mesostructure is drastically modified. The original
ordered pores evolve into larger and disordered pores. Moreover,
TEM images (before and after the hydrothermal treatment) show
dark spots associated to the Fe304 cores. The porosity of the meso-
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Fig. 1. Low angle XRD of (a) the as-synthesized CS-MSNs and (b) CS-MSNs-EP. Inset: high angle XRD showing the charatcteristic reflections of the Fe;04 cores.

porous silica is difficult to observe in CS-MSNs-EP-PNIPAM due to
the polymer coating around the nanoparticles.

N, Adsorption-desorption studies on CS-MSNs and
CS-MSNs-EP were carried out in order to study the pore expan-
sion in more detail. The N, adsorption-desorption isotherm of
CS-MSNs is shown in Fig. 3. This curve shows two well-defined
adsorption steps. The first, at an intermediate relative pressure
(0.2<P|Py<0.4), is characteristic of type IV isotherms and can
be related to capillary condensation of N, inside the intra-
nanoparticle mesopores. The second and small step, at a high
relative pressure (P/Py >0.9), corresponds to the filling of the large
pores among the primary nanoparticles and is associated to a
small proportion of textural porosity. From the application of the
BJH model on the adsorption branch of the isotherm, intraparticle
mesopore diameter and pore volume are calculated to be 2.94 nm
and 0.68cm3g-!, respectively (see Table 1). The absence of a
hysteresis loop within this pressure range (0.2 < P/Py <0.4) and the
narrow BJH pore distribution suggest a cylindrical uniformity of

100 nm

the intraparticle mesopores. Additionally, using the BET model, a
total specific area of 907.2 m2 g1 is calculated.

For CS-MSNs-EP, a smaller specific surface area (581.5m2g1)
but a larger N, adsorbed volume (0.86cm3g~!) is observed when
compared with the CS-MSNs. Table 1 shows these values together
with pore diameters and volume observed for the textural poros-
ity for CS-MSNs-EP. N, adsorption—desorption studies allows the
study of the pore expansion of CS-MSNs-EP when compared with
CS-MSNs. Fig. 3b show the N, adsorption curve and the pore size
distribution (in the inset) of the nanoparticles with expanded pores
(CS-MSNs-EP). The two N, adsorption steps are preserved after
the hydrothermal treatment. The shift of the first adsorption step
towards higher relative pressure values (0.4 < P[Py <0.8) is the con-
firmation of the pore expansion achieved. This step maintains a
type-1V isotherm but with a marked H1 hysteresis loop. The pore
size distribution curve shows a maximum centered at 6.07 nm and
a broad shoulder extending to 9nm. The larger mesopores and
the wider pore size distribution observed when compared to the

100 nm

Fig. 2. TEM images of a single (a) CS-MSN, (b) CS-MSN-EP, and multiple (c) CS-MSNs-EP, and (d) CS-MSNs-EP-PNIPAM.
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Fig. 3. Nitrogen adsorption-desorption isotherms for (a) CS-MSNs and (b) CS-MSNs-EP materials. The inset in (a) and (b) shows the pore size distribution of the CS-MSNs
and CS-MSNs-EP materials, respectively.

Table 1
BET specific surface values, pore volumes and pore sizes calculated from the N, adsorption-desorption isotherms for CS-MSNs and CS-MSNs-EP.

Specific surface (m2/g) Pore diameter (nm) Specific volume (cm?/g) Pore diameter (nm) Specific volume (cm3/g)

Mesopore Textural pore
CS-MSNs 907.2+0.6 2.94(5) 0.68 39.3(8) 0.14
CS-MSNs-EP 581.5+0.7 6.07(5) 0.86 54.5(9) 0.19

CS—-MSNs derivatives are consistent with the information extracted
from TEM images and XRD data.

Kim et al.[32] reported pore sizes up to 23 nmin diameter with a
similar TMB treatment on mesoporous materials, but as seen here,
the extent of pore expansion we obtain is 3-4 times less. While not
investigated in depth, the core-shell structure seems to reduce the
degree of pore expansion as for instance TMB as a pore-swelling
agent with Fe304/SiO, core-shell nanoparticles was also used by
Zhang et al. [47] and pores of only 3.77 nm size were reached. The
difference here can be attributed to their selection of TMB addi-
tion directly to the vessel during MSN synthesis as opposed to
the separate hydrothermal treatment done here. Nevertheless it
is important to note that in the nanoparticles, most pore diame-
ter values are greater than the 3.9 nm, which is the approximate
diameter of lysozyme, indicating that pore-expanded CS-MSN is
suitable for encapsulation of this enzyme.

Further studies using Fourier transform infrared spectroscopy
(IR) were carried out in order to assess the functinalization pro-
cess of the expanded-pore CS--MSNs-EP support with the PNIPAM
polymer. Fig. 4(a) shows the IR spectra of the CS-MSNs-EP after
subsequent additions of APTES, BIBB, and NIPAM (see Scheme 1).
Amine bending, carboxyl, and amine stretch peaks can be observed
at 1479, 1649, and 3300 cm™1, respectively.

Moreover, the approximate hydrated diameter of the nanopar-
ticles was studied by dynamic light scattering (DLS) measurements
and the results are shown in Fig. 4(b). The CS-MSN-EP has an mean
radius of ca. 110 nm, whereas the coresponding nanoparticles func-
tionalized with PNIPAM (i.e. CS-MSNs-EP-PNIPAM) have a mean
radius of 198 nm. The differences in the nanoparticle radius are
ascribed to the surface functionalization with the PNIPAM polymer
and the results indicate that the hydrated thickness of the polymer
layer is ca. 88 nm. To demonstrate the thermoresponsive behav-
ior of the PNIPAM polymer, dynamic light scattering (DLS) studies
were also carried out for CS-MSNs-EP-PNIPAM at 40 °C. Fig. 4b
shows that the change in thickness was about 27 nm, from a radius

of 198 nm to 171 nm, when the temperature is changed from 20°C
(the ambient room temperature) to 40 °C. This indicates that the
collapsed PNIPAM polymer is about 61 nm in thickness. Addition-
ally, the DLS studies show that the nanoparticles are dispersed and
that no significant aggregates are observed.

3.3. Dye loading and release

For comparison purposes loading and delivery is also car-
ried out with a relatively small dye such as Ru(bipy)s;2*. As
a part of the nanoparticle’s design, the PNIPAM polymer is
expected to inhibit cargo delivery, yet it is possible to trigger
cargo release by changes in temperature. In order to test this
possibility, delivery studies are performed at two different temper-
atures on the gated nanoparticles. In a first step delivery studies
using CS-MSNs-EP-PNIPAM-Ru(bipy);2* loaded with the rela-
tively small dye Ru(bipy)32* are performed. In a typical experiment
CS-MSNs-EP-PNIPAM-Ru(bipy)32* are suspended in PBS1X and
separated in 2 aliquots that were maintained at two different tem-
peratures (i.e. 25 and 37°C) and at certain times, fractions were
taken and centrifuged to eliminate the nanoparticles. Cargo deliv-
ery to the solution is then determined by measuring the emission
of the Ru(bipy)32* dye at 610 nm (Aex =460 nm). Fig. 5(a) shows the
delivery profile of the dye from CS-MSNs-EP-PNIPAM-Ru(bipy)32*
at two temperatures. As it can be seen at 25 °C some Ru(bipy)z2*
delivery is observed, whereas at 37 °C the pores are opened as the
PNIPAM polymer is in collapsed form, allowing a significantly larger
cargo release.

From the release of Ru(bipy)s2* for both room and physiological
temperatures, it is concluded that the PNIPAM gates play a role in
modulating the release, even for relatively small species such as
the Ru(bipy)32* dye. Although the CS-MSNs-PNIPAM-Ru(bipy)32*
at 37 °C shows favorable release, at 25 °C some dye release is also
noticeable. This is likely be due to Ru(bipy)s2* diffusing through the
PNIPAM brushes from the mesoporous silica.
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40°C. The hydrodynamic size change of the nanoparticles can be seen when the temperature was adjusted from 20 to 40°C.
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Scheme 1. Reaction mechanism showing the sequential steps toward ATRP grafting of PNIPAM on the CS-MSNs.
3.4. Lysozyme loading and release

CuBr, PMDETA, 2-Propanol/Water

amount of lysozyme loaded in the CS-MSNs-EP-PNIPAM-Lys is
determined via absorption measurements of the lysozyme absorp-
Delivery studies using the CS-MSNs-EP-PNIPAM-Lys loaded tion band at 280 nm of the loading solution of lysozyme alone and
with the enzyme lysozyme were performed in addition to dye. The after incubation with the CS-MSNs-EP-PNIPAM nanoparticles at
©
©
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©
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Scheme 2. Schematic drawing of the lysozyme release due to temperature in the CS-MSNs-PNIPAM.



658 E. Yu et al. / Colloids and Surfaces B: Biointerfaces 135 (2015) 652-660

a)
1.0 o
[e]
_ 0.8
=
R
S 06- e 25C
Z o 37C
= 041
Q.
g
>
& 021
0.0 , ;
0 2 4 6 8
Time (h)

b)

1.0

o
©
1

o
[
1

e 25C
o 37C

[Lys}ILys],

o
N
1

o

o
o_)\
g
o -
-
S
=1
o
pS3
o
N
N

Time (h)

Fig.5. (a)Release of Ru(bipy)s2* dye from CS-MSNs-EP-PNIPAM-Ru(bipy)s2* as measured by fluorospectroscopy for the n = 1 experiments performed; (b) release of lysozyme
from the CS-MSNs-PNIPAM-Lys at both 25 and 37 °C over 24 h for the n=3 experiments performed.

37°Cafter a48 h period. Using this procedure the amount of loaded
lysozyme is determined to be ca. 160 mg/g which is reasonable in
comparison to other lysozyme-SBA-15 loading results [48]. Deliv-
ery experiments for CS-MSNs—-EP-PNIPAM-Lys at 25 and 37 °C are
carried out using a similar protocol to that described above for
the CS-MSNs—EP-PNIPAM-Ru(bipy)32* and the results are shown
in Fig. 5(b). In this case lysozyme delivery to the solution is then
determined by measuring the absorption at 280 nm.

Similar to that found in the delivery of Ru(bipy);2* dye from
CS-MSNs-EP-PNIPAM-Ru(bipy)s2* at 25°C, an immediate brief
increase in the absorbance is detected within 2 h which may be
result of residual lysozyme desorbing from the PNIPAM brushes.
However the release is marginal after the 2 h period. In contrast,
at 37°C, release of lysozyme continues at a greater extent. From
previous studies using SBA-15 templates, near complete lysozyme
release was seen in drastically less than 1h [49] to some cases
where it extended to nearly 300 h [48]. In our case lysozyme deliv-
ery takes aproximately 24h. When the delivery of Ru(bipy)s2*
and lysozyme are compared, it is clear that a much faster release
is obtained for Ru(bipy)32* when compared with lysozyme (see
Fig. 5a and b). In particular, whereas maximum Ru(bipy);2* deliv-
ery is observed after ca. 4h, maximum delivery of lysozyme is
only observed after ca. 24 h. This difference is clearly due to the
smaller dimensions of the Ru(bipy)3;2* dye when compared with
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125 ]37C
100
L 751
(2]
Q
<L 504
25
04 |

0.25 mg/mL 0.50 mg/mL

the enzyme. Moreover the results demonstrate that it is possible to
design CS-MSNs-EP nanoparticles with large enough pores to load
macromolecules such as lysozyme and that it is possible to control
delivery of cargo as a function of temperature using the PNIPAM
polymer.

3.5. Cytotoxicity assays

Overuse of antibacterial agents and as a result, bacterial resis-
tance to common antibiotics, is a serious concern for modern
medicine [50]. Because of this the design of non-traditional
antibiotic agents, based on nano-formulations, has become of inter-
est [51]. In this context the temperature-controlled delivery of
lysozyme from CS-MSNs-EP-PNIPAM-Lys was tested by taking
advantage of the antibacterial properties of lysozyme. In partic-
ular the ability of lysozyme to break down Gram positive cell
walls in bacteria serves as an excellent method to character-
ize the effectiveness of the nanoparticles as a potential systems
able to release this enzyme in a temperature-controlled manner.
For this study colonies of B. cereus and M. luteus are used. In a
typical experiment the bacteria are allowed to grow overnight
at 28°C and the following day a mixed solution of bacteria
and CS-MSNs-EP-PNIPAM-Lys is prepared, with a final bacterial
concentration of 10° colonies/mL. The CS-MSNs-EP-PNIPAM-Lys

b)

I 28C
[_ls7C

1254

100 +

0.25 mg/mL 0.50 mg/mL

Fig. 6. (a) Effect of the lysozyme loaded CS-MSNs-EP-PNIPAM-Lys on solutions of Bacillus cereus and (b) Micrococcus luteus. Optical density measurements are done at
620 nm after 5s of shaking. Concentrations of 0.25 and 0.50 mg/mL of nanoparticles are used. Data represented are the mean + S.E. of two independent experiments each

one done in duplicate.
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concentrations tested are 0.25 and 0.5mg/mL in DNB medium.
The solutions containing CS-MSNs-EP-PNIPAM-Lys and the cor-
responding bacteria are incubated with stirring at either 28 °C or
37°C for 24 h and then bacterial growth is determined turbidimet-
rically (ODgyp). The time period of 24 h is selected both because
to minimize longer duration effects such as differing phases in the
bacterial growth curve (natural slowing) and a decaying release
observed from Fig. 5b after 24 h. In these experiments blank mea-
surements of only bacteria, only CS-MSNs-EP-PNIPAM-Lys, and
only growth medium solutions are used as baselines in order to
remove effects that the nanoparticles can have on bacterial growth.

From the results in Fig. 6, it is observed that there is not
a substantial difference in bacterial growth between the two
temperaures in the presence of CS-MSNs-EP-PNIPAM-Lys at a
concentration of 0.25 mg/mL, while in contrast a clear temperature
dependent bioability is observed at a concentration of nanopar-
ticles of 0.50mg/mL. In this case bacteria growth show a near
60% reduction for B. cereus and 45% for M. luteus, of the original
colony count, when the temperature is set to 37 °C as opposed to
the results at 25°C. Given the lack of extensive lysozyme release
studies that also have been quantified through bacteria colony
counting, this 45-60% reduction is difficult to interpret in compar-
ison to other systems. The starting colony count of 10° colonies/mL
is not unusual, ranging within 1-2 orders of magnitude of other
antibacterial studies [52-54] but the delivery species here is
lysozyme, not a smaller, antibiotic compound such as vancomycin,
a typical benchmark species used frequently. The loading extent
and antimicrobial efficiency differ greatly between enzymatic and
antibiotic approaches. The reduction in colony count is reasonable
in accordance with other studies involving antibiotic release from
mesoporous silica nanoparticles, where a 70% reduction in E. coli
colony count was observed after 24 h using allyl isothiocyanate as
the antimicrobial loading species [53]. The experiments presented
here indicate that lysozyme-loaded nanoparticles are not toxic at
room temperature but are toxic at physiological temperature due
to a selective temperature-controlled release of lysozyme and the
antibacterial properties of this enzyme.

4. Conclusion

New core-shell nanoparticles containing of Fe304 cores and an
expanded pore mesoporous silica shell, loaded with Ru(bipy)s2*
dye or lysozyme and capped with the thermoresponsive PNIPAM
polymer have been prepared and characterized. Pore expansion
was achieved with TMB and the PNIPAM coating was done
using ATRP. N, adsorption-desorption studies on the expanded
pore material showed an average pore diameter of 6.07 nm.
Both final nanoparticles (i.e. CS-MSNs—EP-PNIPAM-Ru(bipy)32*
and CS-MSNs-EP-PNIPAM-Lys) displayed some cargo deliv-
ery at room temperature yet a significant larger release was
observed at 37°C when the polymer was in its hydropho-
bic and collapsed form. A faster release was observed for
CS-MSNs-EP-PNIPAM-Ru(bipy);2* when compared with
CS-MSNs-EP-PNIPAM-Lys due to the smaller dimensions of
the Ru(bipy)32* dye when compared with the enzyme. Moreover
the responsive behavior of CS-MSNs-EP-PNIPAM-Lys was studied
at different temperatures for the selective delivery of lysozyme
in the presence of Gram-positive bacteria B. cereus and M. luteus.
The results demonstrated that the nanoparticles were not toxic
for bacteria at a concentration of 0.50 mg/mL at 25°C, whereas
delivery of lysozyme at 37 °C resulted in a remarkable reduction of
bacteria growth.
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