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Although multi-drug synergetic therapy is increasingly important in clinical application, sophisticated
delivery systems with the ability to deliver multiple drugs and realize sequential release with
independently tunable kinetics at different stages are highly desirable. In this study, a dual-generation
mesoporous  silica nanoparticle (DAMSN) with three-dimensional dendrimer-like structure as an
adaptable dual drug delivery system is developed. The DAMSN was synthesized via a heterogeneous
interfacial reaction and was of uniformly spherical morphology (150-170 nm) with dendritic structures
and hierarchical pores (inner pore, 3.5 nm; outer pore, 8.3 nm). And the inner generation of DAMSN was
modified with 3-aminopropyltriethoxysilane (APTMS). The IBU and BSA as model drugs were loaded into
the inner generation via covalent conjugation and the outer generation by electrostatic adsorption,
respectively. Intriguingly, DAMSN underwent a rapid bio-degradation for about 4 days, partly due to its
center-radial dendritic channel structure. The release results showed that IBU was of a typical two-phase
release profile with almost zero release in the first 12 h and more sustained release for the following

88 h, while BSA was sustained over a long period of 100 h. Notably, the release behaviors of both drugs
Received 21st September 2018

Accepted 22nd November 2018 can be independently tailored by changing the intrinsic properties of the DAMSN. In addition, DAMSN

exhibited good bio-compatibility. These results indicated that the dual-generation, dendrimer-like MSN
DOI: 10.1039/c8ra07849a structure could spatiotemporally present different drugs to realize sequential drug release, and has

rsc.li/rsc-advances potential use in the field of tissue engineering and regenerative medicine.

multi-drug regimens can profoundly improve the biological
effect.’ As reported, the sequential treatments of erlotinib
prior to doxorubicin,™ siRNA followed by a small molecule,**

1 Introduction

With the fast development of science and technology, many

attempts have been made to improve the well-being of life in
the field of biomedical science."” Currently, various advanced
delivery systems are popularly developed to enhance the
therapeutic effect of drugs/proteins.**® But, using only a single
drug may often not be able to achieve effective therapeutic
efficacy,”® especially for recalcitrant diseases that have devel-
oped drug resistances or have temporal progression through
different phases. Moreover, some these formidable diseases
often have a series of complex stages, which usually need
different kinds of drugs to work synergistically.® For these
cases, combination therapies with spatiotemporally optimized
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have shown remarkable improvements over simultaneous
administration. Unfortunately, till now, it is still a great
challenge to formulate a spatiotemporal treatment with
controlled sequential release, as there is a significant overlap
between their drug release kinetics, especially in the initial
phase of release.™

Currently, the concept of dual-drug co-delivery systems
based on nanoparticle structures has attracted great atten-
tion."** Diverse nano-scale materials have been designed to
build co-delivery systems, such as polymeric micelles, porous
scaffolds, and biodegradable nanogels.’*** Among them,
mesoporous silica nanoparticles (MSNs), with tunable particle
size and pore structure, high specific surface area, and
potential capability of modification, appear to be most
attractive.”” Specifically, a kind of three-dimensional
dendrimer-like MSNs (especially the multi-generation
dendritic hierarchical structure), has been developed and
gradually has attracted a lot of interest.>»*® The dendritic
structure of MSNs could not only efficiently improve the
degradation rate by increasing the surface area exposed to the

This journal is © The Royal Society of Chemistry 2018
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dissolution media, but also be a potential route to co-drug
delivery, where drugs of different sorts and sizes could be
loaded simultaneously by controlling the pore size of the
dendritic hierarchical structure. Inspired by the above, we
hypothesize that these two- or multi-generation dendritic
MSNs should be a promising nanocarrier for co-loading, co-
delivery and combined therapy due to the favorable struc-
tural character of hierarchical pores. However, current studies
mainly focus on improving the complex synthesis method of
MSNs and exploring its applications in some areas like sepa-
ration and catalysis. Till now, seldom attention has been paid
to its application in drug delivery systems, especially dual/
multi-delivery discovery.>***

In this study, we aim to develop a novel kinetically, discrete
co-delivery, dual-generation dendritic mesoporous silica
nanoparticle (DAMSN) for co-delivery of a small molecule
model drug IBU and a big molecule model drug BSA (as shown
in Fig. 1A). To achieve well-defined release sequence of IBU
and BSA, the pore size of the inner and outer generation were
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controlled about 3 nm and 8 nm, respectively. In order to avoid
the interdiffusion of the drug loaded in the inner generation
during the second generation self-assembly, we first modified
the surface of the inner generation with -NH, and hence
loaded IBU via chemical graft; and then BSA was loaded into
the second generation by physical adsorption. Under physio-
logical environment, the release of the IBU in inner generation
is initially suppressed, while the BSA in outer generation is
continuously released from the initial stage, thus realize
sequential release and dual-drug synergistic therapy (as shown
in Fig. 1B). On the basis of the studies above, we found that the
particle size of DAMSN could be conveniently increased (or
decreased) by adjusting the reaction time and temperature of
the second generation. As previously demonstrated, the loca-
tion of the drug could affect its release order and kinetics; thus
when changing the depth of the second generation, the release
behavior of IBU and BSA could be furthermore affected. In this
way, the sequential drug release of DAMSN could be realized at
will more controllable.
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Fig. 1

(A) Schematic synthesis of DAMSN@IBSA carrier. (a) Synthesis of single-generation mesoporous silica nanoparticle (MSN) and amino-

modified MSN (AMSN). (b) IBU was loaded into AMSN (AMSN@IBU). (c) Synthesis of the dual-generation carrier (DAMSN@IBU). (d) BSA was loaded

into DAMSN@IBU (DAMSN@IBSA). (B) The simulative release profiles of
modification.
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BSA and IBU reflected the effect of dual-generation and inner amino-
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2 Materials and methods
2.1 Materials

Cetyltrimethylammonium chloride (CTAC), trimethylamine
(TEA) and cyclohexane were purchased from Shanghai Lingfeng
Chemical Reagent Co. Ltd. China. Tetraethylorthosilicate
(TEOS) was obtained from Sinopharm Chemical Reagent Co.
Ltd. China. 3-Aminopropyltriethoxysilane (APTMS) was
purchased from J&K Scientific Co. Ltd. China. o-Methyl-4-
(isobutyl)phenylacetic acid (IBU) was bought from Alfa Aesar
Co. Ltd. China. N-Hydroxysuccinimide (NHS) and 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride (EDC) were
obtained from Sigma Aldrich Chemicals Co. Ltd. China.
Ammonium-nitrate (NH,NO3) was received from Xilong Scien-
tific Co. Ltd. China. Decahydronaphthalene was purchased
from Aladdin Co. Ltd. China. Dimethyl formamide (DMF) and
dimethyl sulphoxide (DMSO) were bought from Shanghai Titan
Scientific Co. Ltd. China. Bovine serum albumin (BSA) was ob-
tained from Shanghai Yeasen Biotechnology Co. Ltd. China. 3-
(4,5-Dimethyl-2-thiazolyl)-2,5-di-phenyl-2-tetrazolium bromide
(MTT) was received from Life Technology. USA. The chemicals
used were of analytical grade and without further purification.

2.2 Synthesis of single-generation mesoporous silica
nanoparticles (MSN)

MSN nanoparticles were synthesized via a heterogeneously
interfacial reaction according to a previous report.”® Firstly,
24 mL of CTAC-H,O solution (25 wt%) was prepared in
a 100 mL round bottom flask, then 0.18 g of TEA and 36 mL of
deionized water were added. The mixture was gently stirred at
60 °C for 1 h to form micelles. After that, 20 mL of TEOS-dec-
ahydronaphthalene solution (20 vt%) was slowly dropped into
the flask, and the reaction was kept under a continuous stirring
of 230 rpm in a 60 °C water bath for 12 h. Subsequently, the
aqueous phase was collected, centrifuged, washed, and calcined
at 600 °C to remove the template agent. The final powder was
obtained and named as MSN. In addition, to compare the pore
sizes of different generations, another kind of single-generation
nanoparticle named as MSN2 was also synthesized. The
synthesis method of MSN2 was the same as that of MSN, but the
only difference was that the upper organic phase was changed
from TEOS-decahydronaphthalene solution to TEOS-cyclo-
hexane solution.

2.3 Amino-modified of MSN (AMSN)

0.7 g of MSN was dispersed in 70 mL of toluene, then 0.7 mL of
APTMS was added rapidly. The reaction was kept under
condensation reflux and should proceed for more than 9 h at
60 °C to ensure that the amino groups were well linked to MSN
particles. After the reaction, the product was collected, centri-
fuged, washed with ethanol twice to remove the unreacted
modifier, and dried at 80 °C. The obtained powder was named
as AMSN. This step of modification was the basis of IBU
loading, through which IBU (with reactive carboxyl groups)
could covalently conjugate to the delivery by an amide bond.>®
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2.4 Synthesis of the second generation (DAMSN)

The second generation was designed to load another kind of
drug (different from the inner generation), in order to realize co-
delivery and dual-drug synergy. The synthesis process was
similar to that of MSN. In this part, the AMSN obtained earlier
were used as cores for the new nanoparticles (DAMSN) and the
upper organic phase was changed from decahydronaphthalene
to cyclohexane in order to formulate bigger pores. 20 mL of
CTAC-H,O (20 wt%), 0.15 g of TEA and 36 mL of deionized
water were fully mixed by stirring at 60 °C for 30 min. Then
AMSN powder was added and dispersed, and the mixture was
stirred for another 20 min. Subsequently, 50 mL of TEOS-
cyclohexane solution (7 vt%) was slowly dropped into the flask,
and the reaction was kept in a 60 °C water bath for 10 h. After
the reaction was over, the nanoparticles were centrifuged,
washed with ethanol, and extracted with ammonium-nitrate
(NH4NOg3)-ethanol solution (0.75 wt%) twice to remove the
template. Finally the product was collected and dried at 37 °C,
and the powder obtained was named as DAMSN. In addition, if
the cores used were changed from AMSN to MSN, the product
obtained was accordingly named as DMSN, and this kind of
nanoparticles without inner modification was used as a control
in the following experiments.

The upper organic phase on the one hand provides a storage
medium for TEOS, on the other hand assembles with the
surfactant molecules to create emulsion micelles, which could
further play a role of mesoscaled template to synthesize MSNs.*”
In fact, besides decahydronaphthalene and cyclohexane, there
are also some other reagents could be used in synthesizing
mesoporous silica nanoparticles. For example, previous studies
have reported using 1-octadecene as the upper organic phase to
obtain MSNs with pore size of 2.8 nm." And dodecane was also
be used to synthesize inorganic porous monoliths.*®

2.5 Characterization

In this work, DAMSN prepared at 60 °C was mainly set as
a representation to study the characteristics of this novel drug
delivery. The morphologies and sizes of the samples were
observed by field emission scanning electron microscope (FE-
SEM, S4800, HITACHI, Japan) and transmission electron
microscopy (TEM, JEM2100, HITACHI, Japan). The nano-
particles (MSN, AMSN, DMSN and DAMSN) were dispersed in
ethanol (0.5 mg mL ') and dropped onto a 400 mesh copper
grid, air-dried, followed by field emission scanning electron
microscope and transmission electron microscopy imaging.
The mesoporous structure was determined by small angle X-ray
diffraction (SAXRD, Rotating Anode X-ray Powder Diffractom-
eter, Japan) and N, adsorption/desorption measurement device
(Tristar 3000, Micromeritics, USA). The samples no less than
100 mg were lyophilized and sent for test. And the specific
surface area and pore sizes were examined by the Barrett-Joy-
ner-Halenda (BET) measurement. The Fourier Transform
Infrared (FTIR) spectra were obtained to analyze the chemical
structure of surface by ATR (Nicolet 6700, Thermo Fisher, USA).
The samples to be tested were mixed with potassium bromide

powder, fully ground and then put into the infrared

This journal is © The Royal Society of Chemistry 2018
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spectrometer to analyze. The surface potential of the nano-
particles were measured by Zeta potential analyzer (Nicomp 380
ZLS, PSS, USA). The weight loss was measured by thermal
gravimetric analysis (TGA, STA409PC, NETZSCH, Germany). For
the measurement of zeta potential, the material was dispersed
into PBS at 1 mg mL ™" and then the pH was adjusted to 7.4. And
as for the TGA test, the materials were put into the machine and
programing heated at 20 °C min~" in the nitrogen atmosphere.
In vitro degradation of the material was measured by a weight
loss test as follows. Firstly, a certain amount of material was
weighed and dispersed in a polyethylene bottle at 1 mg/1 mL
(material/PBS) at 37 °C. Then during the degradation, the
material was taken out at a specific time, dried and weighed.
The weight loss rate of the material was calculated according to
the following formula:

Weight loss (%) = [(Wy — W)l W] x 100%

where W, represents the original weight of the sample and W,
represents the weight at time.> At the same time, the super-
natant was separated by centrifugation, and detected by
inductively coupled plasma (ICP) elemental analyzer (vario EL
III, elementar, Germany) to analyze the release of related
elements in the process of material degradation. Thereafter the
solid material left was dried and ground. The degradation
powder more than 10 mg was stick to the conductive adhesive
and followed by energy dispersive spectrometer (EDS) analysis
by field emission scanning electron microscope (FE-SEM,
S4800, HITACHI, Japan).

As for the following drug release experiment, the release
behavior of IBU and BSA were measured by an enzyme-linked
immune detector (SPECTRA max 384, Molecular Devices, USA).

2.6 Drug loading

In this study, the delivery system was designed to load two
different kinds of drugs in the two generations respectively. The
small molecule drug (IBU) was loaded in the inner generation
by chemical graft and the big molecule drug (BSA) was loaded in
the outer generation by physical absorption.

2.6.1 IBU loading. IBU was loaded after AMSN had been
synthesized. 100 mg of IBU was dispersed in 20 mL of ethanol,
and then certain amounts of EDC and NHS (3 : 1) were added to
activate the carboxyl groups so that the chemical grafting
between IBU and AMSN could be much easier to build.* After
stirring at 40 °C for about 30 min, 200 mg of AMSN was added,
and then continuously stirred for another 24 h. The product was
then centrifuged, washed with ethanol, dried at 40 °C, and
named as AMSN@®@IBU. To illustrate the chemical grafting effect,
IBU was also loaded in MSN as a control, using the same
method above. And in this part, besides ethanol, two other
kinds of solvent (DMF and DMSO) were also chosen to explore
a better drug loading effect.

2.6.2 BSA loading. After IBU was loaded, the second
generation was synthesized using AMSN@IBU as the core, and
named as DAMSN®@IBU. The large molecule drug BSA could be
loaded in the outer generation as follows. 40 mg of synthesized
DAMSN®@IBU was quantified and dispersed in 5 mL of

This journal is © The Royal Society of Chemistry 2018
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deionized water containing 20 mg protein BSA. After agitated at
37 °C for 6 h, the nanoparticles were centrifuged, washed,
lyophilized, and named as DAMSN@IBSA. In addition, BSA was
also loaded in the nanoparticles without inner modification as
a control, using the same method above.

2.7 Invitro drug release

In this experiment, IBU and BSA were loaded into DAMSN and
other nanoparticles of the synthesis process to investigate the in
vitro release in the PBS buffer solution.

2.7.1 1IBU release. 40 mg of DAMSN@IBSA was dispersed in
1 mL of PBS (pH = 7.4) and transferred to a dialysis bag (10
kDa). Then the dialysis bag was placed in a sealed plastic tube
containing 39 mL of PBS, and the system was shook at 37 °C.
8 mL of the solution in the tube was collected over a specific
period, while another 8 mL of fresh PBS solution was added
back. 3 mL of the collected solution was dropped into a cuvette
and the value of optical density (OD) was measured at 264 nm by
ultraviolet-visible (UV-vis) spectrophotometry.** A control group
without IBU was set to eliminate the effect of material itself on
results. Furthermore, the releases of IBU from other nano-
particles (DAMSN ~45 °C 4 h, DAMSN ~50 °C 6 h and DAMSN
~65 °C 15 h) were measured in the same way.

2.7.2 BSArelease. 20 mg of DAMSN@IBSA was dispersed in
a sealed plastic tube containing 10 mL of PBS and the system
was shook at 37 °C. The portion of the solution in the tube was
centrifuged over a specific period, and 5 mL of the liquid
supernatant was collected, while another 5 mL of fresh PBS
solution was added back. And then 20 uL of the collected liquid
was examined with BCA Protein Assay Kit. The release
phenomenon of DMSN, DAMSN ~45 °C 4 h, DAMSN ~50 °C 6 h
and DAMSN ~65 °C 15 h were also measured with the same
method.

2.8 Cytotoxicity assay

The cytotoxicity of synthesized materials (DMSN and DAMSN)
was investigated by MTT assays. BMSC cells (bone marrow
mesenchymal stem cells) were incubated in 24-well plates
containing o-MEM culture media with a destiny of 1 x 10 cells
per well at 37 °C under 5% CO, for 24 h. After that, the cell
media was removed and the cells were washed twice by PBS.
Then 1 mL of the material samples at two different concentra-
tions (100 pg mL ™" and 200 pg mL ") was added into each well
respectively. At the same time cells without materials were set as
blank control groups. The plates containing cells were then
cultured at the same condition as above for 1 day and 3 days,
respectively. After that, 100 pL of MTT solution was added to
each well, and the cells were continuously cultured for another
4 h. The media was carefully discarded and 1 mL of DMSO was
added to each well followed by incubated for 10-15 min. Finally
200 uL of the solution in each well was transferred to a 96-well
plate and the value of optical density (OD) was measured at
492 nm through a microplate reader. The cytotoxicity of the
leachable was also been investigated and the test was almost the
same as the above. DAMSN nanoparticles were dispersed in
culture media at different concentrations from 10 pg mL ™" to

RSC Adv., 2018, 8, 40598-40610 | 40601
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1000 ug mL ™" and immersed for 48 h. After that, these culture
media samples were collected and added into the plates con-
taining cells, followed by cultured for 48 h. After adding MTT
solution and DMSO, the value of optical density (OD) was also
measured at 492 nm through a microplate reader.

3 Results and discussions
3.1 Characterization of the fabricated DAMSN nanoparticles

In this study, we aimed to synthesize DAMSN with dendritic
structures and hierarchical pores, which could simultaneously
load two model drugs IBU and BSA (as shown in Fig. 1A). For
convenience and brevity, the nomenclatures of the nano-
particles were outlined in Table 1. The morphologies and
characteristics of MSN, AMSN, DMSN and DAMSN were inves-
tigated by SEM and TEM, and shown in Fig. 2. It can be found
from Fig. 2A-D that all the synthesized nanoparticles were of
regular spherical shape with uniform sizes and diameters.
These nanoparticles were all well dispersed and showed no
obvious aggregation, which endowed the fabricated nano-
particles with the ability of close contact with guest drugs, and
thus effectively improved the loading rate of drugs.

As revealed in the TEM pictures (as shown in Fig. 2a-d), both
MSN and DMSN exhibited uniform spherical structures con-
taining center-radial channels and complete pores. However,
a little difference still existed that the particle size of MSN (50-
60 nm) was slightly smaller than that of DMSN (90-100 nm).
The reason for this difference should be that MSN was a single
generation nanoparticle while DMSN was of double-generation.
Meanwhile, as compared with MSN, AMSN showed no signifi-
cant difference on the aspect of structures and sizes (as shown
in Fig. 2b). But it can be observed that the dispersity of AMSN
was somehow decreased. This phenomenon may be related to
the strong electrostatic attraction of amino groups on the
AMSN. Similarly, DAMSN (as shown in Fig. 2d) also showed
a little agglomeration, but was still of regular spherical
morphology. In addition, it can be observed that DAMSN
exhibited obvious double-generation mesoporous structures
with obviously increased particle size (150-170 nm). It is
worthwhile to mention that the sizes of MSN, AMSN, DMSN and
DAMSN all corresponded well with the data observed by SEM.

To further investigate the influence of the intrinsic proper-
ties of DAMSN on drug release behavior, a series of DAMSNs
were also synthesized by controlling the reaction time and

Table 1 Nanoparticle nomenclature

Nanoparticle architecture Drug loaded Abbreviation
Mesoporous silica nanoparticle — MSN
Amino-modified MSN — AMSN
Dual-generation MSN — DMSN

Inner amino-modified DMSN — DAMSN

MSN IBU MSN@IBU
AMSN IBU AMSN®@IBU
DAMSN IBU DAMSN®@IBU
DMSN BSA DMSN®@BSA
DAMSN BSA DAMSN@BSA
DAMSN IBU&BSA DAMSN®@IBSA

40602 | RSC Adv., 2018, 8, 40598-40610
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temperature of the second generation. Besides the kind of
DAMSN mentioned above and investigated through the whole
study (as shown in Fig. 2D and d), the other three kinds of
nanoparticles (DAMSN ~45 °C 4 h, DAMSN ~50 °C 6 h and
DAMSN ~65 °C 15 h) were also synthesized here, of which the
reaction temperatures were 45 °C, 50 °C and 65 °C respectively
and the reaction times were correspondingly increased (4 h, 6 h
and 15 h). As revealed in Fig. 3, it could be easily found that the
DAMSN s were of uniformly spherical structures which were just
the same as that in Fig. 2D(d), and the other morphologies and
characteristics were also similar to the kind of DAMSN (60 °C,
10 h). However, with the increase of temperature and reaction
time, the particle sizes were obviously increased from 65 nm to
200 nm. As envisaged, when the second generation was
synthesized at a higher temperature and sustained for a longer
time, the self-assembly reaction could be finished more
completely, through which the nanoparticles could further grow
and the particle size was accordingly increased. And by adjust-
ing this characteristic (for example increasing the particle size),
the location of the loaded drugs could be also adjusted; thus the
release speed of the outer loaded drug should be slowed and the
release beginning of the inner loaded drug should be postponed
too. In this way, we speculated that the co-release behavior of
DAMSN could be further controlled at will, which was proved by
the following drug release experiments.

The structure of MSN, AMSN and DAMSN were preliminarily
explored by small angle X-ray diffraction (SAXRD). As revealed
in Fig. 4A, MSN and AMSN both exhibited obvious diffraction
peak at 1.11°, which suggested the same channel structure with
uniform mesoporous. And after the amino-modification, the
regularity of mesoporous was a little weakened (which was also
proved by N, sorption and desorption results below), so that the
diffraction peak of AMSN was accordingly a bit weaker than that
of MSN. Furthermore, it could be found that DAMSN had
a diffraction peak at 0.93°, which was not observed in the curves
of MSN and AMSN. This result proved that the mesostructure of
DAMSN was a little different from the other two, also indicating
that the second generation was synthesized successfully.

The mesoporous structures of all the MSNs were also
measured by N, sorption and desorption (as shown in Fig. 4B, C
and Table 2). According to the self-assembly mechanism, the
upper organic phase can expand the volume of the micelle and
thus adjust the pore size of the synthesized nanoparticles. It
could be found that the organic phase for synthesizing MSN2
was the same as that for synthesizing the second generation of
DAMSN and DMSN, therefore MSN2 represented the big pore
structure and MSN represented the small pore structure. As
revealed in Fig. 4B, the obtained MSN exhibited a pore diameter
of 4.5 nm, while MSN2 showed a pore diameter of 8 nm. By
replacing the upper organic phase, DMSN with two pore sizes
were synthesized, and the diameters of the inner and the outer
generation were almost the same as that of MSN and MSN2,
respectively. This result indicated that the two-generation
structure could be successfully synthesized, and the sizes of
pores did relate to the varieties of organic phase. It is worth-
while to note that the inner pore size of DAMSN (3.5 nm) was
smaller than that of AMSN (4.1 nm) (as shown in Table 2). This

This journal is © The Royal Society of Chemistry 2018
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Fig. 2
(c) and DAMSN (d). Scale bars = 50 nm.

phenomenon should be related to the re-hydrolyzation and re-
polymerization of the remained APTMS in the pores of AMSN,
which could accumulate in the pores and resulted in a reduc-
tion of the inner pore size. Furthermore, it can be found that the
specific surface area of AMSN (253.1 m”> g~ ') was smaller than
that of MSN (640 m?> g~ ') (as shown in Table 2) and the pore
diameter of AMSN was also slightly smaller than that of MSN (as
shown in Fig. 4C), demonstrating that the amino-modification
did have great impacts on the structure of MSN. Combining
the analysis above, it can be inferred that some excess APTMS
molecules might exist in the pores of AMSN and thus also
decreased the pore diameter and specific surface area. As
a result of the four measurements above, it is evident that
DAMSN was of regular spherical morphology with dual-
generation and did possess dendritic channel structures and
hierarchical pores (inner pore, 3.5 nm; outer pore, 8.3 nm),
which could simultaneously load various sized therapeutic

This journal is © The Royal Society of Chemistry 2018
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(A-D) SEM images of MSN (A), AMSN (B), DMSN (C) and DAMSN (D). Scale bars = 500 nm. (a—d) TEM images of MSN (a), AMSN (b), DMSN

drugs. Inspired by characteristics above, these dendrimer-like
silica nanoparticles should be a potential carrier.

As mentioned above, in order to construct chemical graft
with the guest drug, the inner generation of DAMSN was
modified with APTMS to introduce amino groups. The
successful amino-modification was confirmed by FTIR spectra
(as shown in Fig. 4D). As shown, all samples (MSN, AMSN and
DAMSN) exhibited obvious absorption peaks at 1080 cm ™" and
800 cm ', which were assigned to the Si-O asymmetric
stretching vibration and symmetrical stretching vibration,
respectively. The absorption peaks at 2932 cm ™" and 1492 cm ™ *
corresponded to the stretching vibration peak and flexural
vibration peak of C-C bond were observed on the amino-
modified AMSN and DAMSN. However, there were no C-C
bond absorption peaks in the FTIR spectra of MSN. The
appearance of C-C bond peak in AMSN proved that MSN was
successfully modified with the silane coupling agent (APTMS).

RSC Adv., 2018, 8, 40598-40610 | 40603
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Fig. 3

(A—C) SEM images of DAMSNSs of different reaction conditions ~45°C 4 h (A), ~50 °C 6 h (B) and 65 °C 15 h (C). Scale bars = 100 nm. (a—c)

TEM images of DAMSNs of different reaction conditions. Scale bars = 20 nm.

And as for DAMSN, the density of C-C peaks was slightly
weakened.

The surface potentials of MSN, AMSN and DAMSN were also
investigated. As shown in Fig. 4E, the surface of MSN, due to the
presence of large amounts of silanol groups (Si-OH), showed
negative potential. Interestingly, after the amino-modification
(AMSN), a negative-positive charge reversal occurred, proving
the presence of amino groups on the surface of AMSN. However,
after the self-assembly of the second generation, the surface
potential of DAMSN with a large number of silanol groups
became negative again. In summary, these results demon-
strated that the amino-modification was achieved upon MSN.
And in this way, the inner-modified generation could further
generate covalent conjugations with the guest drug (IBU), which
could on the one hand enhance the spatial distribution; on the
other hand postpone the inner drug (IBU) release during the
therapy.

It is known to all that an ideal degradation performance of
the designed dual-generation carrier is necessary in clinical
application. The amounts of material mass loss and Si ion
released were both measured (as shown in Fig. 5A and B) to
investigate degradation behavior. It could be found that the
mass loss of DAMSN in buffer solution was slightly slower than
that of DMSN. As revealed in Fig. 5A, DAMSN and DMSN both
reached the maximum value of mass loss at about 4 days and

40604 | RSC Adv., 2018, 8, 40598-40610

after that the weights of these two materials remained
unchanged. However, there was still Si ion released after 4 days
(as shown in Fig. 5B), indicating that the collapse of the struc-
ture mainly concentrated on this stage and the degradation still
continued thereafter without mass loss. These results demon-
strated that the DAMSN and DMSN with dendritic structure,
compared with the traditional MSNs, possessed a fast degra-
dation performance. Studies have also suggested that with the
degradation of mesoporous silica materials, the concentration
of Si ion would increase and the main existing form of Si ion
was Si(OH),.”> Researches have also suggested that Si ion dis-
solved from bioactive materials could contribute to cell prolif-
eration and promote osteogenic differentiation through
activating osteogenic gene expression.** Based on our analysis
above, an EDS experiment was also taken in this study as
a complement. With the degradation of outer generation, Si ion
gradually released into PBS, therefore the content ratio of it
would be decreased. As revealed in Fig. 5C, after degradation for
3 days, the content ratio of Si element was smaller than that of
0 day and the content of N element was increased. Furthermore,
with the degradation going on, the inner generation was also
destroyed and the modified amino group would also release
into the solution along with the Si element, so the content ratio
of elements would decrease again. These results once more
confirmed the degradation process of DAMSN.

This journal is © The Royal Society of Chemistry 2018
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Table 2 BET specific surface values and pore diameters of MSN,
MSN2, DMSN, AMSN and DAMSN

Specific surface

Material Pore diameter/nm area/m> g~ !
MSN 4.5 640.0
AMSN 4.1 253.1
MSN2 8.0 727.7
DMSN 4.5/8.1 529.5
DAMSN 3.5/8.3 307.5

3.2 Drug loading and release

In this study, we posited that controlling interdiffusion during
the second-generation assembly process would allow us to
embed different drugs in different regions at will. Furthermore,
the location of the drug and loading method would govern its

This journal is © The Royal Society of Chemistry 2018

release order and kinetics. Herein the small IBU and big BSA
were chosen as models to investigate the co-loading and release
ability of this designed carrier. The molecular size of IBU was
0.6-1 nm which was suitable for placement in MSNs, and
furthermore it contained carboxyl groups which could react
with amino groups. BSA was one of the most frequently used
proteins in the studies of macromolecular drug transportation
and the molecular diameter of BSA was about 3.8 nm.** To
achieve such purpose above, IBU was introduced into the inner
generation via chemical graft; and BSA was loaded in the outer
generation by physical adsorption. Firstly we compared the
FTIR spectra of AMSN and AMSN®@IBU (as shown in Fig. 6A) to
prove the successful conjugation of IBU and AMSN. Except for
some absorption peaks mentioned in Fig. 4D (Si-O bond and
C-C bond), some new absorption peaks also appeared. Specif-
ically, AMSN and AMSN®@IBU both exhibited an absorption

RSC Adv., 2018, 8, 40598-40610 | 40605
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peak around 1652 cm ', which was assigned to the carbon-

nitrogen bond (C-N). Moreover, the intensity of this peak
increased with the loading of IBU. Furthermore, it was found
that an absorption peak at 1724 cm™ " was appeared on AMS-
N@IBU, which was corresponded to the carbonyl groups (C=0)
of IBU. These results confirmed that IBU could be successfully
introduced into the carrier by the reaction between the carboxyl
groups of IBU and the amino groups of AMSN. As revealed in
Fig. 6C, IBU was introduced into the inner generation of
DAMSN by constructing covalent conjugation. The carboxyl
groups (-COOH) of IBU would react with the amino groups of
DAMSN through amidation reaction. The obtained amide
bonds between loaded drugs and delivery would be much
stronger than the physical adsorption of usual ways.** In this
way, IBU could be effectively reserved and protected from
diffusion, thus keeping its location in the spatiotemporal
administration.

Based on our analysis above, TGA was also taken in this
study as a complement. Silica-based material demonstrates
excellent heat resistant property, so that only organics could be
destroyed with the increasing of temperature. As revealed in
Fig. 6B, excluding the influence of small amount of water, the
weight loss of AMSN was higher than that of MSN without
modification, which had once again proved that the amino-
modification was successful. Moreover, it could be found that

40606 | RSC Adv., 2018, 8, 40598-40610

the weight loss of AMSN@IBU and DAMSN®IBU at 1000 °C was
19.94% and 18.34% respectively. By calculating, the IBU loading
rates of AMSN and DAMSN could be inferred to be around
23.71% and 22.58%, which were almost the same as the results
obtained in the drug loading experiments (as shown in Table 3).
Therefore IBU was once more confirmed to be successfully
introduced into this kind of drug delivery.

Secondly, we further studied three different organic solvents
(ethanol, DMF and DMSO) to choose a better one for IBU
loading, and the loading capacities were shown in Table 3.
When DMSO was used, the loading rate was obviously
increased, which may be related to its better dissolving ability of
IBU. In experiment, we found that the nanoparticles and IBU all
dispersed more completely in DMSO, thus making sure an
easier and completer reaction between drugs and carriers truly
happened. As compared to the physical absorption, this kind of
chemical graft could lead to stronger connections between
drugs and carriers. This recapitulation could also be proved in
Table 3, where the IBU loading rate (in DMSO) was increased by
about 1.75 times after amino-modification (from MSN to
AMSN). As previously demonstrated, with the chemical graft,
IBU could avoid diffusion during the synthesis of the second
generation. Through our further study, the IBU loading capacity
of dual-generation nanoparticle (DAMSN) exhibited a little
decrease than that of single-generation (AMSN). Because there

This journal is © The Royal Society of Chemistry 2018
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Schematic interaction of loaded drugs and delivery.

Table 3 The IBU loading rate of MSN, AMSN and DAMSN in different
solvents

Drug loading

Material Solvent rate/wt%
AMSN Alcohol 11.4
AMSN DMF 19.4
AMSN DMSO 25.1
MSN DMSO 14.3
DAMSN DMSO 20.1

was still some physical adsorption existing, IBU would
somehow diffuse when the outer generation was synthesized
(just like drug release).

Different from IBU, the macromolecular protein BSA was
loaded after synthesis of the second generation. To meet the
spatiotemporal administration needs, BSA was loaded in the
outer generation without amino-modification. As revealed in
Fig. 6C, BSA introduced into DAMSN mainly depended on
physical adsorption. The positive groups of the amino acid of
BSA could generate electrostatic adsorption with the negative
hydroxyl groups of DAMSN. Previous studies suggested that the
van der Waals force and hydrogen bonds may also exist in this
process. Large pore size and big specific surface area of this
kind of mesoporous delivery could somehow reduce the trans-
portation resistance of BSA and promote protein adsorption
capacity.*® For an understanding of the inner-modification
impact on the outer loading, DMSN and DAMSN were used

This journal is © The Royal Society of Chemistry 2018

here. The BSA loading rates in DMSN and DAMSN were 29.5 and
25.8 wt% respectively, which suggested that the inner amino-
modification had little effect on BSA loading in outer pores.
Furthermore, the co-loading of these two therapeutic drugs was
successfully achieved and the spatial distribution was also built
efficiently.

Next we investigated the single-drug release behavior,
including BSA and IBU. As revealed in Fig. 7A, the BSA release
profile from DAMSN was similar to that from DMSN, which
indicated that the inner-modification had little effect on the
release of outer BSA. It could be further found that BSA was
quickly released from the very beginning, which behaved as
a pioneer in the dual-drug combination therapy. As for another
drug (IBU), its release profiles from these three materials
(MSN@IBU, AMSN@IBU and DAMSN@IBU) in PBS (pH = 7.4)
were shown in Fig. 7B. It can be observed that in MSN, the
release amount had reached more than 70% in the initial 10 h.
With the amino-modification (AMSN), IBU released only 25% at
the first 10 h, and the later release was also very slow. It is
desirable to find that the chemical graft could not only restrict
the diffusion of loaded-drug during synthesis of the second
generation but also have significant improvement on restrain-
ing the burst release. According to the original plan that
sequential release behavior was designed for, the release of BSA
should be started immediately and IBU be delayed. To this end,
we combined the dual-generation structure and inner chemical
graft together to build the spatiotemporal administration and
further achieve controlled release. It could be found that the

RSC Adv., 2018, 8, 40598-40610 | 40607
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IBU release from dual-generation nanoparticles (DAMSN) was
obviously slower than that from the single-generation one,
which should be attributed to the barrier effect of the dual-
generation structures. Most importantly, the initial release of
IBU did be limited, which started after 12 h.

Finally the co-release of BSA and IBU was investigated. While
on the basis of the previous confirmation that single-drug
release was controlled, we hypothesized that by kinetically
freezing the diffusion of drugs in inner-generation during the
second-generation assembly via chemical graft, we would be
able to govern the sequence of their release. As expected,
DAMSN exhibited significant differences between the release of
IBU and BSA (as shown in Fig. 8A). The release of BSA was very
quick in the initial stage and sustained for 100 h, while IBU
exhibited a typical two-phase release with almost zero release in
the first 12 h and more sustained release for the following 88 h.
Based on our analysis thus far, dual-therapeutic release kinetics
without simultaneous release in the initial phase was success-
fully achieved, depending on the spatiotemporal distribution
constructed by the dual-generation structure and chemical graft
between IBU and inner pores. Overall it is evident that drugs in
outer generation was firstly released while in inner generation
was initially suppressed and later released (as shown in Fig. 8B),
suggesting this designed DAMSN-based co-delivery system
could realize an efficient sequential drug release to promote the
long-term therapeutic effect.

On the basis of the studies above, we further investigated the
influence of the intrinsic properties (particle size) of DAMSN on
drug release behavior. Two kinds of DAMSNs of different reac-
tion conditions were chosen to compare their drug release

40608 | RSC Adv., 2018, 8, 40598-40610

behavior, the particle sizes of which were around 90 nm and
160 nm (as shown in Fig. 3B and 2D), respectively. It was found
in Fig. 7C and D that the small size nanoparticle (50 °C, 6 h) also
exhibited good controlled sequential drug release behavior of
IBU and BSA. BSA was firstly released in the initial stage and
after about 8 h the release of IBU was soon started, of which the
co-release tendency was similar to that with bigger particle size

ol 1B /{

o T T

il /
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Cumulative Release Percentage%

B
DAMSN@IBSA
> —_
L 1 >
0 12 T/h
BSA release IBU release :2. IBU BSA
Fig. 8 (A) The sequential release profile of IBU and BSA from DAM-

SN@IBSA in PBS solution. (B) Schematic release of DAMSN@IBSA and
the sequential release behavior of IBU and BSA.
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(60 °C, 10 h). However, along with the reduce of the depth of the
second generation, BSA from DAMSN (50 °C, 6 h) was released
much more quickly, which had already reached 50% in the first
40 h and the release of IBU was also started earlier (at the first 8
h). It could be inferred that when the growth of second gener-
ation was decreased by changing the reaction condition, the
particle size of nanoparticle was accordingly reduced and its
ability of drug loading was also lessened, meanwhile the drugs
were also more easily to release. With the adjusting of the
particle size, the release behavior of BSA and IBU were both
tuned. In this way, we could further control the release behavior
of DAMSNSs by setting different reaction conditions to realize
more tunable application.

3.3 Invitro biocompatibility assays

Good bio-compatibility is a significant prerequisite for a poten-
tial drug carrier, so the MTT assays were adopted in this study to
evaluate the cytotoxicity of DAMSN. As revealed in Fig. 9A, there
was no statistical difference between DAMSN and DMSN, which
may due to their similar composition and structure. Moreover it
also suggested that the amino-modification had little impact on
the cytotoxicity of this material. Furthermore, the cell viability at
different concentrations of designed nanoparticles was also
measured. No matter the concentration was 0.1 mg mL™" or
0.2 mg mL~", the data results both showed no obvious cyto-
toxicity, as compared to control groups. It is evident that
DAMSN truly had no cytotoxicity to BMSC cells at the test
concentration, thus could be a potential choice for clinical
application. Furthermore the cytotoxicity of the leachable was
also been investigated, because the leachable could somehow
contain the degradation product of DAMSN and reflect infor-
mation of the metabolic process of this kind of delivery. As can
be seen from Fig. 9B, the cell viabilities were entirely over 80%
at all designed concentration and in a range of lower concen-
trations, DAMSN showed much obvious biocompatibility.
Moreover, with the increasing of concentration (from 10 pg
mL~" to 200 ug mL™"), the cell proliferation was promoted,
which may be contributed to the effect of Si ion. Previous
studies have reported that the leachable of some bioactive

This journal is © The Royal Society of Chemistry 2018

materials containing Si ion could activate certain genes in
osteoblasts that are associated with new bone formation.*”?®
Combined with the above results, DAMSN also revealed good
biocompatibility and truly promoted cell proliferation.

To further investigate the potential application of this
material (DAMSN) in the field of bone regeneration, an ALP
(alkaline phosphatase) activity experiment was also carried out.
As revealed in the ESI (as shown in Fig. S-17), after co-cultured
with BMSC cells for 7 days and 14 days respectively, DAMSN and
DMSN both showed obvious osteogenic capacities. And it could
be observed that DAMSN had a stronger effect on accelerating
the ALP expression during the differentiation of the BMSCs.
Furthermore, co-culturing with the material for 14 days had
more obvious effect on promoting bone formation than 7 days.
In addition, it could also be found that the concentrations of the
material had little effect on the ALP activity. These results
demonstrated that this fabricated drug carrier could also be
applied in bone reconstruction field.

4 Conclusion

In this study, we have designed a kind of DAMSN-based co-
delivery system to realize kinetically controlled sequential
drug release. The DAMSN was synthesized via a heteroge-
neously interfacial reaction and further modified with APTMS.
IBU was loaded in the inner generation by chemical graft and
BSA was loaded in the outer generation by physical adsorption.
DAMSN exhibited uniformly spherical morphology, center-
radial dendritic channels, complete hierarchical pore struc-
tures, good biocompatibility, and desirable biodegradation rate.
Most importantly, this carrier could realize controlled sequen-
tial drug release. The release of BSA was sustained over a long
period while IBU was of typical two-phase release with almost
zero release in initial stage and more sustained release for the
following time. And by adjusting the reaction conditions, the
intrinsic properties of DAMSN could be easily tuned to realize
a more controlled drug release at will. In summary, the
designed DAMSN is a potential material for co-delivery and
sequential drug release.

RSC Adv., 2018, 8, 40598-40610 | 40609
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